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Editorial on the Research Topic 
Frontiers in coatings, dyes and interface engineering: inaugural collection


This is a very exciting Research Topic of the first papers published in CDIE that look at functional surfaces and interfaces. This Research Topic is written by leading researchers and detail innovative investigations. These papers and reviews will start to define this new journal and we hope readers are encouraged to submit research papers to CDIE. The journal focuses and serves researchers interested in coatings, dyes and interface engineering and we are pleased these areas are covered by this inaugural collection of 9 papers, The papers look at coatings for the applications of micro-batteries, surgical screws, high temperature, tribology in electric vehicles (EVs) applications and wear resistant nickel matrix coatings.
For example, a mini-review (Curcio et al.) looks at Pulsed Laser Deposition (PLD) for the design and development of micro-batteries while a full review paper offers a succinct synthesis of recent advancements in High Entropy Oxides research, (Lee and Cai), spanning from processing techniques to mechanical behaviours under extreme conditions.
Another review article focuses on electric vehicles (EVs), Lee et al. which are the future of transport, but to really take off, they have some tough technical challenges to overcome, especially when it comes to their moving parts like gears and bearings. Unlike traditional gasoline-powered cars, EVs work differently and are much heavier. They deliver a large amount of torque right from the start and hit peak efficiency at high speeds. That is excellent for performance purposes, but it also puts a large amount of stress on mechanical components, leading to wear, fatigue, and scuffing. Here is where advanced hard coatings come into play. Clearly, new advanced hard coatings can handle the unique demands of EVs. Hard coatings could be designed to resist heat, wear, and friction, making parts last longer and work better under heavy loads and low-speed conditions and they could become game changers.
One research article contribution details how the addition of Cr2C3 hard particles into Ni brush plated metal-matrix composite coatings increases wear resistance by 60% compared to Ni-only coatings, Isern et al.. The presented work could potentially lead to alternatives to hard chrome, which is environmentally unfriendly and unsafe.
The Research Topic also includes papers on important interface phenomena. Work on the dry sliding of zirconia dioxide couples shows that self-mated dry sliding is not advised unless low loads are applied Bailey and Sun. PDMS is a material used in MEMS and other small-scale devices and developing an understanding of its elasticity, adhesion, and friction behaviour is very important, Lee et al. An atomic force microscopy (AFM)-based method to quantify elastic and tribological properties in single asperity contacts (quasi-static and sliding) under dry conditions has demonstrated that the friction and adhesion behaviour of PDMS are inter-related and are affected by the elastic deformation of PDMS junctions. A detailed FTIR study of the adhesion failure between hydroxyapatite coatings has concluded that failure is caused by the selective removal of non-apatite environments at the metal implant-hydroxyapatite interface. The method presented also provides important information on the apatite bonding at the interface, indicating the expected adhesion strength, Pereyra et al. This work underpins efforts to prevent additional patient interventions and the associated costs.
Among the various strategies available for the encapsulation of active ingredients in the pharmaceutical industry, Pickering emulsions stand out as efficient alternatives. Ramos et al. investigated the encapsulation of ibuprofen using Pickering emulsions stabilized by silica particles. Their study demonstrated remarkably high encapsulation rates, reaching up to 99% for ibuprofen concentrations ranging from 1.6 mg/mL to 6 mg/mL of paraffin. Moreover, the encapsulation efficiency was shown to remain stable over a 90-day aging period and even after dilution. The findings also highlight the potential for developing reverse emulsions, which could enable the encapsulation of polar active ingredients, such as insulin.
In dye-sensitized solar cells, the processes of dye regeneration and back electron transfer (recombination) play critical roles in determining overall efficiency. Ávila and Cerdá conducted a comparative study on iodine-based electrolytes using electrochemical measurements and benchmarked their performance against commercial electrolytes. Their research provided valuable insights into the thermodynamics of competitive electron transfer processes in solar cells sensitized by natural dyes, contributing to a deeper understanding of these systems’ functionality and optimization potential.
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This work evaluates the influence of plating variables on the morphology, composition homogeneity, and abrasive wear resistance of metal matrix composite coatings. A set of Ni/Cr3C2 coatings were brush plated onto steel coupons modifying two key variables: particle size and brush material. Compositional maps of unprecedented detail have been produced and analysed statistically to enhance understanding of composition distribution. The use of Abbott-Firestone curves to analyse surface morphology enabled the evaluation of valley and peak features. The coating differences highlighted by previous analyses have been compared with their behaviour in abrasive environments, simulated using Taber testing. Moreover, coupling Taber testing with partial compositional maps at different wear stages enabled monitoring of coating wear evolution. This methodology has revealed the importance of particle sedimentation during plating, which increased particle incorporation in the composite coating but also increased composition heterogeneity. The smaller 1.7 μm carbides and abrasive brushes produced coatings with more homogeneous morphologies, higher particle content, and increased resistance against abrasive wear, with a 60% reduction in material loss in comparison to the standard nickel coatings.
Keywords: brush electroplating, metal matrix composites, Cr3Cr2, wear resistance, particle distribution

1 INTRODUCTION
Metal matrix composite (MMC) coatings are composed of two phases: a continuous metallic phase (matrix), and a dispersed phase made up of particles of any material, from ceramics to metals and polymers. MMC coatings are successfully deposited by many processes, including thermal spraying (cold spray (Lee et al., 2017), plasma (Venkatesh et al., 2017), high-velocity oxy-fuel (Tillmann et al., 2017)), chemical vapour deposition (Abidin et al., 2015), laser cladding (Weng et al., 2015), and electroplating. From these, electroplating stands out due to its relative simplicity and low cost. In this technique, the metal to be deposited is dissolved in an aqueous solution in ionic form and the particles are added in suspension. The reduction of the metal is triggered by the application of a potential difference between the part to be coated (the cathode) and the anode. Metal reduction traps the solid particles suspended in the solution, forcing the co-deposition of the dispersed phase. The deposition of MMC coatings using different electroplating variants have been recently reported, including tank electroplating (Garcia, Fransaer, and Celis, 2001; Gül et al., 2012) and electroless (Spyrellis et al., 2009), jet electroplating (Wang et al., 2012) and brush electroplating (Xiao and Clouser, 2010; Isern et al., 2017; Isern et al., 2018). The use of brush electroplating allows for portability, making it possible to perform on-site repairs and selective deposition on large parts, avoiding disassembly. Portability stems from the use of a brush, an anode wrapped in a non-conductive fabric that holds both the plating solution and prevents direct contact between electrodes when the brush is in contact with the cathode, allowing for ion exchange and electric circulation. By bringing the solution and anode to the part to be plated, there is no need to disassemble and submerge the part in a tank. In general, the current density used in brush plating is higher, it requires smaller solution quantities and deposition rates can be faster (x10) than in tank electroplating (Clarke, 1999; Vanek, 2010; Vanek, 2002).
For any electroplating variant used, the properties of the composite coating are a combination of the properties of the materials that constitute the two phases. Different combinations of materials can increase wear resistance (Isern et al., 2018), hardness (Boonyongmaneerat et al., 2009), and corrosion protection (Ghanbari and Mahboubi, 2011); decrease friction (Wang et al., 2012); and produce hydrophobicity (Iacovetta et al., 2015), among other effects. As expected, the use of diverse carbides can produce coatings with improved mechanical properties. The most commonly researched carbide in MMC coatings is silicon carbide (SiC), usually combined with a nickel matrix. Several studies have compared the properties of a SiC-based composite coating with the properties of the matrix and found improved hardness and wear resistance (Garcia et al., 2001; Aal et al., 2006; Gül et al., 2012). Tungsten carbide (WC) is also a widely researched option for MMCs and has been shown to improve coating hardness (Boonyongmaneerat et al., 2009) and wear resistance (Surender et al., 2004; Benea et al., 2015; Isern et al., 2018). The study of chromium carbide (Cr3C2) is much more limited, but it has also been reported to produce similar effects: harder (Zheng et al., 2017), more wear-resistant coatings (Xiao and Clouser, 2010).
The size of particles used is also an important factor for the final properties of the coating. The published literature covers a wide range of particle sizes spanning three orders of magnitude, from a particle diameter of 21 nm (Spyrellis et al., 2009) up to 15 μm (Aal et al., 2006). The lower end of this range is composed of nano-powders and sub-micron powders (<1,000 nm), whose small particle size presents both advantages and inconveniences. On the positive side, the size is small enough to produce colloidal suspensions (Lu and Kessler, 2006). Therefore, to produce an effective suspension, flocculants and surfactants can be used instead of relying on mechanical stirring, although this can have a negative impact on the chemistry of the plating solution and hinder deposition. The main negative aspect of nano-powders is the health risk they may present, as preliminary results point to the adverse effects of nano-powders to human health when they are released into the environment. When the particles are inhaled, they can produce moderate toxicity and inflammatory responses in epithelium lining airways (Geiser et al., 2017). Moving up in size, most MMC coating research concentrates on the range of 0.1–10 μm. Within this range, there are not many studies that report the effects of different particle sizes MMC coatings, although initial results indicate that smaller particle size can increase particle content (Garcia et al., 2001; Boonyongmaneerat et al., 2009), hardness (Boonyongmaneerat et al., 2009), and wear resistance (Garcia et al., 2001) of the composites.
The purpose of this article is threefold: i) to demonstrate the feasibility of depositing Ni/Cr3C2 composite coatings by brush electroplating and ii) to study the influence of using different brush materials and iii) to stablish a correlation between different particle sizes, the composition, morphology and wear resistance of the composite coating. The particle sizes studied are kept above the micron level to minimise health risks. Compositional mapping and statistical analysis are used to explain the distribution of particles in the coating. The coating morphology is quantified by the measurement of the surface roughness using traditional parameters and Abbott-Firestone curves. The wear resistance is quantified by applying the Taber abrasive test (based on material weight loss), and the evolution of the coating composition is monitored during the test. Figure 1.
[image: Diagram of an electrochemical setup showing labeled elements: A is the anode, B is the cathode (sample), C is a funnel, D is a pump, E is a reservoir, and F represents agitation. Variables indicated are 1 for current density, 2 for brush fabric, and 3 for bath load.]FIGURE 1 | Diagram of the plating setup designed to circulate particles. The traditional design lacks the funnel (C) and the agitation (F), and the reservoir (E) is usually a shallow tray. Originally published in (Isern et al., 2017).
2 EXPERIMENTAL METHODS
2.1 Equipment for brush electroplating
Three pieces of equipment are needed for brush electroplating:
	• Rectifier. A Plating Electronic pe 2010 (Germany) was used to produce and control a potential differential.
	• Brush, or fabric-covered anode. Inert anodes made of an iridium-oxide-coated titanium mesh and graphite blocks were covered by different fabrics described in section 2.2.
	• Solution collection and circulation system. A setup designed to improve MMC plating performance originally described and tested elsewhere (Isern et al., 2017) was used. It incorporates a funnel to collect solution spills, a reservoir that uses magnetic stirring to keep the particles in suspension, and a peristaltic pump for circulation, as illustrated in Figure 1

2.2 Materials and conditions of brush electroplating
Mild steel S275JR (from BS EN 10025–2: 2011) coupons were used as substrates. The brush fabrics are three different 3M Scotch-Brite™ grades, which will be referred through the paper by their colours: two abrasive ones, red (type 7,447) and purple (2,565) (Industrial abrasives: 3M United States, 2022a; Industrial Abrasives: 3M United States, 2022b); and one non-abrasive, white (7,445) (3M). Ni and Ni/Cr3C2 coatings were deposited onto the substrates following the SIFCO Process® for nickel deposition detailed in Table 1, which includes three stages: i) surface preparation to remove surface defects and improve coating adhesion, which consists of surface cleaning, etching and desmutting and all using white 3M fabric; ii) pre-plating, which involves depositing a 2 μm-thick nickel strike layer to improve adhesion using white 3 M fabric; and iii) plating of the final Nickel High Speed coating, with samples produced with all three different fabrics to evaluate their impact on material structure and properties. The composite coating was produced using the Nickel High-Speed plating solution with suspended Cr3C2 in powder form in a concentration of 50 g/L (average diameter 1.7 and 6 μm, supplied by Advanced Materials, US, morphology can be seen in Figure 2). Coating thickness was controlled by measuring the total current applied with the rectifier’s Ampere-hour counter at a current density of 75 A/dm2. For the as-deposited characterisation, coatings 100 µm-thick were deposited on an area of 50 × 50 mm2 and coatings 50 µm-thick were deposited on an area of 75 × 50 mm2. For Taber abrasive testing, coatings 50 µm-thick were deposited on an area of 100 × 100 mm2.
TABLE 1 | Solutions and plating conditions used in the brush plating process and manufactured by SIFCO ASC (US). All products are commercially available under the stated name.
[image: Table outlining electroplating process steps with associated solutions, chemical compositions by weight percent, and operating conditions including voltage and current density, covering surface preparation, pre-plating, and plating stages.][image: Panel A shows a scanning electron microscope image of Cr3C2 particles with a uniform, fine texture at 1.7 micrometers. Panel B displays Cr3C2 particles with a coarser, more clustered texture at 6 micrometers. Both panels include a 25 micrometer scale bar.]FIGURE 2 | SEM images using back-scattered detector of as-received angular Cr2C3 particles used as dispersed phase in two average diameter sizes: (A) of 1.7 μm, and (B) 6 μm.
Samples have been named according to the particle size and brush material used during deposition, as follows: pB-n; e.g.,: 1P-2.
	• The first character (p) is a number that corresponds to the particle size, 1 for 1.7 μm average diameter and 6 for 6 μm.
	• The second character (B) is a letter that corresponds to the fabric material of the brush: P for purple, R for red and W for white.
	• The last character (n) is a number that identifies the individual sample within that combination of plating parameters, either 1 or 2.

2.3 Coating characterisation
Coating morphology was observed using secondary and back-scattered electrons detectors (20 kV, working distance 8–18 mm) in an FEI XL30 ESEM scanning electron microscope; surface images were also taken with an optical digital microscope Keyence VHX5000, and complemented with optical microscopy of cross-sections captured using an ME600 Eclipse Nikon reflective optical microscope and Leica Application Suite software.
Compositional maps of the entire 100 × 100 mm2 coating surfaces were performed by X-ray fluorescence (XRF) using a Fischer instrument model XDL-Z; the composition values given are in chromium atomic percentage (at% of Cr), with the remainder corresponding to nickel. For each sample, a compositional map of the plated surface was built from 32 randomly selected points measured with XRF, including 8 points on the future wear track location. The locations were selected at least 10 mm away from the edge of the samples to avoid the edge effect of the coating, and the measurements took place before the abrasive wear test.
The crystalline structure of the coatings was determined on a Philips D5005 X-ray diffractometer (XRD) using with Cu Kα radiation at 20 kV. Obtained XRD patterns were compared with the PDF-2 database of the International Centre for Diffraction Data (ICDD).
Roughness was evaluated from 3D mapping areas of 640x480 µm2 from the coatings surface using an Olympus Lext OLS3100 confocal laser scanning microscope. The profiles of the 3D reconstructed area were used to calculate the average roughness Ra parameter and to produce Abbott-Firestone (A-F) curves. A-F curves are defined as the cumulative probability density function of the height of each profile and were constructed and analysed according to BS EN ISO 13565-2-1998. The standard defines 6 parameters that characterise the curve: material portion of the peaks (Mr1), reduced peak height (Rpk), area of the peaks (A1), material portion of the valleys (Mr2), reduced valley height (Rvk), area of the valleys (A2). Those parameters quantify and allow comparing the abundance and relative size of peak and valley areas of the profiles.
A Taber Abraser Model 5134 (ASTM D4060-10, 2010) was used for Taber testing to quantify the wear resistance of the coatings. The samples were attached to a rotating disk and abraded by two CS 17 abrasive wheels, each under a 1 kg load. Samples were weighed every 1,000 cycles (full rotations of the disk) and the abrasive wheels re-ground with abrasive silicon carbide paper grade 150 for 100 cycles. The partial Taber Wear Index (TWI) can be calculated as the average weight difference in mg before (wi) and after (wf) abrasion over 1,000 cycles and dividing it by the number of cycles (n = 1,000), as described in Eq. (1).
[image: Mathematical formula showing TWI subscript p equals the quotient of w subscript i minus w subscript f divided by n, multiplied by one thousand, labeled as equation one.]
The total duration of the test was 15,000 cycles, and the final TWI of each sample was calculated by averaging the partial TWI between cycles 7,000 to 15,000, as the partial TWIs of the initial cycles is strongly affected by the surface roughness.
3 RESULTS
This section is split into three parts corresponding to composition, morphology, and abrasive wear resistance of the coatings. The samples evaluated are the same in all tests.
3.1 Compositional mapping
X-ray fluorescence (XRF) composition measurements (spot diameter ≈1 mm) were taken in 32 points across the surface of the sample (100 x 100 mm2) to produce compositional maps. The maps revealed a particle distribution with radial symmetry, with chromium content gradually increasing from the centre outwards (see examples in Figure 3). This was attributed to solution pooling, which was noticed on chromium-rich areas on all samples during plating. Pooling is a natural effect derived from plating areas much larger than the anode surface area, as the solution flow slows down as it travels away from the outlet, eventually stopping and pooling up. A statistical analysis of the composition measurements (Table 2) show that only 4 samples follow a normal distribution (R2 value >0.90), all of which present a gradual change in composition as illustrated by (Figure 3B). Most samples, 8 of 12, do not follow a normal distribution and display abrupt changes in composition as illustrated by Figures 3A,C,D. Those 8 samples fit a bimodal distribution instead, i.e., the measurements from each sample can be split into two distinct normal populations with different averages and coefficients of variation. The locations of the measurements belonging to the population with higher average Cr content are all localised on the areas where pooling was observed, indicating that solution pooling and particle sedimentation have a significant effect on the coating composition. The statistical analysis also shows that the split between the two populations is not even. The Cr-rich population has fewer number of points for all samples, with half of them having less than 6 points out of 32.
[image: Four labeled diagrams (A, B, C, D) each display a circular target pattern with concentric dark and light rings, numerical data points arranged inside and along the rings, and black dots marking specific coordinates. A scale bar below panel D indicates 10 millimeters.]FIGURE 3 | Compositional maps of coatings produced with different brush materials and particle size: (A) red brush and 6 μm particles, (B) white brush and 1.7 μm particles, (C) purple brush and 1.7 μm particles, and (D) purple brush and 6 μm particles. The dark grey ring represents the area worn during the Taber abrasive test. Values are at% of Cr, assuming the rest Ni.
TABLE 2 | Average chromium composition and coefficient of variation (CoV) of the produced composite coatings. For each sample, the general average is given together with the R2 of the fitted curve of the inverse of the standard normal cumulative distribution (if R2 > 0.90 it is considered a normal distribution), as well as the details of the two normal populations that compose the measurements.
[image: Table showing measured and averaged chromium atomic percentages, points, and coefficients of variation for sample identifiers across three columns: general, composition population 1, and composition population 2, with numerical values presented for each category.]Regarding the particle size, composite coatings that incorporate the smaller carbide particles have significantly higher Cr content (Figure 3C) than in the case of the larger carbide size (Figure 3D), as can be seen in Table 2. Regarding the brush material, both abrasive fabrics (red and purple) incorporate similar quantities of particles, whereas the white, non-abrasive fabric shows significantly less chromium content than the abrasive ones. Nonetheless, white fabric produced less variation in particle distribution and its coatings either followed a normal distribution or had very few points (<6) belonging to the highest Cr-content population.
Finally, X-ray diffraction (XRD) analysis was performed on the as-received powders and nickel and composite samples to confirm the crystalline structure of the deposits (Figure 4). The pure nickel coatings show three main peaks at 44.6°, 51.9°, 76.5°, corresponding to planes (1,1,1), (2,0,0) and (2,2,0) from a face-centered cubic (FCC) nickel structure (PDF 04–0850 from ICDD database). In contrast, the patterns corresponding to the as-received carbide powders are more complex. For both carbide sizes, the final microstructure appears to be a mix of orthorhombic Cr3C2 (PDF 35–0804) and body-centred cubic (BCC) chromium (PDF 06–0694), with a predominance of the carbide on the 6 μm-sized powder, but more abundance of chromium for the smaller-sized powder. No other chemical composition of chromium carbide was detected. The patterns obtained from the composite coatings show the combination of the Ni and Cr3C2 structures. The dominant microstructure is nickel most probably because of its larger presence; no changes in relative intensity or full-width at half-maximum (FWHM) of peaks were registered. Additionally, small 39.0° and 40.2° peaks were detected, corresponding to the orthorhombic Cr3C2, slightly shifted towards smaller angle values in the case of the larger carbide particles.
[image: X-ray diffraction patterns of Ni, Ni/Cr3C2 (6 micrometers and 1.7 micrometers powders, white and red), and Cr3C2 powder (1.7 micrometers) are shown with intensity normalized versus angle 2θ. Key Ni, Cr, and Cr3C2 peaks are labeled in blue, red, and green and major peak positions are highlighted by vertical dashed lines. Sample names are indicated at right.]FIGURE 4 | XRD patterns of Ni and Ni/Cr3C2 coatings corresponding to Ni and Ni/Cr3C2 coatings, and as-received Cr3C2 particles of different diameters. Coloured lines highlight peaks corresponding FCC Ni in blue, and BCC Cr in green from ICDD database; orthorhombic Cr3C2 is not included as it presents dozens of peaks (PDF 04–0850, 06–0694, 35–0804 respectively).
3.2 Coating morphology
The morphology of the coatings was observed by scanning electron microscopy (SEM) images of the surface and optical images of the cross-sections, while roughness was quantified using confocal laser scanning microscopy (CLSM) to obtain the roughness parameter corresponding to the arithmetical mean deviation of the profile (Ra) and Abbott-Firestone (A-F) curves. Surface SEM images are grouped by fabric material: purple (Figure 5), red (Figure 6), and white (Figure 7). Each set is subdivided according to the size of the particles incorporated and is compared with pure nickel coatings deposited with the same conditions when possible. It can be seen that: i) nickel globular structure is present in all surfaces, ii) no carbide particles are distinguishable on the surface, iii) the effect of the fabric material is similar for both Ni and Ni/Cr3C2 coatings, and iv) particle size has a great influence on surface morphology.
[image: Scanning electron microscope images compare surface morphologies of Ni/Cr₃C₂ coatings with particle sizes of 6 micrometers (left) and 1.7 micrometers (right), each shown at 100 micrometer and 500 micrometer scales, illustrating differences in porosity and texture for each size.]FIGURE 5 | Surface of Ni/Cr3C2 coatings produced with purple abrasive brush and current density of 75 A/dm2. SEM secondary electrons detector images, each column corresponding to two different magnifications of the same sample. Samples have been produced with a particle size of 6 μm (left) and 1.7 μm (right).
[image: Scanning electron microscope images showing porous surface structures of three samples: pure nickel, nickel with six micrometer chromium carbide, and nickel with one point seven micrometer chromium carbide, at two magnifications each. Each column compares the pore morphology and surface texture at one hundred micrometers and five hundred micrometers scale.]FIGURE 6 | Surface of coatings produced with red abrasive brush and a current density of 75 A/dm2. SEM secondary electrons detector images, each column corresponds to two different magnifications of the same sample. Samples are Ni (left), and Ni/Cr3C2 produced with carbide particles of diameter 6 μm (centre) and 1.7 μm (right).
[image: Scanning electron microscope images arranged in a grid compare the surface morphology of pure nickel, nickel with six micrometer chromium carbide, and nickel with one point seven micrometer chromium carbide. Each row presents a different magnification, with the top row at one hundred micrometers and the bottom at five hundred micrometers. The pure nickel shows round, layered features; the Ni/Cr3C2–6 µm sample has rough, clustered particles; and the Ni/Cr3C2–1.7 µm sample appears smoother with minimal visible texture.]FIGURE 7 | Surface of coatings produced with white non-abrasive brush and a current density of 75 A/dm2. SEM secondary electrons detector images, each column corresponding to two different magnifications of the same sample. Samples are Ni (left), and Ni/Cr3C2 produced with carbide particles of diameter 6 μm (centre) and 1.7 μm (right).
The general effect of fabric material depends on the particle size used in the composite deposition. For large particles (6 μm), the effect of fabric material in composite coatings is the same than for Ni coatings: non-abrasive fabrics produce rougher surfaces with more defined and spherical globules, whereas abrasive brush materials produce a smoother surface finishing with smaller globules. Also, the morphology of both nickel and composite coatings is similar, especially in the case of abrasive brushes. For small particles (1.7 μm), the morphology of composite coatings does not depend on the fabric material: all coatings are smoother and have smaller and less defined globules than Ni/Cr3C2 coatings that incorporate 6 μm particles, and do not resemble the texture of pure nickel coatings.
Cross-section images reveal the carbide particles entrapped by the metal matrix. Most particles seem to be coated with a thin film of nickel, although this is difficult to confirm for the smaller particle size, which explains why the surface images were not identifying any particles. The coatings that include the 1.7 μm carbide particles have a visibly larger density of particles than coatings with 6 μm particles (Figure 8). The quantification of the surface roughness is in good agreement with the observations made using SEM surface images (Table 3). Among the coatings deposited using large-sized particles, Ra measurements back up both the similarity in morphology within coatings produced with abrasive brushes and also the difference with non-abrasive fabrics, which look rougher and also have higher Ra values than the previous ones. The presence of pores in relatively smooth coatings (produced with 1.7 μm particles) is reflected by the A-F curves having A2 values (area of valleys) slightly larger than A1 (area of peaks). However, in general, the variation in the calculated A-F parameters is large, which makes its analysis challenging.
[image: Panel A and panel B present metallographic cross-section micrographs of porous material over a solid substrate. Each panel shows an upper overview and a lower magnified region connected by red boxes. Blue ovals highlight small structural features in the magnified regions. Scale bars indicate 50 micrometers and 20 micrometers.]FIGURE 8 | Optical microscopy images from Ni/Cr3C2 coatings cross-section with zoomed-in detail (below). The coatings were produced using: (A) purple brush and 1.7 μm particles, (B) purple brush and 6 μm particles. Carbide particles are visible, an example has been circled in blue on both zoomed-in sections.
TABLE 3 | Topographical characterisation of surface roughness of Ni/Cr3C2 composite coatings using the arithmetical mean deviation of the profile (Ra) and Abbott-Firestone curves.
[image: Data table displaying surface roughness parameters for twelve samples, with columns labeled Sample, Ra, Mr1, Mr2, A1, A2, Rpk, and Rvk. Each cell provides a mean value and standard deviation.]3.3 Abrasive wear
The Taber abrasive test was performed on all samples for 15,000 cycles, and the Taber Wear Index (TWI) was calculated. The TWI is a measure of material loss, thus lower TWI values correspond to materials with higher wear resistance. Results can be found in Table 4 and are compared with other reference systems. None of the samples presented signs of coating failure or delamination. A typical coating surface after Taber testing is much smoother than as-deposited (Figure 9), having lost the higher points and kept the valleys. Initially, the surfaces did not show any carbides as corroborated in previous SEM images (Figure 5; Figures 6, 7), but the worn track exposes some carbides (Figure 9).
TABLE 4 | Taber Wear Index (TWI) obtained for diverse samples: reference coatings, such as tank plated hard chrome and brush plated SIFCO products, and Ni/Cr3C2 coatings.
[image: Table comparing coating types and their TWI values. References include Hard Chrome, Ni/WC, and Nickel High Speed with TWIs ranging from three to twenty. Ni/Cr₃C₂ coatings 1P-1, 1P-2, 6P-1, and 6P-2 show TWI values from nine point one to thirteen point six. Ni/Cr₃₂ coatings 1R-1, 1R-2, 6R-1, 6R-2, 1W-1, 1W-2, 6W-1, and 6W-2 have TWI values from eight point three to fifteen point four.][image: Panel A shows a light microscope image of a dense, textured surface at 100 micrometer scale, while Panel B presents a 3D surface topography map with a color gradient indicating surface elevation. Panel C displays a light microscope image of a smoother surface with some scattered dark features at 100 micrometer scale, and Panel D contains a 3D surface map with smoother and more uniform elevations highlighted by color variation and height scale.]FIGURE 9 | Digital optical image (merge of several optical images at different focal points) of the surface of sample 1R-2 as deposited (A), with corresponding surface topography (B). Digital optical image of sample 1R-2 after 15,000 cycles of Taber wear testing (C), with corresponding surface topography (D).
The addition of chromium carbide improves the wear resistance of the coatings, as Cr3C2 composite coatings have a lower TWI range (8–15) than the Nickel High-Speed coatings (14–20). The effect of fabric material is not entirely clear due to the small number of sample repetitions and some overlap between the TWI range of abrasive (8.3–14.6) and non-abrasive brushes (10.4–15.4), but the abrasive fabrics show potential to produce the most wear resistant coatings on account of showing the 4 lowest TWI results. The particle size of the carbides plays a significant role in wear resistance: the material loss of 1.7 μm carbides is 12–42 wt% lower than for the 6 μm carbides. Regarding the composition of the coatings, Figure 10 shows that lower TWI values (higher wear resistance) generally (R2 ∼ 0.70) correspond to samples with increased particle content.
[image: Scatter plot showing the relationship between Taber Wear Index and Cr content in coating, with two data series for coating thicknesses of 1.7 micrometers (blue crosses) and 6 micrometers (red circles). A downward linear trend line and R squared value of 0.6955 are displayed.]FIGURE 10 | Plot of the chromium content of Ni/Cr3C2 samples against Taber Wear Index. The two particle sizes used are distinguished.
For each sample, the composition of four locations within the worn ring was monitored during the abrasive wear test every 5,000 cycles. The results showed a continuous increase in chromium content with the number of cycles in all cases. Table 5 compiles the average composition per sample before and after the whole test (15,000 cycles). The amount chromium present on the worn surfaces increased between 21% and 67% at the end of the test, with the higher increases corresponding to samples with lower chromium contents. The only exception is sample 6W-2, which has the lowest chromium content and registered a decrease in Cr content that lies within the measuring error.
TABLE 5 | Average chromium content in four positions of the worn area before and after the Taber test.
[image: Data table illustrating chromium atomic percentage for various sample codes across composition cycles zero, five thousand, ten thousand, and fifteen thousand, with a corresponding percentage change column for each sample’s chromium content from cycle zero to fifteen thousand.]4 DISCUSSION
The composition homogeneity of the coatings has been studied by combining statistical analysis with mappings. The distribution of Cr3C2 particles was tracked by analysing the chromium content on different locations and creating maps, which show radial symmetry and a Cr content increase from the centre to the edges of the samples. The increase is abrupt in the outer areas of some samples, so much that the composition of two-thirds of the samples failed to pass the normality test. Those samples follow bimodal distributions, with two different populations following normal distributions with different averages and standard deviations. The population with lower average Cr content correspond to central areas of the sample surface, subject to fast solution flow. The population with higher average Cr content is located on the edges of the samples, where solution flow is slower and pooling was observed during brush plating. Normal distributions are associated with natural processes and random variables, so the presence of a bimodal distribution on a sample indicates the presence of two simultaneous processes: regular particle incorporation and particle incorporation aided by sedimentation. We postulate that particle sedimentation in areas that experience pooling is modifying the particle incorporation mechanisms, given that there are more carbides on the sample surface ready to be incorporated into the composite. Sedimentation increases the number of particles incorporated, but is difficult to control and creates a larger variance on composition values; this can be seen on the higher coefficients of variation of the higher-average population. The same radial composition distribution was reported in a previous work on Ni/WC (Isern et al., 2018), which also observed bimodal distributions within each sample, and described the same effects of higher particle content, higher variance due to sedimentation on the sample edges. No other reports on composition distribution have been found for electroplated metal matrix composite (MMC) coatings on the literature.
A common feature observed in all Ni/Cr3C2 coatings from this work is the deposition of a thin nickel film that envelopes the Cr3C2 particles. This was noticed in SEM and optical surface images, where no carbides are visible despite the use of a back-scattered electrons detector, whereas particles are in the matrix as confirmed by cross-section images; likewise, a film is visible between most particles and pores/voids in cross-section. The same behaviour was previously reported in two previous articles for conductive particles. In the first study, Stappers & Fransaer (Stappers and Fransaer, 2006) proved that a thin nickel layer was developed over graphite particles as soon as they touched the cathode surface, but this did not happen in non-conductive particles. They postulated that conductive particles acquire the cathode potential and are suitable to be coated on their exposed surface, but non-conductive particles need to be engulfed by the matrix growing around them. The observations of WC from a second independent study (Isern et al., 2018) and of Cr3C2 from the present work confirm Stappers & Fransaer’s postulation, as both carbides are relatively good electrical conductors. Moreover, the immediate creation of a nickel film on top of the Cr3C2 particles can partly explain the changes in composition and morphology observed in the Ni/Cr3C2 coatings.
The composition of the Ni/Cr3C2 coatings is much richer in Cr3C2 when smaller-sized particles are incorporated. The same trend has been previously observed for electrically conductive particles like in Ni/WC coatings (Jugovic, Stevanovic, and Maksimovic, 2004; Boonyongmaneerat et al., 2009), whereas studies using non-electrically conductive particles report the opposite trend, for instance when incorporating SiC (Garcia, Fransaer, and Celis, 2001; Garcia et al., 2003), diamond (Zhang et al., 2016), Al2O3 (Sadeghi, 2016), TiO2 (Lampke et al., 2006; Lampke et al., 2006), and PTFE (Matsuda et al., 1994) particles. Therefore, it seems that the conductivity of Cr3C2 is the reason for the preferential incorporation of smaller-sized particles, as the film formation might be favoured by a high surface-to-volume ratio, a smaller surface to cover, and smaller particles are hold in place by thinner films.
The composition of Ni/Cr3C2 coatings was affected by the brush material used, but only for the smaller particle size (1.7 μm). For this particular case, the use of abrasive fabrics produced more carbide-rich composites than non-abrasive fabrics. This behaviour is the opposite of previous findings with Ni/Al (Isern et al., 2017) and Ni/WC (Isern et al., 2018). The difference might be partly explained by the difference in particle size, as both previous reports used particles of diameter 5 and 6 μm. Also, for Ni/Al there are no changes in morphology due to the presence of particles so rough surfaces produced by non-abrasive brushes showed more particle incorporation. Regarding the microstructure of the composites, XRD spectra reveal a mix of the matrix and particle microstructures, in agreement with several previous studies (Boonyongmaneerat et al., 2009; Li et al., 2009; Gül et al., 2012; Isern et al., 2017; Isern et al., 2018; Zheng et al., 2017). The XRD spectrum from the Cr3C2 powders reveals an amount of metallic BCC chromium that ranges from noticeable for the bigger particles to dominating for the smaller-sized powder, which has not been previously reported.
The morphology of the Ni/Cr3C2 coatings is affected by the size of incorporated particles. Both particle sizes produce a globular nickel structure, but smaller particles produce smaller globules, smoother surfaces, and more compacted coatings than larger particles. The film formation over particles mentioned earlier can explain this difference; for the same weight of incorporated particles, smaller size means a larger number of particles and thus more, smaller nickel protuberances, explaining the smaller globular size and the smoother surfaces. Moreover, coatings incorporating smaller particles are richer in Cr3C2, further increasing this effect, whereas the larger-sized Cr3C2 particles would produce a coating morphology half-way between the original nickel and the smoother, smaller-sized Cr3C2-based coatings. The morphology of all Ni/Cr3C2 coatings is less dependent on the brush material used than previous studies on Ni and Ni/Al coatings (Isern et al., 2017) that included a structure zone diagram (SZD) to describe the coating morphology depending on abrasiveness of the brush and current density. For Ni/Cr3C2 coatings, all morphologies seem to be shifted towards the SZD abrasive spectrum, probably due to the loose Cr3C2 particles acting as abrasive particles; the same behaviour was described and explained in the previous Ni/WC report (Isern et al., 2018). The effect is more obvious for the coatings incorporating 1.7 μm Cr3C2 particles (no dependency of morphology with fabric material) than 6 μm, given that for the same weight of Cr3C2 suspended in solution, the quantity of particles abrading the surface is smaller than for 1.7 μm particles, but this effect is still observed when comparing to pure nickel coatings.
The addition of Cr3C2 particles has increased the wear resistance of the coating. The wear mechanism of this composite is the same as the described for Ni/WC in (Isern et al., 2018), where is presented in detail. The smallest-sized particles show the best performance, with a Taber Wear Index (TWI) up to 41% lower than the lowest TWI for pure nickel. This agrees with other studies that compared the mechanical properties of coatings incorporating different particle sizes, such as the electroplated Ni/SiC coatings by Garcia, Fransaer and Celis (Garcia et al., 2001). For the Ni/Cr3C2, the data also points out a correlation between wear resistance and chromium carbide content, which may explain why coatings incorporating smaller particles have better wear resistance, as they are also richer in particles. Other studies on MMCs also found a correlation between particle content and wear resistance (Aal et al., 2006; Li et al., 2009; Gül et al., 2012). The difference on the methods used to assess wear resistance makes any comparisons difficult, except for studies that use the Taber Abrasive test such as the Ni/WC study mentioned before (Isern et al., 2018), as well as a Co/Cr3C2 study by Xiao & Clouser (Xiao and Clouser, 2010). The Ni/WC and Co/Cr3C2 coatings have TWIs of 4.5–7.9 and ∼5, respectively, hence showing slightly better performance than Ni/Cr3C2 coatings with TWI of 8.3 or higher. It is also worth mentioning that the coating with the best performance for both Ni/WC and Ni/Cr3C2 systems was deposited using red abrasive fabric. In the case of Ni/WC, excessive amounts of carbides were detrimental to the performance of the coating and areas with concentrations higher than 21.3 at% of W showed coating failure. This has not occurred in the case of Ni/Cr3C2, as such high concentrations have not been produced. Ni/WC failure was caused by the formation of a coating structure rich in voids and poor in nickel. Based on the knowledge gained in the present paper, the use of ∼1 μm-diameter WC particles may be suggested; in the case of Cr3C2, the structures generated by smaller-sized particles were both richer in carbides and with a smoother, more compact structure, as can be seen in Figure 8. During the Taber abrasive test, four locations of the wear track were monitored per sample, and its composition measured, which has not been reported before to the best of the authors’ knowledge. Most samples showed a significant and continuous increase of the carbide proportion on the coating during the wear test, indicating that nickel is preferentially removed during wear and that carbide particles are incrusted, pushed deeper into the matrix, or else the carbide proportion would either reach a maximum or fluctuate rather than increasing continuously. Evidence of the carbide incrustation was also found in the Ni/WC study (Isern et al., 2018), where images of the worn track show fractured carbides scattered and pressed against the matrix. Because of selective nickel removal and carbide incrustation, the composite coating increases its wear resistance over time, as the exposed surface increases its carbide proportion. This is also reflected when comparing partial TWIs, as partial TWIs of cycles 14,000 to 15,000 are lower than of cycles 7,000 to 8,000 for all samples tested.
5 CONCLUSION
Ni/Cr3C2 composite coatings were successfully deposited by brush plating. The composition of the coatings presented a radial symmetry, with carbide content increasing from the centre to the edges. The solution experienced slow flow and pooling in the sample edges, leading to particle sedimentation. Therefore, sedimentation influenced particle incorporation mechanisms, increasing the average carbide content by 40%–300% and the coefficient of variation by 28%–125%.
The incorporation of different particle sizes changed the morphology and composition of the coating. The use of smaller-sized particles (1.7 μm) resulted in denser coatings with smoother surfaces and a carbide content up to four times higher than coatings obtained using larger particle sizes (6 µm). The morphology of all coatings incorporating 1.7 μm particles was very similar regardless of the brush material used. For larger carbides, the effect of brush material was more noticeable, as abrasive brushes produced smoother coating surfaces, with higher carbide-content and variability than the non-abrasive brush.
A larger carbide content of the samples significantly increased their wear resistance. Taber testing revealed that the abrasive wear resistance of the composites was up to 41% higher in comparison to Nickel High-Speed coatings. The maximum wear resistance corresponded to coatings produced using an abrasive brush and smaller-sized Cr3C2 particles. Consecutive composition measurements during Taber testing every 5,000 cycles revealed preferential removal of the nickel and incrustation of the remaining carbides on the softer matrix, thus increases in the carbide content resulted in an increased wear resistance.
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Zirconium is an attractive engineering material owing to its commendable temperature, corrosion resistance, and excellent biocompatibility. Despite these merits, its industrial applicability is hindered by elevated wear and friction in tribological settings. Previous research has concentrated on unmatched pair contacts involving zirconium and alumina primarily due to the exceptional hardness. However, there is a noticeable dearth of literature on the matched pair contact condition for zirconium dioxide. Thermal oxidation is a promising and cost-effective method to address the suboptimal tribological performance and enhance the mechanical and electrochemical properties of zirconium. In this study, thermal oxidation is employed to produce a 6-μm-thick oxide layer in an air furnace at 650°C for 6 h. Subsequently, the resulting surface coating was tribologically tested using a pin-on-disc tribometer against two distinct counterface materials, namely, alumina and zirconium dioxide, in a dry and unlubricated environment. The findings reveal that matched contact between the zirconium dioxide tribopair is unfavorable, leading to elevated friction and wear rates. Consequently, this configuration should be avoided in dry contact situations characterized by high contact pressures. However, under lower contact pressures, the wear performance is acceptable. Furthermore, when combined with lubrication, this system may have potential applications in bio-tribological systems.
Keywords: zirconium, zirconium oxide, wear, friction, thermal oxidation

1 INTRODUCTION
Zirconium and zirconia have remarkable properties that make them suitable for various industrial applications. They can withstand elevated temperatures, resist corrosion, endure mechanical stresses (Zeng et al., 2024), and interact well with living tissues (Chevalier, 2006). These advantages have been exploited in the nuclear (Li et al., 2023), chemical processing (Webster, 1978), and biomedical (G et al., 2024) fields as well as for dental and orthopedic implants (Patil and Kandasubramanian, 2020; Bonnheim et al., 2021). However, galling is a concern when using zirconium in moving parts or applications in which metal-to-metal contact occurs under pressure and sliding conditions (Hofer and Ezzet, 2014; Kore et al., 2020). Galling is a form of severe adhesive wear that occurs when two metal surfaces adhere and deform, resulting in material transfer from one surface to the other.
Zirconium as a metal suffers from adhesive wear when in contact with other materials (Kim et al., 2014; Kumar et al., 2023). Surface treatments are often used to improve the tribological properties of zirconium, such as friction, wear, and lubrication. Some examples of surface treatments are ion implantation (Ryabchikov et al., 2018), laser surface modification (Li et al., 2023), and thermochemical treatments (Ries et al., 2002; Pawar et al., 2011; Reger et al., 2018). Some of these treatments can result in zirconium dioxide (ZrO2), a ceramic material with high mechanical strength and a wide range of industrial applications (Webster, 1978; Patil and Kandasubramanian, 2020; Kalyana Kumar and Sudersanan, 2021).
Thermal oxidation is an inexpensive and effective method of forming zirconium dioxide; this process involves heating zirconium in an oxygen-rich environment. Thermal oxidation can enhance the mechanical and electrochemical performances of zirconium by creating a protective layer of ZrO2 on its surface (Alansari and Sun, 2017a). This type of surface treatment has been utilized for many years in orthopedic implants based on the commercial OXINIUM process (Pawar et al., 2011), which results in an approximately 5-μm-thick layer of ZrO2 oxide.
The objective of this study is to investigate the wear mechanisms associated with the interactions between thermally oxidized zirconium and a zirconium dioxide ball, specifically under self-mating conditions. Currently, there is a limited body of literature addressing the contact behaviors in matched tribopairs. Conventional wisdom suggests avoiding matching contact due to potential surface adhesion issues, particularly for high solid solubility between surfaces (Maugis and Pollock, 1984). However, certain applications may derive benefits from matched contacts, including uniform wear behavior, consistent thermal expansion, and reduced galvanic coupling. Notably, the commercial availability of zirconium oxide bearings (comprising raceway and balls) attests to the advantages associated with such properties (Suh et al., 2008). The thermal oxidation process for commercially pure zirconium was implemented with parameters yielding an oxide layer thickness comparable to that achieved through the OXINIUM process. To assess its dry sliding performance, the matched contact pair was evaluated against an alumina counterpart to gauge the impact of heightened adhesive contact within the matched contact pair.
2 METHODS
The base material, which was commercially pure zirconium (Zr) grade 2, with a purity of 99.2%, consisted of the following chemical components by weight: 0.16% oxygen (O), 0.025% nitrogen (N), 0.05% carbon (C), 0.005% hydrogen (H), 0.2% iron (Fe), and 0.2% hafnium (Hf), with the remaining portion being zirconium (Zr). This material was supplied by Goodfellow UK Ltd. and received in the form of a 1-mm-thick sheet that was subsequently cut into specimens measuring 20 mm × 15 mm. The specimens were manually ground using SiC grinding paper until they reached the P2400 grade, resulting in a surface finish of 0.14 μm (Ra). Following 10 min of ultrasonic cleaning in methanol, the specimens underwent thermal oxidation at 650°C for 6 h in an air furnace (CWF, Carbolite Gero). The samples were left to furnace cool, which resulted in an oxide layer of thickness 6 μm (Alansari and Sun, 2017b).
X-ray diffraction (XRD) was conducted with Cu-Kα1 radiation to determine the phases within the thermally oxidized samples. The metallographic cross sections of an oxidized specimen were cut, polished to a mirror finish, and etched using hydrofluoric acid (HF). The hardness of the cross section was measured using an Indentec ZHV microhardness tester with a load of 0.025 kg. Then, the physical and structural attributes of the specimens were examined under an optical microscope in both the cross-sectional and surface regions after undergoing wear testing.
To evaluate the dry sliding friction and wear characteristics, experiments were conducted using a pin-on-disk tribometer from Teer Coatings Ltd. The dry sliding tests were used to assess how the specimens responded to mechanical forces without the influence of corrosion or lubrication. During the dry sliding wear process, the disc specimen rotated against two types of balls, i.e., zirconium dioxide (ZrO2) and alumina (grade 25 Al2O3), having 8 mm diameter each and supplied by Trafalgar Bearings Ltd.
Experiments were conducted under ambient conditions at 22°C by maintaining a constant rotational speed of 60 rpm over 3,600 s. Four different contact loads of 1 N, 3 N, 5 N, and 10 N were applied, corresponding to initial maximum Hertzian contact pressures of 367 MPa, 530 MPa, 627 MPa, and 791 MPa for the Zr–ZrO2 interface, respectively. The diameter of the wear track was standardized to 9 mm, resulting in a sliding speed of 2.8 cm·s−1 and a cumulative sliding distance of 102 m for each trial. No lubrication was used during the tests, which were performed under ambient humidity conditions. The resulting wear track profiles were analyzed using a Taylor Hobson Intra Touch surface profilometer.
3 RESULTS AND DISCUSSION
After oxidizing the Zr samples, the thickness of the oxide layer was verified through cross-sectional examination. As illustrated in Figure 1A, the resulting surface layer exhibited a thickness of approximately 6 μm. The cross-sectional hardness measurements (Figure 1B) revealed greater hardness (∼1,330 HV0.025) within the oxide layer at the surface, consistent with ZrO2 (Alansari and Sun, 2017b). The hardness profile also depicted a zone of increased hardness beneath the surface oxide that gradually transitioned to the initial hardness of untreated Zr (210 HV0.025) at approximately 20 μm depth, which was attributed to oxygen diffusion.
[image: Panel A shows a micrograph with a labeled layer indicating a thickness of 6 micrometers and a scale bar of 25 micrometers. Panel B presents a scatter plot titled "TO 2," displaying intensity versus depth in micrometers, with intensity decreasing as depth increases. Panel C contains two overlaid X-ray diffraction (XRD) spectra, one in red and one in blue, with labeled peaks corresponding to different crystal phases.]FIGURE 1 | Characterization of zirconium that is thermally oxidized at 650°C for 6 h: (A) cross-sectional morphology, (B) hardness profile against depth from the surface, and (C) X-ray diffraction pattern.
XRD analysis confirmed the presence of monoclinic zirconium dioxide (m-ZrO2) within the oxide layer, as expected for oxidation below 1,205°C (Baker and Okamoto, 1992; Reif et al., 2014). Figure 1C depicts the typical XRD patterns of untreated and oxidized Zr, indicating the presence of α-Zr from the substrate and monoclinic ZrO2 from the surface oxide layer (OL), with no other phases detected.
The impacts of the contact load on the friction behaviors of untreated zirconium (Zr) and thermally oxidized zirconium (TO Zr) were investigated under dry sliding conditions against Al2O3 and ZrO2 balls. The friction traces of contact against untreated Zr revealed a substantial and unstable friction coefficient for both counterface materials, as depicted in Figures 2A, B for the 5 N and 10 N loads, respectively. Microscopic examination of the untreated Zr revealed prominent signs of severe galling and plowing within the wear tracks, indicating the presence of high adhesive wear under dry sliding conditions and consistent with the findings of numerous prior studies (Alansari and Sun, 2017a; Alansari and Sun, 2019; Li et al., 2023).
[image: Figure containing three panels comparing coefficient of friction traces over time and average friction vs. load for four different materials. Panel A shows 5 Newton friction traces, Panel B shows 10 Newton friction traces, and Panel C presents a line graph of average coefficient of friction against load for TO Zr-ZrO2, TO Zr-Al2O3, Zr-ZrO2, and Zr-Al2O3, with data points and trend lines labeled by material.]FIGURE 2 | Recorded CoF traces for various contact couples under applied loads of (A) 5 N and (B) 10 N. (C) The load dependence of the recorded average CoF for each contact pair is also presented.
The TO Zr displayed a nuanced response to sliding contact that was dependent on both the applied load and contact pair. The TO Zr–ZrO2 contact exhibited a higher coefficient of friction (CoF) than the untreated Zr–ZrO2 contact across tests. These values are similar to those when ZrO2 is in sliding contact with ZrO2 (Suh et al., 2008). However, despite the higher CoF, the traces indicate a more stable CoF for TO Zr–ZrO2 than untreated Zr–ZrO2 at 5 N (Figure 2A). At the 10 N contact load, the difference in CoF between TO Zr and untreated Zr in contact with the ZrO2 ball was negligible. The frictional response of TO Zr–ZrO2 matched that of untreated Zr–ZrO2 at approximately 2,500 s (Figure 2B), indicating failure and removal of the oxide layer in the contact zone.
Comparing untreated Zr and TO Zr in contact with Al2O3, the average CoF varied significantly with the applied contact load. For loads less than 5 N, the CoF for TO Zr–Al2O3 was below 0.2 (Figure 2C), producing a stable frictional response that was notably improved over that of the untreated Zr–Al2O3 configuration. At 5 N, the average CoF values were similar between the untreated Zr and Zr against Al2O3 ball. However, there was a noticeable difference in the frictional response, with TO Zr–Al2O3 gradually increasing throughout the test, while the untreated sample exhibited a characteristically spiky friction trace. At 10 N, the Zr–Al2O3 CoF values diverged, with the untreated value being lower than that of TO Zr in contact with the Al2O3 ball.
When investigating wear track morphology at 5 N, both TO contacts indicated that the oxide layer was in contact with the counterface material and was primarily affected by abrasive polishing (Figures 3C, D). Differences in the material transfer mechanisms were observed, where the ZrO2 ball exhibited some transfer from the oxide layer of TO Zr (Figure 3C inset), while the Al2O3 ball showed no material transfer (Figure 3D inset). At higher magnification, the wear track of the TO Zr–ZrO2 contact displayed numerous tensile cracks; although these were less pronounced in the TO Zr–Al2O3 contact, they could still be observed at high magnifications.
[image: Figure contains seven panels. Panels A and B are line graphs showing disc and ball wear as a function of load for various material pairs, with Zr–Al2O3 and TO Zr–ZrO2 exhibiting different wear behaviors. Panels C and D present micrographs of SN ZrO2 and SN Al2O3 ball wear surfaces at a five Newton load, with insets showing enlarged views. Panels E and F show micrographs of adhesive wear on SN ZrO2 and minimal wear on SN Al2O3 at ten Newtons, each with scale bars. Panel G displays a 10N wear track profile with labeled regions corresponding to different materials and arrows marking profile changes.]FIGURE 3 | Recorded material volumes removed from the (A) disc and (B) balls under various loads and contact configurations. Optical micrographs in (C) and (D) depict the contacting surfaces under incremental load conditions and display the wear of the 5 N ball and disc contact for ZrO2 and Al2O3, respectively. (E,F) Wear of the 10 N ball and disc for ZrO2 and Al2O3, respectively. A comparison of wear track profiles is presented in (G) for the 10 N contact, highlighting the differences observed at higher contact loads.
Material loss due to sliding contact was assessed using a stylus profilometer. The wear track was divided into four sections around its circumference, and the volume loss in each section was averaged to determine the overall volume loss of the wear track. Additionally, the wear volume of the spherical counter material was assessed. The mean contact scar diameter calculations are presented in Figures 3A, B. The results indicate that the removal of the protective oxide layer in the 10 N load case, specifically in the TO Zr sample against ZrO2 balls, led to accelerated wear. Both the ball and specimen experienced wear rates that were two orders of magnitude higher than those observed when in contact with alumina. When testing was performed at 5 N and below, the material loss of the treated samples was slightly higher for contact with the ZrO2 counter body despite the high friction value. All results show that there are modest improvements in the CoF from oxidation treatment, but there are significant reductions in the amount of material removed during dry sliding contact.
The friction wear responses of the TO samples changed dramatically when the contact load was increased to 10 N for different counterface materials. The alumina contact exhibited a running-in period and then attained a steady CoF value of approximately 0.6 with frequent and sudden peaks in the friction trace (Figure 2B). The wear track morphology revealed extensive interfacial cracking, which was previously reported and attributed to the tensile failure of the oxide layer due to the high tractive force in the contact zone (Alansari and Sun, 2017b). The TO Zr–ZrO2 contact pair exhibited an abrupt change in the frictional response. The initial response was similar to that observed at lower loads (high but stable friction) but was switched to a response identical to that of untreated Zr–ZrO2 contact. This suggests that the oxide layer failed and was removed from the wear track, as confirmed by the microscopic investigations (Figure 3E), showing that the oxide layer was no longer present and that the subsurface Zr was in contact with the counter body. The wear track was characterized by gouging and adhesive wear, with significant material transfer between the wear track and ball (Figure 3E inset), for which energy-dispersive x-ray spectroscopy (EDS) investigations confirmed the presence of Zr on the counterface material. Figure 3G compares the wear track profiles observed under the 10 N contact load and clearly shows that the oxide layer was removed from the contact zone in the TO Zr–ZrO2 contact pair. There is a belief that the heightened adhesive contact between the TO Zr–ZrO2 tribological pair could have led to premature failure and removal of the surface oxide compared to that observed in the unmatched TO Zr–Al2O3 (Figure 3F) contact scenario.
The wear mechanisms of the TO Zr–ZrO2 contact were investigated through stop testing under an applied load of 10 N, whose results are depicted in Figure 4. The changes in the wear track and counterface were examined as the sliding contact progressed. In the initial contact phase, the wear was caused by abrasive polishing, and minor wear was visible in the wear track and on the ball. However, some material transfer to the ball occurred, resulting in a rough texture at the center of the ball (Figure 4B). At this stage, there was no observable evidence of tensile cracking in the wear track. As the frictional response became more erratic, the wear track morphology showed some prominent features indicating that adhesive contact was a key factor in the wear evolution. The wear track showed obvious signs of tensile cracking, with observable material transfer from the wear track to the ball, as shown in Figure 4C. There were regions in the wear track where the oxide layer was pulled out from the surface and adhered to the counterface ball. The subsequent removal and impingement of the oxide layer caused an unstable friction CoF and accelerated oxide layer loss. Once this oxide layer removal was initiated, later stages showed that the contact mechanics of the wear track changed from OL–ZrO2 ball contact to subsurface Zr–ball contact. During this transition to subsurface contact, the frictional response was a combination of third-body contact, OL–ZrO2 contact, and Zr–ZrO2 contact. As the OL was removed from the contact zone, the friction coefficient approached that of untreated Zr in contact with ZrO2. The increased adhesion between the mating contact pair seemed to be the determining factor in the OL failure at a lower contact load.
[image: Figure composed of four panels labeled A to D. Panel A shows a line graph of coefficient of friction over time, with notable drops and fluctuations at marked times. Panels B, C, and D each display two surface images at intervals of 500, 1500, and 1900 seconds, respectively. At 500 seconds, surfaces are smooth. At 1500 seconds, labels indicate material removal and transfer. At 1900 seconds, rough, uneven areas are labeled as exposed Zr. Insets provide close-ups with 100 micrometer scale bars.]FIGURE 4 | Friction/wear progression for TO Zr against ZrO2. Enhanced view of the friction curve generated (A) during contact at 10 N with the 3D wear track (×200 magnification) and ball images (×200 magnification) at time intervals of (B) 500 s, (C) 1,500 s, and (D) 1,900 s. As sliding progresses, cohesive contact develops, resulting in breakdown and removal of the oxide layer.
It is evident that the TO Zr–ZrO2 tribopair is undesirable and should be avoided in dry contact situations with high contact pressures. However, its wear performance is acceptable under lower contact pressures and might offer some potential for tribological systems when combined with lubrication.
4 CONCLUSION

	1. Thermally oxidized Zr–ZrO2 contact results in a high-friction contact pair (CoF ∼0.58), which is akin to that observed when ZrO2 surfaces are in contact with Al2O3 (CoF ∼0.6). The friction of the protective surface is higher but more consistent than that observed when sliding against untreated Zr (CoF ∼0.5). Although high CoF values are observed against both counterfaces, the low wear rates are encouraging, indicating that further investigations incorporating lubrication may be beneficial.
	2. Thermally oxidized Zr–ZrO2 contact exhibits low wear rate when tested below 10 N. The dominant wear mechanism here is that of abrasive polishing. At higher loads (exceeding 10 N), the protective surface is removed, with the wear mechanism being characterized by adhesive galling. Once the surface layer is withdrawn from the contact zone, the frictional response matches that of untreated Zr against ZrO2.
	3. Increased cohesion between the matched material contacts resulted in material transfer between the disc and ball, accelerating the removal of the ZrO2 protective layer from the disc. The generation of microcracks in the wear track and subsequent cohesion are the primary mechanisms influencing the increased wear rate.
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This mini-review reports the latest results on Pulsed Laser Deposition (PLD) for the design and development of microbatteries. Advances in the deposition of thin films for cathodes, anodes and electrolytes are considered separately, the focus being on studies reporting the electrochemical characterization and performance of electroactive films. Some results on the positive effects of coatings to study and mitigate anode degradation are also discussed.
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1 INTRODUCTION
A microbattery is a solid state battery (SSB) designed to provide power for small-scale electronic devices. SSB have significant advantages over conventional batteries in terms of performance, sustainability and safety due to their greater thermal and chemical stability, higher energy density, and absence of flammable liquids. Due to the increasing demand of flexible electronic microdevices such as implantable medical devices or skin patches, many researchers have been focused on the deposition of positive and negative electrodes and solid electrolytes for the development of microbatteries. Among micro-SSB, thin-film batteries (TFBs) typically feature a layer-by-layer stacked structure, where various components (cathode, electrolyte, and anode) are sequentially deposited onto a substrate, which can also serve as a current connector. To ensure efficient transfer of both electrical and ionic charge, the electrodes must be extremely thin (with a maximum thickness of a few microns), with the electrolyte even thinner. To achieve this, various deposition techniques have been explored, such as magnetron sputtering, pulsed laser deposition (PLD), thermal evaporation, chemical vapor deposition (CVD), atomic layer deposition (ALD), and printing (Xia et al., 2023). Within these, PLD is widely recognized as a versatile technique for the growth of films. Thanks to the possibility to deposit dense and pure films, PLD has gathered the attention of the scientist for the development of solid state batteries (SSB) (Julien and Mauger, 2019; Fenech and Sharma, 2020). In PLD, a pulsed laser beam ablates material from a solid target, depositing it onto a substrate in form of thin film. The interaction between the laser and target material causes laser photon absorption, leading to the vaporization of the superficial layers of the target and plasma formation, consisting in a mixture of atoms, molecules, ions, electrons, and clusters. The plasma’s composition and expansion are closely linked to deposition parameters, particularly the ambient background (such as vacuum or background gas inert or reactive) and laser parameters (including pulse duration, wavelength, and fluence). Therefore composition, morphology, crystallinity and thickness of the obtained film can be tuned by controlling many experimental parameters during the deposition such as laser wavelength, energy and pulse length, deposition temperature and atmosphere and so on. The role of several PLD parameters on the film’s growth and properties has been discussed (Indrizzi et al., 2020). The advantages and drawbacks of PLD with respect to other chemical and physical deposition methodologies used for the growth of thin electroactive films, were recently reviewed (Karimzadeh et al., 2023; Xia et al., 2023). In brief, among the main advantages of PLD are: i) the ability to deposit any type of material for TFBs, ii) congruent transfer of composition, and iii) low deposition temperatures. However, scaling up production proves challenging as the film maintains its homogeneity over a limited area of the substrate.
This mini-review explores the studies published after 2019 focused on laser technologies for the development of batteries with different chemistry and microbatteries with enriched performances. The cathode, anodes and electrolytes components are separately considered. In particular we have considered studies that report the electrochemical characterization for anodes and cathodes. As the study of solid-state electrolytes is relatively recent compared to other components, only limited investigations on thin film electrolytes deposited via PLD are available, with some focusing solely on optimizing deposition parameters. Therefore, all papers have been considered, despite the absence of electrochemical studies. The experimental details for the deposition of cathodes, anodes and electrolytes are reported in Table 1. A schematic illustration of the sequential deposition process and the cross-section of a thin film battery is reported in Figure 1.
TABLE 1 | Experimental conditions for PLD of cathodes, anodes and electrolytes.
[image: Table listing various cathode, anode, and electrolyte materials for battery research, organized by material, laser source specifications, deposition conditions, and references, with detailed parameters for each entry across categories.][image: Diagram illustrating a pulsed laser deposition system for thin film fabrication, showing a vacuum chamber with a rotating target holder, a laser directed at the target, and components labeled anode, cathode, and electrolyte. Inset A magnifies plasma plume formation between electrodes, while inset B presents a layered side view of a thin film cell with labelled cathode, anode, electrolyte, current collectors, and substrate.]FIGURE 1 | Schematic illustration of: (A) PLD experimental set-up (B) thin film microbattery cross-section.
2 CATHODES
2.1 Cathodes for Lithium Ion Batteries
2.1.1 Transition metal oxides
Transition metal oxide (TMO) stands out as the most promising commercial cathode material for Lithium Ion Batteries (LIBs), moreover, thanks to their adjustable electrochemistry, reversible capacity, and easy synthesis process TMO resulted attractive also for Sodium Ion Batteries (SIBs). In particular, to the simplicity in varying the transition metal within the crystalline structure, which acts as the redox center, allows the electrochemical properties modulation through the utilization of different transition metals reference (Zhao et al., 2023).
Among various TMOs for LIBs, compounds like MoO3, V2O5, and MnO2 possess a structure that facilitates ionic intercalation, leading to satisfactory specific capacities. However, a primary issue lies in their low diffusion coefficient. Nanostructured forms offer a potential solution, reducing diffusion paths and increasing the number of reaction sites.
Mo3 was deposited in an oxygen atmosphere at various pressures (2, 5, 10, and 20 Pa) to control the quantity of oxygen vacancies introduced into the cathodic film. The authors observed that as the oxygen pressure decreased, the percentage of oxygen vacancies increased, until the oxygen supply was sufficiently low to induce the formation of a less oxidized MO2 phase. Whereas, the film deposited at 10 Pa exhibited the best electrochemical properties, demonstrating that a limited number of OVs leads to an improvement in electrochemical performance, due to the increased carrier density and reaction sites (Wei et al., 2023). Moreover by selecting appropriate substrates and deposition parameters it is possible to tune the crystal orientation of epitaxial MoO3 thin films. It has been demonstrated that when the (011) and (102) planes are exposed to the electrolyte, ion intercalation is favored, leading to improved electrochemical properties compared to cathode film with (00 k) face exposed (Trzciński et al., 2023).
Hongliang et al. (2021) deposited V2O5 and V2O5-Au composite cathode. The latter is composed of 10 nm sized Au nanoparticles homogeneously anchored on V2O5 nanosheets. The cyclic voltammetry analysis of pure V2O5 and V2O5-Au electrodes reveals characteristic oxidation and reduction current peaks, consistent with the presence of α-V2O5. The comparison of cycling performance shows that the V2O5-Au electrode exhibits higher discharge capacity and better capacity retention attributed to enhanced electronic conductivity provided by gold nanoparticles: 78.7% and 83.5% for V2O5 and V2O5-Au, respectively (Hongliang et al., 2021).
Undoped and Sn-doped V2O5 thin films were deposited and subjected to a rapid thermal annealing in a reducing nitrogen atmosphere, which lead to the formation of a predominantly V2O3 phase. Sn-doped V2O3 film exhibited only a slight enhancement in initial capacity to 311 mAh/g. Whereas prolonged stability analysis revealed significant capacity decay in undoped V2O3 electrodes, while the incorporation of Sn4+ resulted in notable improvement in long-term stability, exhibiting more than twice the capacity retention compared to undoped electrodes (Tite et al., 2023).
LiMn2O4 (LMO) was deposited following a multi-layer PLD approach: with the aim to reduce the Li losses, commonly encountered during laser deposition due to its low mass, sequential layers of LMO e Li2O (4:3) were deposited (Erinmwingbovo et al., 2020; Siller et al., 2022). Nonetheless, small amounts of MnO3 and non stoichiometric phases were detected in XRD analysis. However, Siller et al. (2022) have shown that these material defects resulting from deviation from stoichiometry have contributed to good cycling stability by ensuring a lower volume variation during charge and discharge processes.
Kuwata et al. (2022) investigated the electrochemical characteristics of LMO in a thin-film cell where each component was deposited via PLD: Li/Li3PO4/LiMn2O4. Through in situ Raman spectroscopy, they investigated the structural changes of LMO during charge and discharge cycles and their correlation with Li diffusion.
PLD of electrode materials is often performed to produce models for analyzing reaction mechanisms. In this regard, epitaxial thin films of Li2MnO3 with various Li/Mo ratios were deposited at different oxygen pressures, and the electrochemical processes were studied (Hikima et al., 2021). From structural and electrochemical analysis it was evidenced that reaction mechanisms in non stoichiometric Li2MnO3 differ from the stoichiometric one, which shown also lower degradation.
LiCoO2 (LCO) is a primary cathode active material characterized by its typical layered rock-salt structure, which suggests anisotropic ionic conduction. LCO thin films with controlled orientations are valuable model for studying structural modification upon cycling and electrochemical performances, mainly in term of Li+ diffusion. Kawashima et al. (2020) deposited epitaxial LCO thin film cathodes with two different orientation, revealing a significant disparity in Li-ion diffusion rates between (104)-oriented and c-axis oriented LCO cathodes. This discrepancy arises from the orientation of the diffusion channels: while c-axis oriented films impede diffusion due to parallel alignment with the solid electrolyte and obstruction by CoO2 planes, (104)-oriented films facilitate charge transport by direct exposure to the electrolyte (Kawashima et al., 2020). Pan et al. (2020), instead, deposited (003)-oriented LCO, demonstrating the presence of diffusion-controlled reversible capacity loss in layered oxide cathodes, which can be recovered with extended Li diffusion time during the lithiation process. On the other hand, Yuan et al. (2022) proposed a novel high-speed PLD process for large-scale fabrication of crystalline (001)- oriented LCO by using a high repetition rate 1,064 nm Nd:YAG fiber laser. They deposited at various deposition temperature (RT, 300, 350, 400, 450, 500, and 550°C) in order to investigate the effect of the deposition temperature on the film crystallinity and, as a consequence, on the electrochemical performances. The crystallinity of the films was too low up to 400 °C, therefore, electrochemical tests were conducted in cell vs. Li+/Li for films deposited at 450, 500, and 550 °C, demonstrating that the film with the highest crystallinity, deposited at 550 °C, exhibited the highest specific capacity. Additionally, the researchers investigated the effect of film thickness by depositing films at 550°C for varying deposition time to achieve thicknesses of 0.27, 0.65, and 1.31 microns. It was confirmed that thinner films showed superior electrochemical performance, attributed to enhanced lithium ion mobility in a reduced diffusion pathway typical of 2D films. Similarly to LCO, lithium nickel manganese cobalt oxides (NMC) possesses a layered rock-salt crystal structure and is one of the most widely used cathode materials for high-power batteries to date. However, its application in solid-state batteries still requires studies to analyze the cathode-electrolyte interface resistance. In this regard, Nishio et al. (2020) deposited (104)- and (001)-oriented NMC epitaxial thin films and analyzed interface resistance with Li3PO4 thin film electrolyte (similarly deposited via laser), founding low interface resistance values for both the cathodes (5.2 and 10.2 Ω/cm2, respectively). Whereas, Ohashi et al. (2021) tuned deposition parameters to obtain (003)-oriented NMC, used for a simultaneous electrochemical analysis with regular NMC electrode, demonstrating how the thin film one can be utilized as a model for studying charge transfer processes at the electrode-electrolyte interface.
Similarly to NMC, other layered rock-salt cathode materials containing different transition metals have also been deposited via PLD (Haider et al., 2020; Wang et al., 2022; Subash et al., 2024). Among these, thin films of LiMn1.5Ni0.5O4 (LMNO) exhibited high Li diffusion coefficients (10−5–10−6 cm2/s) and excellent cyclability in a wide current range (Subash et al., 2024). While Wang et al. (2022) deposited a high-entropy oxide (HEO) with a higher number of transition metals: LiCr1/6Mn1/6Fe1/6Co1/6Ni1/6Cu1/6O2. They deposited an epitaxial thin film by tuning deposition temperature and laser fluence. Such film was used in a HEO/Li3PO4/Li thin film cell, however a large interface resistance was measured, therefore a anisotropic structure has to be evaluated for this material.
2.1.2 Phosphates
While for the PLD of intercalation cathode materials based on transition metal oxides, as seen so far, there are several studies in the recent literature, only one paper concerns the PLD of phosphates and a couple is on fluorides (conversion cathodes). In particular, Koutavarapu et al. (2020) deposited LiFePO4 (LFP) in oxygen atmosphere, obtaining a film of LFP with minor amount of lithium and iron oxides, even though high specific capacity and capacity retention were obtained vs. Li+/Li.
2.1.3 Metal fluorides
Conversion cathodes based on metal fluoride are attractive for their high capacity and voltage, however their structural reorganization during conversion reaction causes high volumetric changes and thus scarce capacity retention and reversibility. Therefore, two different composite conversion cathodes, in which volume changes were limited, were developed and deposited in form of thin film as a model to study their conversion reaction. A ternary metal fluoride Cu-Fe-F (CFF) cathode, obtained by co-deposition of CuFe2 an FeF3 targets, demonstrated a reversible structural rearrangement upon cycling leading to high reversibility and columbic efficiency (Li et al., 2020). Alternatively, Wei et al. (2021) deposited different LiF/Fe2O3, LiF/NiO, and LiF/NiFe2O4 films by PLD of a composite targets with different LiF/MOx ratio. Among these, 4LiF/NiFe2O4 shown the best electrochemical performances in term of cycling stability and rate capability thanks to the reversible splitting and regeneration of LiF, as well as the adsorption and desorption of F− at the redox center of NiFe2O4.
2.2 Cathodes for sodium ion batteries
While lithium-based thin-film batteries have been extensively studied, research on sodium-based microbatteries remains limited. Thin-film batteries exhibit superior ion diffusion kinetics, resulting in enhanced cyclic performance and increased energy density compared to conventional rechargeable batteries. This is particularly important for SIBs, as sodium has larger dimensions than lithium, making intercalation/deintercalation processes more challenging. Nayak et al. (Nayak et al., 2020; Nayak et al., 2021) deposited a Na-Fe-Mn-O (NFMO) thin films at 400, 500, and 600°C, evidencing how film quality is dependent on deposition temperature. The best film, obtained at 600°C, shown high capacity and Coulombic efficiency (>91% after 1,500 cycles). On the contrary, Lin J. et al. (2020) analyzed the effect of the pressure of oxygen (p(O2): 35, 50, 65 Pa) during the deposition of Na2/3Ni1/4Mn3/4O2 (NNMO). Film deposited at higher pressure exhibited higher sodium storage, better capacity and cycling performance (Lin et al., 2022).
3 ANODES
With respect to negative electrodes for secondary batteries, few studies were published in the last years. Commercial anodes for LIBs involve the use of graphite, but its theoretical capacity is too low for the development of high energy density batteries suitable for microelectronic or medical devices. Metallic lithium has high theoretical energy density (−3,680 mAh/g) and low reduction potential (−3.04 V vs. standard hydrogen potential) and can serve as anode for Li Metal Batteries (LMB). However, it presents some serious safety concerns due to the dendrite propagation during the battery cycle life. To tackle the anode issue, thin, dense films of transition metal oxides or multielemental oxides were grown by PLD to serve as anodes or to protect highly reactive anodes. Lithium ferrite nanostructures have been considered as low cost and environmental friendly material. Subash et al. (2023) grown crystalline LiFe5O8 films with a thickness of about 100 nm. The ordered ferrite thin films present a specific discharge capacity of 25 µAh/cm2 and current density of 10 μA/cm2, suggesting their potential use for fabricating sustainable solid batteries.
The capability of PLD technique to deposit films with controlled thickness and morphology resulted useful to study and to limit processes that negatively affect the performances of electrochemical cells such as lithium dendrite growth. In fact, to mitigate the formation and propagation of dendrite that are detrimental for the battery stability Li et al. (2021) deposited on the anode surface a electrically insulating and ionically conductive BN film of about 1.2 µm. The BN film, deposited in argon atmosphere at a pressure of 50 mTorr posses a 3D hierarchical structure providing free space for Li accommodation during Li stripping and plating. The mechanisms involved in the beneficial effect of the coating of Li anodes with Al2O3 films were deeply investigated by Kakimi et al. (2023). By depositing smooth Al2O3 layers with controlled thickness, the authors compare the cycling stability of coin cells with coated and uncoated electrodes. The Al2O3 film thickness was adjusted varying the deposition time from 1 to 3 h, obtaining films 15 nm and 82 nm thick, respectively. The authors observed that the thinner Al2O3 coatings assure a more efficient reaction of lithium deposition-dissolution. In fact, lithium grows with a plate-like morphology on the coated electrode, ensuring a good electronic conduction between the electrode and the deposited lithium that is mainly removed from the electrode surface during the dissolution cycle. Moreover, XPS analysis of the coated and uncoated electrodes after cycling, highlight the Al2O3 films are able to suppress the formation of lithium carbonate arising for the electrolyte decomposition.
Since TiO2 have a negligible volume variation during Li intercalation-deintercalation, anatase anodes have been proposed for long cycle life batteries. Although TiO2 is a low cost and non toxic materials, its major drawbacks are the poor electronic and ionic conductivities. Various strategies have been proposed to overcome these disadvantages, such as combining with other oxides like SnO2, which has a higher specific capacity. The deposition of a multilayered SnO2/TiO2 has been proposed by Wang et al. (2020). The layered anode was grown alternating SnO2 and TiO2 layers (20 nm and 5 nm thick, respectively) for total thickness of 300 nm. Since the deposition experiments were carried out at room temperature, authors suggest that the electrode’s amorphous structure can play a beneficial role in its electrochemical performances, in particular considering the cycle stability. In fact, the surface of the coated electrode is characterized by a morphology without any cracks after 200 cycles. A different strategy proposed to overcome the drawbacks of TiO2 that limit its industrial applications is to tailor size and morphology of TiO2-based materials. With respect to the possibility to reduce the TiO2 morphology at the nanoscale, it is well known that during the ablation with femtosecond laser source the ejection of nanoparticles that retains the target stoichiometry take place, getting to the growth of films with a nanomorphology very different with respect to films obtained by nanosecond ablation (De Bonis and Teghil, 2020). To obtain compact, dense and nanostructured TiO2 films (Figure 2), femtosecond laser ablation of an anatase target has been proposed (Curcio et al., 2021). The authors studied the deposition mechanism and developed and characterised a TiO2/C layered anode suitable for microbatteries with lower charge transfer resistance, higher apparent Li+ diffusion and better cycling stability than reference microelectrodes.
[image: Panel A shows a scanning electron microscope image of densely packed small particles distributed uniformly across the surface, with a scale bar indicating two micrometers. Panel B reveals a higher magnification SEM image of spherical particles with varying diameters, dispersed across the field, with a scale bar showing five hundred nanometers.]FIGURE 2 | SEM images at two different magnification (A,B) of TiO2 films deposited by femtosecond laser ablation (Reproduced with permission from Curcio et al. (2021), copyright from 2021 Elsevier).
SnO2 is an efficient anode for SIBs, but the high volume change during cycling due to Na insertion and de-insertion leads to cracking and degradation of electrochemical performance. Biswal et al. (2021) demonstrated the role of the morphology and crystallinity of SnO2 films on the cycling properties of SIBs. They deposited films at different substrate temperature (300, 400°C and 500°C) with a “cauliflower-like” morphology. With increasing the temperature the nanograins of the structure tend to aggregate and their crystallite size tends to increase as shown by SEM and XRD analysis, respectively. The authors show that the presence of an amorphous phase and nanograin morphology has a positive effect on the film’s ability to resist volume changes, improving its stability compared to crystalline films.
4 ELECTROLYTES
The use of all-state batteries is a promising alternative to conventional batteries. In particular, the use of solid electrolytes (SEs) offers a number of advantages, including higher energy and power density, as well as improved safety. SEs are mainly divided into polymer-based and inorganic types, which include garnets, LISICON, NASICON, and perovskites. As regards garnet Li7La3Zr2O12 (LLZO) a couple of study are focused on the deposition of Ta-doped LLZO, since doping with La stabilizes the cubic form of LLZO, which exhibits higher Li conductivity. In both of them, Ta-doped LLZO target material was enriched in Li content to balance the inevitable Li loss during deposition. Curcio et al. (2023) deposited 2D films at different deposition pressure and post deposition heat treatment. Crystalline LLZTO film was deposited at 10 Pa of O2 at RT (Figure 3), while post deposition treatment caused Li-poor phase formation (Curcio et al., 2023). While Morozov et al. (2022) studied the correlation among deposition conditions and the microstructure at the interface between LCO and Ta-doped LLZO deposited via PLD.
[image: Scanning electron microscope images with overlaid analysis regions and corresponding elemental maps. The top row shows a textured surface and four elemental distribution maps labeled Zr-LA, Ta-LA, and O-K. The bottom row includes an SEM cross-section and four aligned elemental maps labeled Zr-LA, Ta-LA, and O-K. Insets highlight areas of interest for composition analysis.]FIGURE 3 | LLZTO film deposited by nanosecond PLD at a pressure of 10 Pa of O2 and room temperature (A) and its cross-section (B) with elemental mapping (Reproduced from Curcio et al. (2023)).
There are several studies regarding the PLD of lithium phosphates electrolytes (Nishio et al., 2020; Kuwata et al., 2022; Wang et al., 2022), but all investigate only the cathode component in contact with such SE in the form of thin film. Only in one case the properties of a NASICON film are studied. They obtained dense thin films of Li1+xAlxTi2-x(PO4)3 (LATP) at high temperature (700°C) and deposition pressure (80 mTorr), however only after post deposition treatment at 800°C the ionic conductivity increased up to 10−4 S/cm, thanks to the improved contact between crystallites with different orientation as a consequence of the formation of amorphous phase at the grain boundaries (Siller et al., 2021).
Lovett et al. (2022) deposited a vertically aligned nanocomposite of two perovskite-based electrolyte, i.e., Li3xLa2/3-xTiO3 (LLTO) and Li3xLa2/3-xNO3 (LLNO), together with an anodic material: LL(Nb,Ti)O-(Ti,Nb)O2-anatase. LL(Nb,Ti)O-(Ti,Nb)O2 film grew epitaxially with high purity and crystallinity on an Nb-STO substrate, exhibiting ion conductivity (2.3x10−4 S/cm) an order of magnitude higher than bulk LLNO and comparable to the best LLTO film obtained.
Lastly new SE based on hydrides was proposed, in which the lightweight hydrogen atoms in polyanions facilitates their rotation, enabling effective ion transfer through the paddle-wheel mechanism (Pang et al., 2022). Additionally, the highly reductive nature of Hδ− enhances compatibility with metal anodes and leads to more suitable interphases. In particular, Sasahara et al. (2023) deposited a single phase (001)-oriented La2LiHO3 epitaxial thin film with an ionic conductivity of 1.3x10−8 S/cm, an order of magnitude higher than bulk form.
5 CONCLUSION AND OUTLOOKS
We have reviewed the most recent study on the preparation of thin films for cathodes, electrolytes and anodes for microbatteries application by PLD technique. In order to optimize the electrochemical performances of the deposited electroactive films, the deposition time has been varied, whereas films morphology strongly depends on the properties of the laser source, mainly the laser pulse length. The films’ crystallite size can be controlled varying the temperature of the substrate during the deposition experiments, but it has been show that anodes formed by amorphous films has higher stability with respect to crystalline one due to their capability to resist to volume changes during the intercalation-deintercalation process (Biswal et al., 2021). The ability to finely control the thickness and orientation of crystals in coatings makes it possible to grow model electrodes that have been used to study electrochemical reactions in cells.
PLD is recognized has the technique of choice for deposition of coatings with complex composition, on the other hand the lithium loss during the growth of cathodes and electrolytes thin films require a deep knowledge and a careful control of the deposition conditions and can lead to materials with diminished performances.
Finally, the capability to perform electrochemical characterization of films containing lithium in situ, avoiding air/moisture exposure, holds significant importance and would represent a substantial advancement in the research, facilitating the comparison of data obtained from different laboratories.
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High-entropy oxides (HEOs) containing five or more cations have garnered significant attention recently due to their vastly tunable compositional space, along with their remarkable physical and mechanical properties, exceptional thermal stability, and phase reversibility at elevated temperatures. These characteristics position HEOs as promising candidates for structural components and coatings in high-temperature applications. While much of the ongoing research on HEOs centers around understanding processing-structure relationships, there remains a dearth of knowledge concerning their mechanical properties, crucial for their prospective high-temperature applications. Whether in bulk form or as coatings, the efficacy of HEOs hinges on robust mechanical properties across a spectrum of temperatures, to ensure structural integrity, fracture resistance, and resilience to thermal stress. This review offers a succinct synthesis of recent advancements in HEO research, spanning from processing techniques to mechanical behaviors under extreme conditions. Emphasis is placed on three key aspects: (1) Investigating the influence of processing parameters on HEO crystal structures. (2) Analyzing the interplay between crystal structure and mechanical properties, elucidating deformation mechanisms. (3) Examining the mechanical behavior of HEOs under extreme temperatures and pressures. Through this review, we aim to illuminate the effective control of HEOs’ unique structures and mechanical properties, paving the way for their future applications in extreme environments.
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1 INTRODUCTION
High-entropy oxides (HEOs) have recently attracted significant interest due to their unique properties and adaptability to meet the rapidly evolving demands of technology, particularly under extreme service conditions (Musicó et al., 2020). HEOs are single-phase solid solutions with five or more different cations and anions, strategically designed to maximize configurational entropy (Toher et al., 2019; Akrami et al., 2021). This approach aims to counteract enthalpic driving forces, thereby reducing Gibbs free energy, especially at elevated temperatures where the entropy contribution becomes more significant, ultimately achieving thermodynamic phase equilibrium (Spurling et al., 2022). Within HEOs, elements of varying sizes are uniformly distributed across the structure, leading to substantial sublattice disorder and marked lattice distortions (Sarkar et al., 2019; Oses et al., 2020). These distortions elevate the activation energy, thereby retarding diffusion (Usharani et al., 2020; Fu et al., 2021; Sun and Dai, 2021; Gao et al., 2022). This sluggish diffusion, coupled with rapid cooling, contributes to the stability of HEOs at room temperature (Kotsonis et al., 2023). The cocktail effect of HEOs, the synergistic interaction of cations, can lead to superior performance than predicted by the rule of mixtures (Wang, 2022; Nan et al., 2023), overcoming trade-offs between properties like stiffness and thermal conductivity at high temperatures (Braun et al., 2018). These unique structural characteristics of HEOs endow them with thermal and mechanical properties distinct from those of low-entropy oxides, including high hardness, stiffness, and temperature resistance (Albedwawi et al., 2021; Kotsonis et al., 2023).
HEOs exhibit remarkable structural stability, maintaining a single phase even under extreme temperatures (Sarkar et al., 2018; Dong et al., 2019; Ren et al., 2019; Zhao et al., 2019) and pressures (Chen et al., 2019; Cheng et al., 2019; Cheng et al., 2020; Yan et al., 2021; Yue et al., 2022). While enthalpy-driven phase separation may occur at high temperature, most HEOs can reversibly transition back to a single phase upon further temperature elevation (Rost et al., 2015; Bérardan et al., 2016; Chen et al., 2018; Sarkar et al., 2018; Dupuy et al., 2019; Nallathambi et al., 2023). The severe lattice distortion, combined with thermal stability, results in low thermal conductivity and high stiffness, beneficial for thermal barrier protection. The mechanical properties of HEOs are primarily attributed to the solid solution structure, which exhibits severe lattice distortion due to the diverse sizes of the cations (Ling and Yan, 1988; Hong et al., 2019; Bi et al., 2020; Ren et al., 2020; Song et al., 2021; Xue et al., 2022; Zhang et al., 2024). HEOs typically feature a fine grain size, resulting from sluggish diffusion, which is further refined by an increase in the number of elements and their concentrations (Bi et al., 2020; Zhu et al., 2021; Khan et al., 2021; Song et al., 2021; Zenkin et al., 2022). Other strengthening mechanisms for ceramics such as dispersion strengthening through secondary phase particles, work hardening, and strengthening through preferred crystallographic orientations should also apply to HEOs (Kirnbauer et al., 2019; Nallathambi et al., 2023).
Temperature and pressure play significant roles in controlling the structure and mechanical properties of HEOs (Lin et al., 2010; Rost et al., 2015; Cheng et al., 2019; Hong et al., 2019; Kirnbauer et al., 2019; Cheng et al., 2020; Rost et al., 2022; Yue et al., 2022; Liu X. et al., 2023; Fu et al., 2024). At low temperatures, the entropic term may not be sufficient to counterbalance the enthalpic term, potentially leading to phase separation (Hong et al., 2019; Rost et al., 2022; Liu X. et al., 2023). High pressure can trigger phase transformations and may alter or eliminate lattice slip systems, offering toughening mechanisms for ceramics (Lai et al., 2013; Cheng et al., 2019; Cheng et al., 2020; Pang et al., 2022; Yue et al., 2022). Furthermore, electronic states, oxygen vacancies, and localized lattice distortions are also susceptible to pressure effects (Cheng et al., 2019; Cheng et al., 2020), which will influence mechanical response in the end.
To expand the application of HEOs into more extreme environments, a deeper understanding of their structures and consequent mechanical properties is required. This review focuses on processing techniques for HEO oxide thin films and coatings, elucidates strengthening mechanisms and the impact of HEO structures, and explores their mechanical behavior at elevated temperatures from a structural perspective.
2 SURVEY OF PROCESSING-STRUCTURE-MECHANICAL PROPERTIES RELATIONSHIPS OF HEOS
A literature survey on the interplay between processing, structure, and mechanical properties of high-entropy oxides (HEOs) from 2015 to 2024 was conducted, as summarized in Supplementary Table S1. The commonly utilized synthesis methods for HEO thin films and coatings include sputtering deposition, chemical vapor deposition, laser cladding, plasma spraying, pulsed laser deposition, anodizing, and the sol-gel technique, as shown in Figures 1A–G. While these techniques are well-established, the unique challenge lies in precisely controlling the HEO structure through composition and deposition parameters. For instance, in sputtering and laser deposition, differentiating HEOs from traditional oxides involves controlling composition through target composition and parameters like deposition rate, substrate temperature, and chamber pressure. Optimizing these parameters remains a significant technical barrier in HEO processing. For example, Guo et al. (2022) found that controlling the deposition rate affects both the thickness and stoichiometry of the HEO film, while variations in substrate temperature can influence crystallinity and grain size (Ling et al., 2015; Abed et al., 2024).
[image: Scientific infographic showing multiple panels (A-G) illustrating different synthesis and deposition techniques for high-entropy oxides, such as arc melting, solid-state reactions, laser deposition, plasma spraying, flame spray pyrolysis, electrochemical deposition, dip-coating, and spin-coating. Panel H presents atomic structural models and crystal structures for high-entropy oxides, including rock-salt, fluorite, pyrochlore, perovskite, spinel, bismite, and rutile.]FIGURE 1 | Synthesis methods for HEOs; (A) sputtering deposition process, (B) chemical vapor deposition process, (C) laser cladding process, (D) plasma spraying process, (E) pulsed laser deposition, (F) anodizing process, (G) sol-gel method, and (H) The concept and schematic structure of HEOs. The left image presents atomic structure models of a rock-salt HEO, where the metal cations of different colors are randomly distributed within an ordered crystalline lattice. The right images show the crystal structures of HEOs; anions are represented as red spheres, and cations are randomly distributed in the sublattice sites colored blue and yellow.
The common crystal structures reported for HEOs include cubic (rock-salt, fluorite), orthorhombic/tetragonal (perovskite, rutile), and their derivatives (pyrochlore, bixbyite, spinel), as illustrated in Figure 1H. The subsequent sections delve into how process parameters influence HEO formation, with a focus on crystal structure, and how crystal structure and lattice distortion impact crucial mechanical properties like hardness and elastic modulus. While limited research exists on other properties like ductility and toughness, these aspects will be revisited in the concluding summary and outlook.
3 EFFECTS OF PROCESSING PARAMETERS ON HEO CRYSTAL STRUCTURES
Various thin film and coating synthesis techniques have been employed for HEO production, each presenting unique challenges in controlling stoichiometry, phase formation, and microstructure due to the multi-cation nature of HEOs.
3.1 Physical and chemical vapor deposition
Physical vapor deposition (PVD) is recognized as a flexible and reliable technique for producing thin HEO films via ion bombardment (Chen and Wong, 2007; Kirnbauer et al., 2019; Yang et al., 2019; Bi et al., 2020; Khan et al., 2021; Zenkin et al., 2023). The substrate is placed inside a high-vacuum chamber filled with an inert gas like argon, and oxygen is introduced to facilitate chemical reactions that deposit HEO films ranging from a few angstroms to several microns (Figure 1A). The deposition rate and properties of the film depend on various processing parameters including the total and partial oxygen pressures, power, voltage biases, substrate temperature, the sputtering yield, and the distance from target (Chen and Wong, 2007; Lin et al., 2010; Kirnbauer et al., 2019; Behravan et al., 2021; Salian and Mandal, 2022). For example, adjusting the oxygen partial pressure enables control of the HEO film properties, such as composition, structure, and thickness. Typically, an increase in oxygen partial pressure leads to finer and denser HEO films, enhancing their mechanical properties, while also resulting in thinner films. (Chen and Wong, 2007; Kirnbauer et al., 2019; Bi et al., 2020; Khan et al., 2021). Kirnbauer et al. (2019) found higher oxygen flow rates led to denser microstructures in (Al,Cr,Nb,Ta,Ti)O2 films, resulting in increased hardness and elastic modulus. Meanwhile, the thickness of the (AlCrNbTaTi)O2 film decreased from 2.7 µm to 1.6 µm as the oxygen flow ratio increased from 30% to 80%, due to a higher poisoning-state of the target. Similarly, Lin et al. (2010) observed that the thickness of a deposited (AlCrTaTiZr)Ox film reduced from 1.5 µm to 300 nm as the oxygen flow ratio increased from 2.5% to 50%. However, some researchers have also reported the opposite trends, where increasing the oxygen flow-rate ratio can lead to increased film thickness (Bi et al., 2020), indicating that these effects can vary based on the specific process conditions. Khan et al. (2021) synthesized AlCoCrCu0.5FeNi HEO films under different oxygen flow rates, who showed that initial increases in oxygen content led to an increase in hardness due to reduced void fractions and grain sizes. Further increasing oxygen content, however, resulted in a loss of crystallinity in the spinel HEO, with a decrease in hardness. In addition to PVD, chemical vapor deposition (CVD) method has also been demonstrated to form high-quality conformal HEO films, such as (MgCoNiCuZn)O (Raison et al., 2023), through chemical reactions of vaporized precursors on heated substrates (Figure 1B). The cation distribution remains homogeneous, matching compositions from solid-state or sputtering methods. Generally, the microstructure and properties of CVD deposited films are highly sensitive to parameters including temperature, pressure, and gas flow rates (Sabzi et al., 2023; Saringer et al., 2023). Additionally, film thickness linearly increases withe deposition time, ranging from a few hundred nanometers up to several hundred microns (Choy, 2003).
3.2 Laser-based cladding and deposition
Laser cladding has also been used to produce HEO films (Figure 1C). For example, Zhang et al. (2023a) applied laser cladding to (LaNdSmEuGd)2Zr2O7 powders onto a NiCoCrAlY substrate that was coated with Y2O3-stabilized ZrO2. They found that differences in thermal expansion coefficients among layers and phase transitions within the HEO can lead to the formation of cracks on the cladded surface, penetrating the HEO coating. Another related laser-based synthesis technique is pulsed laser deposition. High-power laser pulses evaporate a HEO target within a vacuum chamber, with the resulting plume being directed onto the substrate, depositing films ranging from a few nanometers to several microns in thickness (Figure 1E) (Kotsonis et al., 2018; Ahn et al., 2021; Jacobson et al., 2021). Both the deposition rate and the properties of the film depend on processing factors such as laser intensity, substrate temperature, and ambient oxygen pressure (Salian and Mandal, 2022). Kotsonis et al. (2018) found that single-phase MgNiCoCuZnScO films form under high kinetic energy (low pressure) conditions, while low kinetic energy (high pressure) leads to phase separation. A higher O2/Ar ratio at low pressure also promotes phase separation. Jacobson et al. (2021) observed that the texture and lattice parameter of (MgCoNiCuZn)O films can be controlled through substrate temperature and oxygen partial pressure. However, the oxygen partial pressure might have little impact on film thickness; the thickness of these films remained constant at about 250 nm despite a decrease in the oxygen pressure from 100 mT to 50 mT. Conversely, when the laser pulse energy was increased by 30% from 200 mJ, the film thickness increased from approximately 250–470 nm.
3.3 Thermal plasma spraying
Thermal plasma spraying melts and deposits HEO particles onto substrates in a cost-effective manner (Figure 1D). During plasma spraying, fine HEO particles are melted in a thermal plasma jet and sprayed onto a substrate, forming layers of lamellae or splats upon solidification (Zhou et al., 2020; Park et al., 2021; Wang et al., 2022; Chen Z. et al., 2023). Typically, the coatings are deposited with thicknesses ranging from several tens to hundreds of micrometers but can reach up to a few millimeters. Zhou et al. (2020) utilized atmospheric plasma spraying with (LaNdSmEuGd)2Zr2O7 powder on a superalloy substrate and deposited a coating approximately 200 µm thick that was tightly bonded and free of large pores. They observed compositional variations in the coating due to varying volatility of oxides during the process. On the other hand, Chen Z. et al. (2023) deposited (YbYLuHoEr)2Si2O7 with a thickness of about 100 µm and found that the elements losses in (YbYLuHoEr)2Si2O7 due to volatilization were similar across different oxides, despite varying saturated vapor pressures, suggesting that the effect of varied saturated vapor pressure on coating quality is limited. In addition to these compositional changes, process parameters significantly influence coating properties (Swain et al., 2018). Generally, reduced porosity and enhanced hardness are achieved with a finer particle size and higher substrate temperature. Meanwhile, increased spraying current and plasma power directly result in thicker coatings (Verbeek, 1992).
3.4 Electrochemical anodization
Electrochemical anodization produces self-assembled amorphous HEO nanotube arrays with a thickness of tens of microns on high-entropy alloy precursors (Figure 1F) (Makurat-Kasprolewicz and Ossowska, 2023). For example, Lei et al. (2018) employed anodic oxidation on TaNbHfZrTi high-entropy alloy to synthesize (Ta,Nb,Hf,Zr,Ti)O nanotube arrays. The anodization voltage and fluoride concentration have a linear relationship with the thickness of the nanotubes (Shi et al., 2022). However, excessive voltage and fluoride exposure can lead to thinner layers due to electro-polishing or chemical etching (Shi et al., 2022).
3.5 Sol-gel method
The sol-gel method produces HEO coatings at low temperatures in a cost-effective manner, encompassing both dip- and spin-coating processes (Figure 1G). Einert et al. (2023) utilized dip-coating to form an amorphous HEO, which then crystallized into nanocrystalline (CoNiCuZnMg)Fe2O4 upon subsequent annealing. They observed that the thickness of the HEO film increased from 190 nm to 330 nm when the withdrawal speed was doubled from 8 mm/s to 16 mm/s (Einert et al., 2023), reflecting the parabolic increase in film thickness with faster substrate speeds in the draining region (high speed region) (Chen R. et al., 2023). This higher speed resulted in a thicker film with less homogeneous morphologies and more structural defects (Einert et al., 2023). Besides withdrawal speed, fluid properties such as surface tension, viscosity, and density significantly affect both the thickness and quality of the coating in dip-coating processes (Brinker et al., 1991; Fernández-Hernán et al., 2021). Post-heat treatment parameters, including annealing temperature and duration, should also be considered. Wu et al. (2024) synthesized a nanocrystalline CoNiFeCrMnOx thin film through dip-coating. At lower post-annealing temperatures, the films showed a tendency towards particle agglomeration, whereas at higher temperatures, the formation of mesoporous HEO films was more pronounced. Einert et al. (2023) found that the thickness of nanocrystalline (CoNiCuZnMg)Fe2O4 increased from 190 nm to 230 nm as the post-annealing time was extended from 10 min to 2 h.
Spin coating processes are also used for various HEO applications, including semiconductors and electrocatalysts. The spin-coated film properties are primarily determined by two independent process parameters—fluid flow, which is governed by spin speed and viscosity, and the rate of evaporation (Sahu et al., 2009). Baek et al. (2023) spin-coated a spinel HEO film approximately 50 nm thick, comprising Co, Fe, Ni, Cr, and Mn, on fluorine-doped tin oxide glass substrates. The process was performed at 3,000 rpm for 20 s, repeated twice, followed by flame annealing at 1,000°C for 30 s. Ma (2023) fabricated spinel MnCoNiXYO4 (X, Y = Mg, Cu, Zn) films on Si substrates by spin coating at 3,000 rpm for 30 s, repeated eight times, followed by a subsequent heat treatment at 750°C for 1 h. Huang and Chang (2021) synthesized amorphous (AlTiVZrHf)Ox films approximately 15 nm thick on (100) Si substrates using spin coating at 3,500 rpm for 60 s, followed by annealing at 400°C for 1 h. They enhanced adhesion to substrates and minimized defect formation by adjusting the viscosity of the precursor solutions through the types and amounts of solvents used, as well as by optimizing annealing conditions such as temperature, pressure, and duration.
3.6 Other manufacturing methods
High-temperature oxidation of sputtered high-entropy alloy films yields dense, layered HEO coatings driven by thermodynamics and cation diffusivities (Minouei et al., 2022). For example, Minouei et al. (2022) showed that oxidation of CoCrFeMnNi high-entropy alloy at 850°C for 30 min in an atmosphere of 20% O2/Ar ratio results in a spinel (CrMnFeCoNi)3O4 HEO film, approximately 510 nm thick. However, during oxidation, the inner and outer layers often exhibit distinct compositions and microstructures. Li et al. (2024) developed AlTiVCrNi5 and oxidized it at 1,000°C to form a complex concentrated oxide. This process yielded a multi-layered structure, featuring a dense NiO outer layer, an intermediate layer of medium entropy oxides, and HEOs with a nano-NiO internal layer. While limited work exists, additive manufacturing techniques like 3D extrusion combined with pressureless sintering have enabled fabrication of bulk HEO ceramics. For example, Chen R. et al. (2023) were the first to utilize a 3D extrusion technique, employing oxide precursors and pressureless sintering, to produce (MgCoNiCuZn)0.7Li0.3O. The HEOs achieved a relative density of 92% when using ink with a solid content of 78 wt%, after undergoing pressureless sintering at 800°C.
Overall, precise control over HEO stoichiometry, phase, and microstructure remains challenging due to the intricate interplay between deposition/synthesis parameters and multi-cation compositions. Optimizing these techniques is crucial for realizing desired structures and properties in HEO thin films and coatings.
4 EFFECTS OF CRYSTAL STRUCTURE ON MECHANICAL PROPERTIES
This section delves into the mechanical properties and deformation mechanisms of the HEO family, highlighting the role of various cation elements within HEOs. Particularly, the effect of lattice distortion (δ) on mechanical properties is discussed, which is calculated according to Eq. 1 (Wright et al., 2020a):
[image: Mathematical equation showing delta equals the square root of the sum, over i, of c sub i times the square of the quantity one minus r sub i over r bar, labeled equation one.]
where [image: Mathematical expression showing a lowercase italic c with a subscript lowercase italic i.], [image: Mathematical notation showing a lowercase italicized letter r with a subscript lowercase italicized letter i.] and [image: Lowercase letter r in a sans-serif font, centered on a white background with a slight shadow effect.] are the atomic fraction, the radius of the ith component, and average radius of multiple cations, respectively. The equation is modified for the fluorite, pyrochlore, and perovskite, which feature A-site and B-site sublattices, as shown in Eq. 2 (Wright et al., 2020a):
[image: Mathematical formula showing delta equals the square root of the sum of delta sub A squared and delta sub B squared, labeled as equation two.]
Figures 2A, B summarizes the hardness (H), elastic modulus (E), and H/E ratio as a function of HEOs crystal structures using data detailed in Supplementary Table S1. First of all, the data show that H tend to increase with E, regardless of crystal structure and composition of the HEO. This trend is in good agreement with prior first-principles calculation results (Chong et al., 2017). In terms of the effects of crystal structures, rutile structure exhibits the highest hardness and elastic modulus among all the HEO structures. Fluorite generally shows greater hardness than pyrochlore, a difference likely stemming from inherent structural differences (Chong et al., 2017; Karthick et al., 2021; Liu et al., 2022). Typically, HEOs composed of elements with smaller ionic radius and stronger bonds exhibit higher hardness (Song et al., 2021; Liew et al., 2022; Sang et al., 2023). However, for nearly identical compositions, the impact of cation radius on hardness appears minimal (Karthick et al., 2021). The greater structural order in fluorite compared to pyrochlore might account for its higher hardness (Chong et al., 2017; Karthick et al., 2021; Liu et al., 2022).
[image: Four scientific scatter plots display mechanical properties of various material structures including rock-salt, pyrochlore, fluorite, spinel, rutile, and perovskite, using colored markers. Panel A plots hardness versus elastic modulus with labeled H/E ratio trend lines. Panel B shows H/E ratios by structure type. Panel C presents hardness versus distortion. Panel D plots elastic modulus versus distortion, with reference lines for nickel-based superalloys and stainless steels.]FIGURE 2 | Summary of mechanical properties of HEOs from a literature survey; (A) elastic modulus and hardness, (B) H/E ratio, (C) hardness, and (D) elastic modulus with distortion across different HEO structures. The hardness and elastic modulus of several important engineering metals are also included for comparison, which are common substrate materials for such coatings.
H/E ratio is often used as an indicator of wear resistance, with a higher H/E ratio generally indicating better wear resistance of coatings (Leyland and Matthews, 2000). The H/E ratios in most HEO structures fall within 0.04–0.08, as indicated by the dashed lines in Figures 2A, B. Fluorite exhibits the higher H/E ratio (between 0.08 and 0.12) among all structures, thus likely showing great wear resistance. However, it should be noted that ranking a clear hierarchy among the mechanical properties of HEO structures is challenging due to the multitude of factors influencing their performance, such as composition, density, and grain size. This phenomenon is particularly evident in HEOs used as coatings or films. Even when deposited with identical compositions under the same process parameters, coatings of varying thicknesses can exhibit different mechanical properties due to intrinsic microstructural variations, their interaction with the substrate, and the thickness itself (Chen et al., 2005). First of all, coatings or films often exhibit microstructural inhomogeneity across their thickness due to varying grain growth mechanisms. For instance, a PVD-deposited film shows larger grain sizes on the outmost surface and smaller grains underneath, inducing variations in mechanical properties across the thickness (Bouzakis et al., 2004). Dudnik et al. (2021) physically vapor-deposited high-entropy multicomponent zirconate films with thicknesses of 70 μm and 85 μm. They found that the 85 μm film exhibited higher overall microhardness of 6,110 MPa, 3,675 MPa, and 2,860 MPa at the bottom, middle, and top, respectively, compared to the relatively lower values of 2,696 MPa, 2,273 MPa, and 1,354 MPa in the 70 μm film. These variations across thickness and differences in microhardness are attributed to compositional changes in Ce, La, Nd, and Zr, which are caused by differing evaporation behaviors during the process, as well as potentially by variations in the microlayer thickness development.
Second, in a film/substrate composite system, the thickness of the film directly determines the influence of the substrate, consequently affecting the composite’s hardness and elastic modulus (Chen et al., 2005). Bi et al. (2020) found that a sputtered (NbMoTaWV)78.46O21.54 film with a thickness of 603 nm exhibited stable hardness and elastic modulus, even when the indentation depth reached 300 nm, which is 50% of the film thickness. However, Gopalan et al. (2022) found that the elastic modulus of a 3 µm thick sputtered high entropy ceramic film continuously decreased with increasing indentation depths ranging from 100 nm to 300 nm, which correspond to 3%–10% of the thickness, due to the increased contribution from the elastically compliant Si substrate. Similarly, Xing et al. (2018) found that the hardness of a sputtered high entropy ceramic film was influenced by the substrate when the indenter displacement exceeded 40% of the film thickness. Lastly, from a processing perspective, the thickness itself can influence the mechanical properties. Peng et al. (2013) found that the maximum bonding strength of a thermally sprayed coating with a thickness of 240 μm was approximately 41 MPa, which rapidly decreased to 25 MPa when the coating thickness increased to 750 μm. This reduced bonding strength in thicker coatings was attributed to high residual stress, resulting from a mismatch in thermal expansion between the coating and substrate, as well as the rapid cooling rate of the coating.
In high entropy materials, lattice distortion induced by size disorder is thought to enhance mechanical properties through solid solution strengthening (Oses et al., 2020; Wang et al., 2023; Zhang et al., 2024). On one hand, lattice distortion can impede dislocation movement (Song et al., 2021). On the other hand, a solid solution containing cations with a smaller ionic radius and greater ionic charge leads to stronger bonds, thereby enhancing mechanical properties such as elastic modulus (Wu et al., 2020; Song et al., 2021; Liew et al., 2022; Sang et al., 2023). This concept has also been well-established in high entropy alloys (Roy et al., 2021; Tandoc et al., 2023). However, the relationship between lattice distortion and mechanical properties in HEOs turned out to be complex and multifaceted. As illustrated in Figures 2C, D, [image: Lowercase Greek letter delta, depicted in a bold, black serif font on a white background. Typically used in mathematics and science to represent change or difference in a variable.] varies according to the HEO structure type, which does not always result in predictable changes in mechanical properties; an increase in [image: Lowercase Greek letter delta, represented by the symbol δ, commonly used in mathematics and science to indicate a change or difference in a variable.] within a given structure can sometimes lead to reduced properties (such as hardness for fluorite). This indicates the influence of other factors beyond lattice disorder on mechanical properties. Particularly, grain size, density, and porosity need to be considered alongside lattice distortion, as smaller grain sizes, higher densities, and uniformly distributed pores generally enhance hardness (Hong et al., 2019; Mao et al., 2021; Guo et al., 2023; Zhang et al., 2024). Indeed, several recent reports show that lattice distortion does not invariably benefit mechanical properties of HEOs. For example, Zhao (2021) found that lattice distortion can soften the elastic modulus by promoting electronic charge delocalization. Similarly, Sharma and Balasubramanian (2023) identified that bond lengthening and angular distortions could lead to a decrease in the elastic modulus.
5 MECHANICAL BEHAVIOR OF HEOS UNDER EXTREME TEMPERATURES AND PRESSURES
Typically, with increasing temperature, HEOs demonstrate a tendency towards softening, with reduced elastic modulus, shear modulus, and hardness (Ren et al., 2019; Rost et al., 2022; Fu et al., 2024). This effect is likely due to increased atomic thermal motion at higher temperatures, leading to expanded interatomic spacing and weakened atomic forces, thus reducing the stiffness (Li et al., 2011). Fu et al. (2024) demonstrated that both the elastic modulus and shear modulus of (LaYSmEuGd)2Zr2O7 decrease with increasing temperature from room temperature to 1,200°C, with the elastic modulus from 148 GPa to 117 GPa, and the shear modulus from 57 GPa to 45 GPa. It should also be considered that phase transformations of HEOs can occur at high temperatures. Rost et al. (2022) measured the hardness and elastic modulus of (MgNiCoCuZn)O while thermally cycling it from room temperature to 950°C three times. The hardness and elastic modulus significantly softened as the temperature increased to 850°C, dropping from 4 GPa to 1.5 GPa and from 110 GPa to 40 GPa, respectively. Upon further heating, the HEO phase transformed, resulting in a stepwise increase in the elastic modulus to 65 GPa, but hardness did not increase and continue to soften. Throughout the heating cycles, the properties were reversible and dependent solely on temperature, showing no degradation with repeated cycles. It might be more challenging to predict temperature-dependent properties, especially in the HEO system. Ren et al. (2019) found that the elastic modulus of (YHoErYb)2SiO5 at 1,300°C is 8% higher than predicted by the mixture rule, attributed to the cocktail effect. As a result, (YHoErYb)2SiO5 demonstrates remarkable retention of high-temperature elastic stiffness, with only an 11% decrease from 170 GPa to 150 GPa. Additionally, a change to a preferred orientation at high temperatures can also significantly affect high-temperature mechanical properties. Kirnbauer et al. (2019) exhibited that as the random orientation of rutile (Al,Cr,Nb,Ta,Ti)O2 developed into a highly (Guo et al., 2023) textured orientation after annealing above 1,000°C, the hardness decreased from 24 GPa to 21 GPa and the elastic modulus increased from 400 GPa to 460 GPa.
In addition to temperature, pressure is also found to significantly influence the deformation mechanisms and phase transformations in HEOs (Cheng et al., 2019; Yue et al., 2022). Yue et al. (2022) observed a transition from anisotropy to isotropy in (Co,Cu,Mg,Ni,Zn)O at pressures above 20 GPa, with this structural evolution altering the slip system from [image: Mathematical notation showing the crystallographic direction zero one one in angle brackets and the crystallographic plane one zero zero in curly braces, common in materials science and crystallography.] to [image: Mathematical notation showing a crystallographic direction in angle brackets one bar one zero and a crystallographic plane in curly braces one one zero.]. This change aligns with that compression over 20 GPa suppresses the Jahn–Teller effect in CuO6 octahedra, causing the distorted lattice to become nearly cubic (Yan et al., 2021), thereby reducing the Jahn–Teller effect that facilitates deformation in (Mg,Co,Ni,Cu,Zn)O (Wang et al., 2023). Furthermore, high pressure can break down the long-range lattice connectivity and lead to amorphization, potentially eliminating the dislocation slip system, as demonstrated in (CeLaPrSmY)O2−δ HEO system (Cheng et al., 2019).
HEOs are primarily utilized as coatings or films (rather than as structural materials) to protect the substrates from the extreme environments, with their application as thermal barrier coatings being a prime example. Hence, understanding how coating characteristics, such as thickness and microstructural variations across the depth, especially in high temperatures, influence the coating performance is crucial. Dudnik et al. (2021) found that increasing HEO coating thickness from 70 μm to 85 µm increased the hardness. Similar effects are also observed at high temperature, where Wu et al. (2023) showed that thicker thermal barrier coatings led to increased hardness and elastic modulus at the surface due to greater sintering facilitated by higher surface temperatures. This, in turn, negatively impacts thermal cycling performance due to increased thermal stress caused by larger differences in elastic modulus. Typically, thinner coatings have higher fracture toughness, and exhibit better resistance to thermal stress-induced failures. Lu et al. (2019) showed that increasing the coating thickness resulted in a significant compressive stress gradient and increased strain energy, which increased the hardness and elastic modulus at the interface, reducing fracture toughness and thereby diminishing the thermal shock resistance. Similarly, Zhang et al. (2023a), Zhang et al. (2023b) observed that thinner laser-cladded double-layer coatings, comprising a pyrochlore structure HEO and an yttria-stabilized zirconia buffer layer on a NiCoCrAlY alloy substrate, exhibit higher thermal cycling resistance. Specifically, debonding at the interface between the buffer layer and the substrate occurred after 40 cycles at 1,050°C for coatings with thicknesses of 305 µm. In contrast, for coatings of 264 μm, debonding occurred after 70 cycles.
Furthermore, thickness is a critical factor in determining the failure behavior of coatings induced by thermal stress. For example, Wu et al. (2023) demonstrated how coating thickness influences the temperature and its distribution within the coating, thereby affecting microstructure evolution, the thickness of thermally grown oxides, and sintering behaviors. They found that in relatively thin 100 µm air-plasma-sprayed coatings, the stress from thermally grown oxides, induced by intensive oxidation, dominates the failure behavior. In contrast, in thicker coatings of 400 μm, sintering behavior becomes predominant, causing failure by increasing the modulus at the surface, which experiences higher temperatures.
6 SUMMARY AND OUTLOOK
HEOs represent a promising class of ceramic materials with tunable compositions and mechanical properties, making them attractive candidates for future high-temperature applications. This review elucidates the critical interplay between processing methods, resulting crystal structures, and mechanical behavior of HEOs under extreme environments. The synthesis processes for HEO thin films and coatings play a pivotal role in determining their compositions, crystallinity, phase formations, defect densities, and thickness, which directly influence their mechanical properties. Among the various crystal structures exhibited by HEOs, rutile-structured compositions have demonstrated superior elastic modulus and hardness, and fluorite-structured compositions exhibited the highest tendency for wear resistance compared to other structures. Interestingly, while lattice distortion was initially considered a reliable predictor of mechanical properties in high-entropy materials, it does not consistently correlate with the observed changes in HEOs.
For high-temperature applications, a comprehensive understanding of the temperature-dependent mechanical behavior of HEOs is imperative. Notably, there is a lack of experimental data on the plastic deformation and strain tolerance of HEOs both in bulk and as films in the current literature. Additionally, more experimental measurements of temperature-dependent dislocation behavior are needed, as these factors are crucial determinants of creep and high temperatures mechanical properties. High-throughput synthesis techniques capable of rapidly exploring a larger compositional space, including stoichiometric and off-stoichiometric HEO compositions, are highly desirable to accelerate the development of mechanically robust HEOs. Furthermore, the development of multiphase structures and precipitates in HEOs beyond single-phase solid solutions presents an opportunity to further enhance their mechanical properties.
Overall, this review underscores the immense potential of HEOs as promising high-temperature materials and emphasizes the need for a comprehensive understanding of their processing-structure-property relationships, temperature-dependent behavior, and computationally-guided design approaches to unlock their full potential in extreme environments.
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Electric vehicles (EVs) represent a new paradigm for a sustainable transportation future with the potential to offer unparalleled energy security, environmental cleanliness, and economic prosperity for all humanity. However, rapid development and adaptation of this new transportation approach depend on addressing multiple challenges, including the development of new materials and coatings that can meet the more stringent thermal, electrical, and tribological requirements of EV drivetrains. Specifically, the operating conditions of moving mechanical assemblies (i.e., bearings, gears, among others) in EVs differ radically from those found in conventional internal combustion (IC) engines—thus giving rise to notable reliability issues. In particular, as the function of bearings and gear systems shift from mostly load-carrying (in IC engines) to the torque-transferring mode in EVs, durability concerns of these assemblies due to severe deformation, wear, micro-pitting, fatigue, and scuffing may worsen—as electric motors can generate maximum torque at near zero speeds but maximum efficiency at around 90% speed (this is opposite of conventional IC engines, which generate high torques at high speeds). These conflicting requirements require a different set of lubricant-material combinations to circumvent such problems under high loads and low-speed conditions of EVs. Therefore, new materials, coatings, and lubrication strategies need to be developed and implemented for future EVs to become tribologically viable and reliable. Accordingly, EV drivetrains can potentially benefit from advanced functional coatings that have already significantly improved the functionality of moving components of IC engines. The main objective of this article is to draw attention to some of the tribological issues in EVs and how advanced functional coatings can help resolve these issues due to their unique thermal, electrical, mechanical, and tribological properties, ultimately making EVs more durable and reliable.
Keywords: electrified conditions, friction, wear, coatings, electrical properties, thermal management

1 INTRODUCTION
The protection of moving mechanical surfaces against wear and other types of degradations goes back to the period of early civilization (Rosenkranz et al., 2021). Some of the examples include the uses of naturally abundant products (such as gypsum, clay, tallow, animal fats, olive oil, etc.) on the wheels of carriages, chariots or in the bottom of sleds to move people or heavy stones and statues from one place to another (Ludema, 2001). Since then, the search for and practice of producing hard and self-lubricating materials intensified (especially during the 19th and 20th centuries) and reached a point where they can be produced as thin or thick coatings using physical and chemical vapor deposition (PVD and CVD), plasma spraying, electron beam- and/or laser-based cladding/deposition methods (Figure 1) (Holmberg and Matthews, 2009). In particular, PVD and CVD are well-established for applying highly functional nanostructured and composite thin solid coatings on all kinds of tools and other mechanical components at industrial scales. Thicker coatings produced by electro-plating, sol-gel, and thermal diffusion processes like carburizing, nitriding, and boriding are also extensively used to enhance anti-friction, -wear, and -seize properties of tribological components in manufacturing, aerospace, power generation, and automotive fields (Campbell et al., 1966; Sliney, 1982; Booser, 1983; Erdemir, 2001; Erdemir and Voevodin, 2010; Scharf and Prasad, 2013; Ang and Berndt, 2014; Vazirisereshk et al., 2019). Among others, hard chrome electro- and/or electroless-plating together with thermal and/or plasma-sprayed coatings were widely used to enhance the wear resistance (abrasive, adhesive, erosive, and corrosive wear) of critical machine tools and automotive components for a very long time (Oswald, 1970; Chagnon and Fauchais, 1984; Gérard, 2006; Ang and Berndt, 2014; Berger, 2015; Jacques et al., 2021). The hard chrome plating has now been severely restricted mainly because of the hexavalent chromium (which is highly carcinogenic) used during the plating process.
[image: Illustration showing various coating methods for solid lubricants, including chemical vapor deposition, atomic or molecular layer deposition, physical vapor deposition, substrate conversion, mechanical exfoliation, liquid phase exfoliation, electrophoretic deposition, inkjet printing, spray coating, drop casting or spin coating, and burnishing, surrounding a central diagram connecting coatings to oxides, carbides, nitrides, and DLCs.]FIGURE 1 | Summary of the different classes of protective coatings and their corresponding deposition approaches. Modified with permission from (Marian et al., 2021).
Appreciating the importance of surface engineering and coatings in combating friction and wear, researchers and practitioners alike intensified their work on tribological coatings after the 1980s. They developed far more advanced coatings that have markedly enhanced the performance, efficiency, and reliability of all kinds of manufacturing tools and moving mechanical components (Sliney, 1982; Scharf and Prasad, 2013). These more advanced coatings were also suitable to withstand more extreme tribological conditions involving sub-zero or very high temperatures (several hundred Celsius), high vacuum (space), radiation, high-pressure environments (e.g., natural gas or refrigerator compressors), severe contact pressures (several GPa), etc., where conventional coatings could not function (Roberts, 1990; Dugger and Totten, 2017; Zhu et al., 2019; Aouadi et al., 2020). In particular, these coatings afforded impressive property enhancements in machining and manufacturing, while some also sparked the interest of automotive companies. They were already using all kinds of relatively thick plasma-sprayed coatings as barriers to thermal degradation, but since the 2000s, with the cost-effective large-scale manufacturing of low-friction and high wear-resistant coatings (i.e., diamond-like carbon (DLC), chromium nitride, titanium nitride, and a host of other superhard and self-lubricating nanocomposite coatings), the usage of these coatings in engine and drivetrain components increased tremendously and played a major role in further enhancing their performance, efficiency, and durability (Cha and Erdemir, 2015; Vetter, 2015; Tung and Wong, 2021).
The coating field has continued to evolve rapidly during the last three decades, especially with the latest advances in PVD incorporating pulse DC, high-power impulse magnetron sputtering, cathodic arc, and femtosecond pulse laser ablation (Erdemir, 2005; Holmberg and Matthews, 2009; Anders, 2014; Jacques et al., 2021; Al-Asadi and Al-Tameemi, 2022). Coatings produced by these methods have become far more effective and functional in tribological applications, providing superior physical, chemical, and mechanical properties. As a result of these advances, machine tools and other industrial components now last much longer, consume less energy, and thus ensure a cleaner environment. Undoubtedly, the coatings field will continue to expand in the coming years and potentially play a crucial role in advancing many engineering fields. Coatings have already been essential to extend and improve the efficiency and reliability of conventional vehicles based on IC engines (Vetter et al., 2005; Cha and Erdemir, 2015; Tung and Wong, 2021). They can equally play pivotal roles in the advancement of electric vehicles (EVs), enabling unparalleled reliability (lasting nearly for the lifetime of such vehicles) and improved efficiency (through ultra-low friction), thus enabling an environmentally friendly, and efficient form of transportation in coming decades.
This review article will mainly concentrate on the potential uses of coatings in rapidly expanding manufacturing and the use of EVs in general and their moving mechanical components in particular. These vehicles have lately become popular and are expected to reach more than 60 million sold by 2040 (Muratori et al., 2021). We will particularly emphasize the potential benefits of functional coatings in terms of tribology, electrical and thermal management issues, reliability, and environmental benefits. In the following section, we will describe how state-of-the-art coatings can potentially increase the functionality of various EV components (like bearings, gears, seals, etc.) and give some examples where coatings already show great improvements in wear resistance, especially under electrified contact conditions.
2 MAJOR REQUIREMENTS FOR COATINGS IN EV APPLICATIONS
As with conventional IC engine vehicles, combating wear, corrosion, fatigue, scuffing, and fretting-related failures is very important in EVs. Increasingly harsher or more extreme operational conditions in EVs (especially for their drivetrains involving high torque, high speed, and elevated temperatures) make using functional coatings ideal for achieving a smooth, safe, and long-lasting operation. In addition to these tribological challenges, a new set of thermal, electrical, and material-oriented challenges exist that require the use of functional coatings. Current advances related to the development of multi-component and hence functional coatings can be useful for these more challenging applications. Specifically, they can simultaneously meet most tribological, thermal, and electrical challenges, making such vehicles more durable and reliable. For instance, to help with the electrified conditions creating charge breakouts and accelerating degradation of materials, coatings could be tailor-made of highly conductive or insulating materials to eliminate drivetrain failures associated with stray electricity and electrical discharges at rolling/sliding interfaces of bearings and gears (Farfan-Cabrera, 2019). Furthermore, through the design and incorporation of multi-component and functional nanocomposite coatings, other key features, including lubricity, thermal conductivity, catalytic reactivity, and self-healing properties, can be improved in a combinatorial manner.
In EVs, electric motors (such as brushless DC motors, synchronous brushed motors, induction motors, synchronous permanent-magnet motors, reluctance motors, etc.), power electronics (AC/DC and DC/DC converters, etc.), drivetrains (single-speed or two-speed gear transmissions), and batteries can generate huge amounts of heat (Kim et al., 2019). Switching from a 400-V to 800V architecture may also bring additional challenges both thermally and electrically. The proper selection and use of highly thermally and electrically conducting coatings could be very useful in alleviating such challenges. For example, in a multi-target sputtering or arc-PVD system, these coatings can even be prepared by incorporating highly thermally conductive metals (such as Ag, Cu) into nanocomposite coatings or dopants to enhance the resulting thermal conductivity of the coatings and hence prevent thermally induced degradations. The inclusion of catalytic metals, such as Cu, Ni, Co, among others, in the composite coating, besides improvements in thermal and electrical properties, further promotes their anti-friction and -wear properties through the formation of carbon-based tribofilms from lubricating oils (Berman and Erdemir, 2021). Alternatively, nano-powders of such highly heat-conducting metals and metal oxides can be used to produce colloidal nanofluids, thus helping to alleviate the deleterious effects of high heat (Goharshadi et al., 2013; Lee et al., 2019).
Concerning EVs, a variety of self-lubricating coatings exist that can also help with friction and wear control (Berman et al., 2024). Some of these may consist of layered transition-metal dichalcogenide (like MoS2, WS2, and NbS2) as self-lubricating materials (Scharf and Prasad, 2013; Miyoshi, 2019; Vazirisereshk et al., 2019), while others may be prepared using graphite, hexagonal boron nitride (h-BN), as well as other 2D materials like graphene, black phosphorous, MXenes, etc. (Berman et al., 2015; Berman et al., 2018a; Berman et al., 2019; Zhai and Zhou, 2019; Gao et al., 2021; Ayyagari et al., 2022; Gao et al., 2023). One of the major challenges with these low-friction materials relates to substrate adhesion, the uniformity of distribution, and their thickness across large areas on coated surfaces. Since they tend to be soft (exceptions may relate to the family of MXenes due to their inherent wear resistance), their thickness should be limited and they may wear out over time, thus losing their effectiveness and even inducing catastrophic wear. The same argument applies to coatings made of pure metallic solid lubricants (i.e., In, Ag, Pb, Sn, Bi, Sb, etc.). Specifically, these metals wear out quickly due to their soft and highly deformable natures (although their high electrical conductivity could be a desirable property as this property alone has been exploited very successfully in rotating anode tube bearings of CT scans) (Danyluk and Dhingra, 2012; Reeves et al., 2013).
In the past, 0D nano-onions, nano-diamonds, and amorphous carbon nano-spheres; 1D nano-tubes, -fibers, -rods, and -whiskers; and 2D graphene, h-BN, metal dichalcogenides, and MXenes, as well as larger nano-scale particles with various 3D architectures were all shown to induce superior friction and wear properties. Some of these were also used as nano-colloidal lubrication additives or self-lubricating materials and coatings (Berman et al., 2013a; Berman et al., 2013b; Berman et al., 2014a; Berman et al., 2018b; Ayyagari et al., 2022). Prime examples are the uses of nano-fullerenes or -flakes of transition metal dichalcogenides (such as MoS2 and WS2) and carbon nano-onions, nano-tubes, graphene, nano-diamond particles to combat friction and wear as well as anti-scuffing agents under severe boundary conditions (Tenne, 2006; Matsumoto et al., 2012). Even though still expensive, coatings based on graphene and other 2D materials (e.g., MoS2, h-BN, MXenes, black phosphorous, etc.) can also be considered to properly control the thermal, electrical, and tribological properties of EV drivetrains. Nano-colloids in a carrier oil or fluid can certainly enhance the resistance to heat-related degradations while reducing friction and wear. The relatively high cost of these nanomaterials prevented their large-scale use in conventional IC vehicles.
With the current advancements related to the design of robust and multi-target deposition systems (both PVD and CVD), it became possible to easily create multi-functional coatings and/or architectures. By strategically selecting the coating ingredients, one may also trigger high-entropy alloying effects, thus enabling additional functionalities. Specifically, each discreet phase in composite structure alone and in combination with other phases provides a range of beneficial functionalities besides low friction and wear (Murthy et al., 2023; Kumar, 2023; Macknojia et al., 2024). Luckily, these coating systems with many targets are now more cost-effectively available from multiple coating companies and have become affordable and upscalable lately. In the past, CrN and DLC coatings were used the most in IC engines (Vetter et al., 2005), but it is possible that they can also be tailored to deliver coated drivetrain components to be used in EVs.
Many other coating types or compositions have been developed and tested for combatting friction and wear under severe operating conditions. Chief among them are CrN, TiN, ZrN, and various self-lubricating and nanocomposite coatings. Compared to DLC, these coatings suffered from a few shortcomings. For instance, most of them could not form protective boundary films through tribochemical reactions with anti-friction and -wear oil additives and hence could not help reduce friction as DLC coatings were able to (Mehran et al., 2018). In the case of composite solid lubricant coatings (i.e., MoS2), they were found to be vulnerable to environmental degradation and aging. If the ambient temperature is high, they would also degrade or oxidize, hence losing their effectiveness. For example, at high relative humidities, the friction coefficients of MoS2 substantially increase, and their wear lives become considerably short (Winer, 1967; Macknojia et al., 2023; Cairns et al., 2023). Once the first signs of wear occur, low-friction materials are difficult to re-apply or replenish.
During the last century, several kinds of other solid lubricants (i.e., waxes, manganese phosphate, polytetrafluoroethylene (PTFE), low and high-density polyethylenes, PEEK, etc.) were developed and used to control friction and wear (Kurdi and Chang, 2018). In EVs, their highly dielectric nature and low friction could make them appealing. However, due to their soft nature, they may wear out very quickly, which limits their overall applicability and durability. Among other solid lubricant coatings, if it were possible to deposit, polycrystalline diamond coatings could be desirable since they can resist wear, dissipate heat, and provide high dielectric properties to tribological surfaces. Since most EV drivetrain components are made of bearing or gear quality steels, the deposition of polycrystalline diamond coatings on these substrates is rather difficult, if not impossible. The only other solid lubricant coating that looks promising relates to diamond-like carbon (DLC), which resembles the amorphous form of carbon, as it can provide low friction and wear, and ensure excellent insulation against electrical discharges at the contact interfaces.
Combatting friction and wear has come a long way during the last century. Lately, low-friction materials and coatings have significantly influenced such advances. With the emergence of EVs in recent years, a new opportunity exists for coatings to play a major role in the safe, smooth, and long-lasting operation of these vehicles’ drivetrains. In the following sections, some solid lubricant coatings will be discussed in more detail, along with their performance characteristics under electrified conditions. In addition to the relatively thin PVD and CVD coatings, a variety of nanomaterials with 0 to 3D dimensions have been applied as novel self-lubricating materials on moving surfaces (Zhmud and Pasalskiy, 2013; Berman et al., 2014b; Chen et al., 2019; Manu et al., 2021; Marian et al., 2021; Martin and Ohmae, 2022; Marian et al., 2022; Wang et al., 2022; Shirani et al., 2023a). In short, we will highlight some potential applications of these coatings in EVs. Among others, DLC coatings have now been widely used in IC engines to achieve higher efficiency and reliability in numerous components. Hence, a particular emphasis will be placed on DLC and other promising coatings that can afford superior performance under severe application conditions of EV drivetrains. Farfan-Cabrera et al. (Farfan-Cabrera et al., 2023) demonstrated the effectiveness of hydrogenated-DLC (H-DLC) in withstanding severe electrical environments in lubricated contacts in contrast to AISI 52100 bearing steel, see Figure 2. H-DLC generated lower CoF and negligible wear for both unelectrified and electrified conditions compared to the bearing steel pair.
[image: Two bar graphs labeled A and B compare Un-electrified and Electrified conditions for Steel pair, H-DLC pair, and H-free DLC. Graph A measures Coefficient of Friction (CoF), showing similar CoF values for all materials, with small decreases when electrified. Graph B measures water volume in millimeters cubed, showing significantly higher water volume for H-free DLC under both conditions, especially when electrified. An inset in Graph B provides a magnified view of lower water volumes for other pairs.]FIGURE 2 | A comparison of CoF and wear obatined for bearing steel, H-DLC and H-free DLC pairs under unelectrified and electrified lubricated conditions: (A) coefficient of friction; (B) wear volume of ball samples. Modified with permission from (Farfan-Cabrera et al., 2023).
3 POTENTIAL BENEFITS OF TRIBOLOGICAL COATINGS IN EV APPLICATIONS
Most tribological coatings are designed to control friction and wear of interacting surfaces in relative motion. For friction control, various self-lubricating coatings (i.e., transition-metal dichalcogenides, DLCs, soft metals, etc.) have been developed and used extensively in the past (Scharf and Prasad, 2013). Hard coatings made of transition metal nitrides, carbides, and borides are preferred for wear control, especially in metal-cutting and -forming operations. Some of these can also enable low friction, as in the case of DLC coatings. All in all, superior friction and wear properties of tribological coatings can benefit the performance, efficiency, and reliability of drivetrain components of EVs. In addition, they can also provide superior thermal, electrical, and oxidational properties, which will be useful in addressing thermal management, electrical discharge, corrosion, and oxidational challenges.
In EV drivetrains, the great majority of relative motion is in the form of pure rolling (in the case of ball and roller bearings) and/or mostly rolling and sliding (in the case of gears) (Farfan-Cabrera, 2019; Hemanth et al., 2021). Solid lubricant coatings like MoS2 can benefit these applications by providing easy shear to such contact interfaces to minimize energy losses due to high-torque and high-speed operational conditions of bearings and gears. Likewise, DLC coatings can reduce friction and wear, thus increasing the efficiency and reliability of drivetrain components of EVs. They have already been used in ICE vehicles to control friction and wear under severe contact conditions of valve lifters and fuel injector systems (Gangopadhyay, 2015; Kano, 2015). These coatings may also work equally well in EVs by providing low friction and wear combined with a high dielectric constant or insulating properties to minimize the deleterious effects of electrical discharges or arcing at interacting surfaces. It is important to remember that if DLC or other hard coatings fail or fracture due to severe cyclic loading, they may trigger much-accelerated wear due to a third-body wear mechanism.
On the other hand, metal-based solid lubricant coatings (In, Ag, Pb, Sn, Au, etc.) can potentially enhance the electrical conductivity of the contact interface to provide an easy path for electrical discharge, thus avoiding or reducing surface damage. Their easy shear character can help to tailor friction and wear as needed. Some of these coatings, like Ag, are routinely used in rotating anode X-ray tube bearings of CT scanners to provide excellent lubricity, dissipate heat and discharge electricity across the rolling surfaces at high speeds (Danyluk and Dhingra, 2015). As already reported, these metallic solid lubricants have multiple slip systems, which tend to work even under severe shear conditions, thus inducing excellent wear resistance (Donnet and Erdemir, 2004).
As with most other tribomaterials, most existing tribological coatings may also interact with the chemical species in their surrounding. For instance, self-lubricating coatings made from transition metals and DLCs interact with oxygen and humidity in the environment (Kim et al., 2006; Eryilmaz and Erdemir, 2008; Domínguez-Meister et al., 2019; Vazirisereshk et al., 2019; Babuska et al., 2022). Such an interaction gives rise to rapid degradation of these coatings and diminishes their effectiveness in combatting friction and wear. Coatings made of transition metal dichalcogenides work best in dry, vacuum, or non-reactive environments. Depending on the type, DLC coatings may or may not work in humid or dry test environments. In reality, it has been demonstrated that highly hydrogenated DLC coatings work best in dry and inert test environments, while hydrogen-free DLCs are better applicable in humid environments (Erdemir and Donnet, 2006).
Concerning their use in EV drivetrains, one has to consider creating environments where the mentioned coatings will work best. Since most gears and bearings in the drivetrains of EVs operate in an enclosed or sealed box, it might be relatively easy to create the type of environment in advance and occasionally replenish the type of gas most desirable for these components’ functionality. To reduce the environmental vulnerability of these coatings, one can also create composite coating architectures that can provide a chameleon effect (Muratore and Voevodin, 2009; Aouadi et al., 2020; Shirani et al., 2020); this implies that the functionality of the composite coating does not degrade or change much with changing environmental conditions. Researchers have already demonstrated this for some composite coatings intended for space applications. Through such hybridization, it became possible to control or tune the electrical and thermal properties of coatings. The thermal and electrical properties of transition metal and DLC-based coatings can be fine-tuned by incorporating highly electrically and thermally conducting metals like Ag and Cu.
Some of the tribological coatings have already been tested under different tribological conditions (lubrication regiomes) using various types of oil-based lubricants in past years. In general, it was found that the friction and wear performance of DLC coatings is sensitive to the chemistry of the lubricating oils and additives. For instance, the presence of polar additives (glycerol and other organic friction modifiers) was shown to reduce friction and wear markedly under severe boundary lubrication for hydrogen-free DLC coatings. However, hydrogenated DLC coatings showed much higher friction and relatively poor wear performance under similar sliding conditions (Kano, 2006). Initial studies on graphene and other 2D materials demonstrated that they have a strong sensitivity to the chemical nature of test environments or media (Ayyagari et al., 2022). As with most solid lubricant coatings, the thermal and electrical properties of these 2D materials also strongly influence the resulting functionalities when employed on contact interfaces of driveline components of EVs. For example, due to its very high thermal and electrical conductivity combined with its superlubric behavior under certain conditions (Berman et al., 2014c; Hu et al., 2018; Lee et al., 2018), graphene and MXenes can benefit the tribological performance of gears and bearings in EV drivetrains.
Overall, the presence or absence of certain chemical species in operating environments or additives in lubricants can notably impact the functionality and durability of tribological coatings for EV applications. Furthermore, the extent of contact pressure, speed, and temperature of interfaces of driveline components in EVs can become high, which also may negatively affect their durability. In particular, if the temperature rises notably, the longer-term functionality of DLC and transition-metal dichalcogenide-based solid lubricant coatings may be compromised as they lose effectiveness at elevated temperatures. In this regard, the durability or functionality of hydrogenated DLCs dramatically deteriorates at elevated temperatures as their disordered or amorphous structures tend to crumble with the loss of excess hydrogen in their structures, making them wear out quickly due to reduced structural integrity (Erdemir and Fenske, 1996; Zeng et al., 2015). In contrast, hydrogen-free DLC coatings can withstand higher temperatures, which implies enhanced wear resistance at elevated temperatures. To moderate these problems and/or further improve the thermal stability of DLCs, nano-scale alloying or doping with certain elements, such as Si, B, and N (Rajak et al., 2021), appears to be a promising research avenue. Certain metal-doped DLCs like W, Cr, and Ti can also provide additional benefits besides lubrication in terms of superior thermal and electrical properties that are also desired in electrified driveline systems (Figure 3).
[image: Flowchart illustrating Diamond Like Carbon (DLC) classification, splitting into Undoped DLC and Doped DLC. Undoped DLC includes Nonfunctionalized (a-C, ta-C) and Surface-Functionalized (fluorinated, hydrogenated). Doped DLC includes Metal-doped (Ti-DLC, W-DLC, Cr-DLC) and Nonmetal-doped (Si-DLC, N-DLC, B-DLC).]FIGURE 3 | Different classes of the DLC coatings.
4 FUNDAMENTAL TRIBOLOGICAL MECHANISMS OF COATINGS UNDER ELECTRIFIED CONDITIONS
Most coatings are employed on interacting tribo-surfaces to combat friction and wear. Mechanistically, when applied on a sliding surface, soft solid lubricant coatings often deform or shear easily to form a transfer layer on both rubbing surfaces. During relative motion, the transfer layer shears easily to accommodate velocity and involves energy-dissipating processes (Singer et al., 2003; Singer and Pollock, 2012). A soft solid lubricant coating like MoS2 shears through an interlayer shear mechanism, while the most dominant shear mechanism of soft metallic coatings can be attributed to the flow of the soft film followed by a quick recovery or recrystallization, thus avoiding work hardening. In contrast, the underlying shear mechanism of hard DLC coatings connects to slip events right at the contact interface.
Under electrified conditions, the governing tribological mechanisms may change depending on the type of coatings and lubricant being used. If the coating is made out of a transition metal dichalcogenide, like MoS2, the vulnerability to enhanced oxidation and rapid degradation may occur. Electric currents passing through may accelerate oxidation or corrosion processes thus inducing and/or accelerating failure. Hence, if the lubricant possesses high conductivity and reduced breakdown voltage, the electrical discharges occurring at the tribological interfaces will be less severe (Berman et al., 2024). Moreover, Using an inert environment is expected to slow down coating degradation due to oxidation. The passage of current through these coatings is another potential problem. Specifically, current discharge at the contact interface may cause ohmic or resistive heating (because of the semi-conductive nature of such coatings), which, in turn, induces chemical and structural alteration, thus impairing the overall performance or durability of the coating and lubricant system. Doping such coatings with Ag, Cu, and Au can help resolve these problems, which has already been successfully demonstrated for MoS2 coatings applied in space applications.
In the case of highly electrically conducting coatings like Ag, In, Sb, etc., the passage of electricity through contact interfaces may not create notable problems. Some of these coatings are already used in electrical contacts to enable high electrical conductivity, while their easy shear properties can ensure good solid lubrication properties. However, due to their thin natures, their lifetimes and beneficial effects may be limited. In a best-case scenario, it will be most desirable to blend or introduce such metals into hard nitride and carbide coatings in a nanocomposite architecture, which provides good electrical conductivity and good shear properties to achieve low friction and wear simultaneously.
Regarding DLC coatings, their performance largely depends on the composition. Some of the best-performing DLC coatings, such as tetragonal amorphous carbon (ta-Cs), are produced by cathodic arc deposition (Kano, 2014; Vetter, 2015). Due to their extreme hardness (approaching well over 50 GPa), they provide excellent protection against wear. They are also thermally more durable and, hence, could be used in piston rings to reduce friction and wear. However, under electrified conditions, these coatings may experience major problems. Specifically, their predominantly amorphous microstructures may contain some pockets of graphitic micro-droplets or particles with high electrical conductivity. Most of these are scattered across the top surface but some may extend from the surface to the underlying substrates. When these DLC (H-free DLC) coatings are used under electrified conditions, these particles act as short circuits for electricity to pass through, and in the long run, such a discharge destroys the entire coating, as shown in Figure 4 (Farfan-Cabrera et al., 2023). Fragmented or chipped ta-C films tend to accelerate wear due to a third-body wear process (Farfan-Cabrera et al., 2023). Conversely, if the DLC (H-DLC) film is produced by plasma-enhanced CVD or sputtering, these failures are unlikely to occur due to the dense and uniform structure preventing current leakages or passage from the surface to the substrate material generating excessive wear and removal of the coating. A comparison of the CoF and wear generated by unelectrified and electrified pin-on-disc tests for H-DLC and H-free DLC is shown in Figure 2. Consequently, by designing and selecting the most appropriate solid lubricant coatings for the electrified contact interfaces in EV drivetrains, significant improvements in tribological performance are feasible.
[image: Panel A presents a grayscale microscopic image showing a horizontal wear track in a hydrogen-free DLC coating under unelectrified conditions, labeled with an arrow; a scale bar indicates 200 micrometers.   Panel B displays a grayscale microscopic image with a broader horizontal wear track and evident coating removal in hydrogen-free DLC tested under electrified conditions, labeled for clarity, scale bar also 200 micrometers.]FIGURE 4 | Comparison of the wear tracks produced in hydrogen-free DLC under (A) unelectrified and (B) electrified conditions. Adapted with permission from (Farfan-Cabrera et al., 2023).
For all coatings discussed above, one must also consider the effects induced by the test environment, temperature, and other extrinsic factors. As briefly mentioned, the performance of many tribological coatings is also controlled by environmental species like water and oxygen. Again, under electrified conditions, they can accelerate oxidation and/or corrosion. In the case of DLCs, these species can also interfere with friction and wear. Concerning MoS2 coatings, humidity is detrimental to tribological performance as it accelerates the oxidation of the coating, thus limiting its lifetime. Adverse environmental effects may be further exacerbated if the ambient temperature is high, as most solid lubricants have a limited temperature range. Metallic coatings may provide better tribological properties due to reduced environmental and thermal sensitivities, while their shear properties may even increase at elevated temperatures, thus enabling better lubricity (Erdemir, 2001). Multiple slip systems available in their crystalline structures can ensure much better shear due to the lack of work-hardening and rapid recovery. When some of these metals are incorporated into transition metal nitrides and carbides or other metal-based matrices as nano-scale phases, they can trigger catalytic effects (Erdemir et al., 2016; Berman and Erdemir, 2021; Shirani et al., 2021; Shirani et al., 2022; Al Sulaimi et al., 2023; Shirani et al., 2023b; Jacques et al., 2023). Specifically, they crack long-chain hydrocarbon molecules of lubricating oils during rubbing to produce a self-replenishing carbon-rich tribolayer at the contact interface, ensuring stable friction and low wear (Figure 5).
[image: Diagram illustrating sources of carbon in gas, liquid, and solid states leading to tribocatalysis under an applied load with a sliding ball, resulting in the formation of various solid carbon lubricant structures, including fibers, concentric layers, and tubular forms.]FIGURE 5 | Summary of tribocatalytic nanocarbon film generation concept for ultralow friction and wear. Solid, liquid, or gaseous carbon sources or precursors on the left are introduced to the catalytically active interface (in the middle), subsequently, these precursors are converted to self-lubricating solid carbon forms on the right. Reproduced with permission from (Berman and Erdemir, 2021).
5 APPLICATION METHODS FOR TRIBOLOGICAL COATINGS
Strong adhesion, uniformity of coating thickness, and structural density are some of the key requirements of all tribological coatings. Due to the much severe operating conditions of EVs, such requirements will be far more important. Fortunately, there have been major advances in PVD and CVD coating processes in recent years and hence, they can reliably meet these requirements by providing strong bonding/adhesion, uniform thickness, and coating composition across the coated surfaces (even on curved or odd-shaped surfaces of bearings and gears). Most of the highly functional tribological coatings for severe conditions (such as metal-cutting and -forming) are now produced by these methods (Deng et al., 2020; Alhafian et al., 2021; Al-Asadi and Al-Tameemi, 2022). They can ensure excellent coating-substrate adhesion and provide structurally dense and chemically stoichiometric coatings on most substrate materials. They can also induce a uniform film thickness, dense structural morphologies, desirable surface roughness, and chemical stoichiometry, which all play a crucial role in the tribological performance of the resulting coatings. All these coating attributes are essential for their functionality under electrified conditions.
Among the major PVD approaches, DC or RF magnetron sputtering, ion-plating, cathodic arc PVD, and pulse laser deposition (PLD) are used to deposit many types of solid lubricant coatings for tribological applications. Coatings produced by conventional PVD and CVD methods occasionally have some structural and chemical issues, including coatings with an open columnar morphology leading to an easy fracture along the column boundaries, especially under severe loading conditions (Spalvins, 1987). Furthermore, coatings with open columnar structures wore out faster and were vulnerable to environmental degradation.
To alleviate these problems, researchers have developed novel methods such as pulse DC magnetron sputtering, cathodic arc-PVD, PLD, and high-power impulse magnetron sputtering (HIPIMS) (Anders, 2008; Gudmundsson et al., 2012) to densify and/or nanostructure the film morphology (Berman et al., 2014a). The tribological coatings produced by these methods cannot be deformed or fractured along their grain boundaries or removed easily from the surface due to interfacial failure or delamination, even under severe tribological conditions. Due to these notable structural, mechanical, and adhesive properties, modern tribological coatings of today could benefit the performance, reliability, and efficiency of EV drivetrains. Advanced deposition approaches may also help to further improve the underlying adhesion, which can notably contribute towards enhanced durability. Due to the highly energetic nature of their plasmas, the film microstructure consists of densely packed nano-scale grains and induces a smooth surface finish, which is also desirable to establish and maintain superior tribological performance.
Among these methods, pulse DC, arc-PVD and HIPIMS magnetron sputtering are among the most widely used commercial methods at present. In particular, HIPIMS can provide a high-rate sputtering capability and a highly ionized and energetic plasma, allowing for the generation of very thin or thick coatings in monolithic or nanocomposite forms. Using multiple targets, one can produce composite coatings made of nano-to-micro scale layers of hard/hard, hard/soft, and soft/soft phases, providing unique multifunctionality (Hovsepian et al., 2004; Erdemir et al., 2005). Coatings may also be produced in a nanocomposite form, in which various nano-scale phases are combined or mixed uniformly across the coating thickness (Sánchez-López and Fernández, 2008). Consequently, the generation of catalytically active nanocomposite coatings is rather straightforward. These coatings can ensure a wide range of multifunctionality for the bearings or gears in EV drivetrains, in addition to their beneficial catalytic activity.
Cathodic-arc PVD is widely used to deposit tribological coatings, especially ta-C coatings. It uses high-current/low-voltage power sources to create arcing on the target surface under the influence of overlapping electrical and magnetic fields. Extreme heating ejects atoms and/or clusters from the surface in the form of highly ionized species, which subsequently deposit on the negatively biased substrates (Sanders and Anders, 2000; Anders, 2008; Martin, 2009). Some of the major drawbacks of cathodic-arc PVD relate to the generation and transfer of micro/macro-droplets from the surface of the target material to the surface of the substrate material; this often leads to a rough surface finish and both structurally and compositionally non-uniform coating microstructure (Panjan et al., 2020). These coatings may not be acceptable for EV applications, as initial tests under electrified conditions confirmed that micro-droplets in DLC films caused short circuits and eventually rendered them useless. To prevent the problems associated with micro-droplets, researchers developed a range of filtering techniques that were effective in preventing most of the larger droplets from reaching the substrate surface, while smaller ones were still able to escape and cause a non-uniform microstructure and chemistry. Besides the arc-PVD and HIPIMS, PLD is also available for the production of tribological coatings (Zabinski et al., 1994). However, this method suffers from problems connecting to scalability, uncontrollable surface roughness, and substrate selection. It is mostly used as a research tool at present. Due to line-of-sight issues, PLD may not be suitable for the curved surfaces of bearings and gears used in EVs.
As for CVD methods, the deposition of certain solid lubricant coatings is possible. Plasma-activated or -enhanced CVD has been around for a long time and is widely used to deposit DLC films (Erdemir and Donnet, 2006; Erdemir and Martin, 2018). There are also a host of other types of CVD methods, including hot-filament or microwave CVD (mostly used for the deposition of diamond coatings), metal-organic CVD, and atomic layer deposition for very thin layers or clusters (Bachmann and van Enckevort, 1992; Scharf et al., 2009; Doll et al., 2010). If it were possible to produce diamond coatings on drivetrain components of EVs, they would certainly be highly desirable. However, these coatings cannot be homogenously deposited on ferrous metals such as steel bearings and gears, hence, they will not be applicable to EVs. The production of these coatings also requires high temperatures, i.e., 1000C. Electron-beam deposition, plasma spraying, and high-velocity oxyfuel methods are also available for the deposition of thicker coatings, whose potential for EV applications is unknown but might be worth exploring.
In general, the aforementioned PVD and CVD methods hold great promise in producing highly functional tribological coatings for EV drivetrain applications. They can also allow nano-scale alloying or the creation of nanocomposite with a multi-functional character that can enhance the overall tribological performance. Both methods can produce DLC coatings, which have already been used in multiple industrial applications, including traditional IC engines (Sánchez-López and Fernández, 2008). In particular, nano-alloyed or composite coatings were shown to be durable in tribological applications (Polcar et al., 2012). Cathodic-arc and HIPIMS can create coatings with excellent interfacial properties (smooth interfaces and good adhesion) as well as highly desirable film morphology and chemistry. These more advanced methods are available for large-scale productions at reasonable costs. They have multiple targets, from which the same or different types of metals can be sputtered at the same time or in sequence to achieve multi-layered or nanocomposite coatings easily. These methods allow for very close control of the resulting structural morphology and density, surface topography, and chemical stoichiometry of the resulting coatings, leading to an increased wear life and reliability in EV applications.
6 SUMMARY AND FUTURE PROSPECTS
In the foregoing, we attempted to provide a comprehensive overview of tribological coatings that may be useful in enhancing the tribological performance of EV drivetrains. We can summarize the key points raised as follows.
	1. The coating field has emerged over the past several decades and there now exist many types or classes of thin, thick, soft, and hard coatings that can be considered for friction and wear control in EVs.
	2. Softer solid lubricant coatings (e.g., MoS2, Ag, etc.) could be beneficial for enhancing lubrication, especially under high-torque conditions.
	3. Hard coatings (e.g., DLCs, nanocomposite metal nitride, carbide coatings, etc.) may be used to achieve longer wear lives under high-stress rolling/sliding conditions.
	4. Using coatings, the electrical and thermal conductivity of contact interfaces may also be optimized, and hence, the damage due to electrical discharges or arcing may be avoided.

Overall, compared to traditional internal combustion-engine-based vehicles, EVs present far more stringent operating conditions tribologically, thermally, and electrically. Therefore, the proper design and application of multi-functional tribological coatings in EV applications may lead to superior performance, reliability, and efficiency in future EVs.
Some of the future perspectives on the uses of coatings for EV applications are.
1. Due to the presence of stray electricity floating through the system, some coatings (e.g., highly electrically conducting metals like Ag, Cu, etc.) may suffer from accelerated oxidation and/or corrosion as well as thermal cycling. Accordingly, such coatings must be optimized in their thickness, structural nature, and composition (perhaps considering their alloy forms).
2. Oxygen and moisture in the air may degrade the performance of soft and hard tribological coatings. Hence, nano-scale doping or alloying may be needed to reduce their environmental sensitivity. Alternatively, the operating environment may be changed to an inert gas, such as N2 to decrease environmental degradations.
	3. Alternatively, one can consider adaptive or chameleon-type coatings with strategically selected ingredients affording greater environmental compatibility besides multifunctionality and good lubricity.
	4. Due to high torque and contact pressures in EV drivetrains, coatings without strong bonding can rapidly delaminate or wear out and thus become useless. Hence strong coating-to-substrate adhesion is imperative for long service lives.
	5. Modern PVD and CVD methods with HIPIMS, pulsed DC, and cathodic arc can provide a very strong bonding between coatings and driveline components. Such more advanced methods should be used to produce the coatings on EV components.

In conclusion, there now exist a variety of tribological coatings used in all kinds of industrial applications, including engines. Under the very harsh operating conditions of EVs involving a wide range of electrical, thermal, and tribological issues, coatings can equally make a positive difference by providing superior performance, efficiency, and durability.
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The interdependence of adhesion, friction, and elasticity of elastomers is relevant for various engineering applications. However, its investigation has been limited to smooth glass surfaces. We apply atomic force microscopy (AFM)-based methods to quantify PDMS’s elastic and tribological properties in single asperity contacts (quasi-static and sliding) with a nanometer-scale SiOx asperity under dry conditions. The selected experimental approach allows us to model the contact initiation with PDMS and its degradation. Combining quasi-static and reciprocal sliding experiments, we identify several contributions to adhesion and friction: junction formation, elastic deformation, rupture, and adhesive material transfer. Furthermore, we find correlations between the elastic deformation of PDMS/SiO2 junctions and their adhesion hysteresis on the one hand and the shear strength and the work of adhesion on the other.
Keywords: PDMS, adhesion, friction, elasticity, AFM

INTRODUCTION
The phenomena of adhesion and friction, which have been the object of intensive research in the past century, are not just theoretical concepts. They are crucial in the design and operation of mechanical systems involving moving parts, such as in the fields of manufacturing and mobility, and more recently in the field of nano-/microelectromechanical systems (N/MEMS). Our research on the importance of interfacial phenomena becomes more crucial as the surface-to-volume ratio of such devices and systems increases, and it has practical implications for improving the performance and durability of these systems. Adhesion, friction, and the usually ensuing wear have been investigated in various environments, vacuum, vapors, and liquids, and across length scales for a wide range of contacting materials ranging from metals, ionically and covalently bounded solids, as well as polymers and elastomers (Bowden and Tabor, 1950; Rabinowicz, 1985; Israelachvili, 2011; Zeng and Zeng, 2013; Gnecco and Meyer, 2015).
The understanding of adhesion, friction, and wear of stiff materials has benefited from a larger body of knowledge of their structural, thermodynamic, and mechanical properties. For metals, for example, it is accepted that adhesion and friction phenomena arise from forming cold-welded junctions at their surface asperities and from their mechanical strength. During adhesion, a junction is loaded along the normal direction to its interface, while during sliding friction, a junction is loaded along the transversal direction to the same interface. In Ref. (McFarlane and Tabor, 1950), McFarlane and Tabor demonstrated a direct correlation between the friction coefficient and the adhesion coefficient for the case of steel on indium. The interrelation of adhesion and friction between metals can be schematically explained based on increased interatomic potential energy upon loading a junction since it results in the stretching of interatomic bonds (Landheer and de Gee, 1991). In the case of adhesion, the potential energy per unit area continues to increase until it is enough to overcome the formation of two new free surfaces. This critical amount of potential energy per unit area is equivalent to the work of adhesion, [image: Mathematical formula expressing W subscript ad equals gamma one plus gamma two minus gamma one two.], where γ1,2 are the surface energies of metals 1 and 2, and γ1/2 is the interfacial energy between 1 and 2 and depends on the affinity between both materials. It is worth noting that the forces at play during the separation of a metallic junction are orders of magnitude larger than the attractive van der Waals forces experienced by two asperities while they are approaching one another. In the former case of separation, the interatomic forces correspond to metallic bonds, and the difference between the force versus relative distance curves between two asperities or surfaces upon approach and separation is referred to as an adhesion hysteresis (Briscoe and Tabor, 1972). The plastic deformation of metallic junctions upon separation may further enhance this difference. A similar picture can be drawn for the transversal loading of a metallic junction. In this case, though, the leading edge of an asperity forms a new junction while its trail forms new surface segments. The complete shearing of a junction thus corresponds to the balance of these two contributions, and the metallic interatomic energy mostly determines the shear strength of a metallic junction. It can also be enhanced by the work of plasticity of the same junction (Briscoe and Tabor, 1972).
Elastomers stand out from metals and other stiff materials due to their high compliance or low modulus of elasticity, large elastic strain, and stickiness. The molecular structure of an elastomer can be visualized as an amorphous arrangement of random macromolecular coils cross-linked by randomly distributed molecular segments. The characteristic mechanical behavior of elastomers arises from their cooperative structural reconfiguration upon application of stresses. This reorganization or motion of molecular segments requires a free volume into which segments can move and may require time. The time required for such a structural reorganization vanishes at temperatures well above the glass transition temperature. Then, upon applying stress, macromolecular coils reconfigure by cooperative pairs of bond rotations to align themselves along the stress direction. Thereby, translational motion is hindered by the cross-links. Owing to their large density of cross-links, the deformation of elastomers is reversible. However, their strain-stress curves exhibit a hysteretic behavior (Shanks et al., 2013). Polydimethylsiloxane (PDMS) is a widely used silicon-based organic elastomer. Owing to its ability to be molded and to replicate structures down to the nanometer scale, PDMS has found applications in the process of soft lithography as material for microfluidic or lab-on-chip devices, in the field of biomedicine and cosmetics, or as a protective coating material for electrodes, MEMS, electrical and optical parts (See Refs (Lee et al., 2008; Chen et al., 2013; Lee et al., 2007; Schneider et al., 2009; Penskiy et al., 2011; Camou et al., 2003; Hassler et al., 2011; Wang et al., 2018)). PDMS has also been used for sealants and packaging or to manufacture dry adhesive hierarchical structures, such as brushes or gecko-inspired structures (Landherr et al., 2011; Yu et al., 2012; Klittich et al., 2017; Lee et al., 2018; Xue et al., 2017); for several of these applications, elasticity, adhesion, and friction of PDMS are crucial.
Unlike metallic surfaces, the interfacial forces with polymer surfaces are of van der Waals’ nature, and their character does not depend on whether two polymer surfaces are approached toward each other or whether the formed interface is being pulled out. Their surface energy and adhesion force can be deduced from the separation-dependent magnitude of the attractive van der Waals force (Briscoe and Tabor, 1972). The adhesion force at play is often large enough to induce material transfer from one polymer surface to another.
The adhesion and friction of smooth rubber surfaces in contact with glass or steel counter bodies have been investigated for various loading scenarios in Ref. (Roberts and Thomas, 1975). Emphasis was paid to adhesion hysteresis, how it is affected by the time of contact, and its contribution to friction. By monitoring the time evolution of the contact radius between a rubber hemisphere and a glass coverslip with negligible weight, the authors determined the time evolution of the apparent surface energy by applying the JKR model for the case of zero applied load on the contact (Briscoe and Tabor, 1972). Thereby, the authors distinguished two scenarios: in one case, overloading, the coverslip had been pressed under the action of a weight several orders of magnitudes larger than itself onto a rubber hemisphere. The contact area decreased with time, and correspondingly, the apparent surface energy decreased towards its equilibrium value. In the opposite case of underloading, the glass and rubber surfaces were brought together until they just touched each other; the contact radius and corresponding surface energy were then observed to increase toward an equilibrium value. This difference between the contact areas under overloading and underloading conditions thus gives rise to an adhesion hysteresis. This hysteretic behavior is reflected in the velocity dependence of the friction of rubber, where leading and trail edges form out-of-equilibrium interfaces that correspond to the underloading and overloading conditions, respectively.
The tribological properties of PDMS have been investigated under different lubricated conditions. The friction coefficient of a PDMS/PDMS sliding contact strongly depends on the sliding velocity and the lubricant viscosity (Bongaerts et al., 2007). In Ref. (He et al., 2008), the dry macroscale friction coefficient of PDMS vs steel was found to be significantly affected by micro-texturing the surface of PDMS. In contrast, micro-friction measurements indicated a vanishing effect when the counter-sliding body becomes smaller than the length scale of the surface texture. The texture effect was thus attributed to the reduced contact area for textured surfaces. Generally, the dry friction of PDMS has been reported to follow the Johnson-Kendall-Roberts adhesive contact mechanical model for elastic solids (See Refs (Johnson et al., 1971)). This highlights the intertwined character of adhesion and friction of PDMS. Also, in line with this, the friction and adhesion of PDMS surfaces have been altered by surface modifications, highlighting the role of surface and interfacial energies (Chaudhury and Owen, 1993). Moreover, the elastic deformation of PDMS plays a non-negligible role in the rupture of adhesive PDMS junctions. The relative sliding of macroscopic interfaces with elastomers has been observed to proceed by waves of detachment across the contact area, referred to as Schallamach waves. The nucleation of such waves and their propagation across the interface between PDMS and a glass surface has been experimentally investigated in Refs. (Viswanathan et al., 2015; Zhibo et al., 2021). The authors identified elastic instabilities, e.g., wrinkles, immediately after an initial detachment event that corresponds to the nucleation of a single detachment wave, the critical force associated with it being dependent on the work of adhesion. Upon further sliding, the surfaces adhere anew ahead of the glass counter body, initiating the propagation of a Schallamach wave across the contact area. It is worth noting that the wavelength and amplitude of the wrinkles increase with the tangential force. Thereby, the initial wavelength of the wrinkle pattern can be determined from the elastic properties of PDMS. Furthermore, their relative angle to the sliding direction and the generation frequency of Schallamach waves increases with the sliding velocity. The wavelength of a Schallamach wave is typically in the order of magnitude of several hundreds of micrometers, and its propagation velocity is about 100 mm/s, regardless of the sliding velocity. There is, however, a critical sliding velocity for the generation of Schallamach waves that, under their experimental conditions, was reported by the authors in Ref (Viswanathan et al., 2015). to be [image: Mathematical expression showing lowercase italic v sub c is approximately equal to one hundred fifty.] μm/s.
Thus, elastomer adhesion, friction, and elasticity are interdependent. The observations referred to above were limited to optically smooth surfaces. However, engineering surfaces have some roughness due to their manufacturing process, and their contact is initiated at asperities with typical dimensions in the nanometer range. Recently, the authors investigated the reciprocal sliding contact of a single asperity of SiOx with a PDMS surface by atomic force microscopy (AFM) (Caron, 2023). There, we distinguished between two frictional regimes concerning the applied normal force. We observed that friction increases linearly with the normal force in the range of attractive forces. In contrast, in the range of repulsive forces, friction follows a [image: Mathematical expression showing uppercase F with a two-thirds exponent divided by lowercase n.]-dependence that agrees with the load dependence of the contact area according to the JKR model (Johnson et al., 1971) and the shearing model of sliding friction. We attributed the linear friction dependence on the attractive normal force to the elastic deformation of a PDMS/SiO2 junction upon sliding. Notably, a stick-slip motion of the SiO2 nano-asperity was observed in the same regime, which we explained based on the restoring force acting by supporting the cantilever spring.
In this work, we use atomic force microscopy (AFM)-based methods to extend our observations to the measurements of PDMS’ elastic and adhesive performances in single asperity contacts with a nanometer-scale SiOx asperity under dry conditions. The selected experimental approach allows us to model the contact initiation and degradation between PDMS and an oxidized silicon surface. Such a modeled system is particularly relevant for MEMS applications relying on both materials investigated in this work. Combining quasi-static and reciprocal sliding experiments, we identify several correlations between the elasticity of PDMS, its apparent adhesion, and friction with a nanoscopic single asperity of SiO2.
MATERIALS PREPARATION AND CHARACTERIZATION
We prepared a PDMS sample with a two-part liquid component kit (Sylgard 184 silicone elastomer manufactured and distributed by Dow Corning, United States). We ensured a precise ratio of 10:1 for the pre-polymer base and cross-linking curing agent. The mixture was then poured into a flask dish and cured for 30 min at 120°C. The results presented in this work were all obtained by AFM measurements of the airside of the PDMS sample. Before atomic force spectroscopy and friction force microscopy measurements, we conducted a thorough characterization of the surface morphology of the as-prepared sample by tapping mode (TM)-AFM using a stiff single-crystalline Si-cantilever (type NCHR, manufactured by NanoSensors, Switzerland).
Figure 1 showcases TM-AFM topography images of the PDMS sample recorded on scan areas of 2.5 μm × 2.5 μm and 1 μm × 1 μm and a typical height line profile indicating the position of topography peaks. The topography data in Figure 1 were summarized in one-dimensional height and peak-to-peak distance distributions (see Figure 2). We determined the roughness parameter Rq by fitting the height distribution with a Gaussian function and using the identity of the standard deviation with Rq. We found Rq ≈ 1 nm. Similarly, the distribution of lateral distances was fitted with a log-normal distribution to determine the mean lateral distance value, [image: Mathematical symbol showing a capital letter D with a horizontal bar over it, typically representing the mean or average value of a dataset.] ≈ 60 nm.
[image: Panel (a) shows a grayscale atomic force microscopy image with surface features and a scale of zero to eight nanometers. Panel (b) presents a similar image with less uniform texture and the same height scale. Panel (c) displays a line graph plotting surface height in nanometers versus distance in nanometers, revealing irregular fluctuations in the measured surface topography.]FIGURE 1 | TM-AFM topography images of PDMS recorded on scan areas of (A) 2.5 μm × 2.5 μm and (B) 1 μm × 1 μm and (C) a typical height line profile.
[image: Panel (a) shows a histogram with blue bars representing height in nanometers on the x-axis and counts on the y-axis, forming a symmetric, bell-shaped distribution. Panel (b) presents a scatter plot of counts versus logarithm base ten of distance in nanometers, with data points forming a peak around 1.7 and a red curve overlayed.]FIGURE 2 | (A) One-dimensional height distribution and its Gaussian fit. (B) One-dimensional peak-to-peak distance distribution and its log-normal fit.
EXPERIMENTAL METHOD
We conducted atomic force spectroscopy (AFS) and friction force microscopy (FFM) measurements in ambient conditions (T = 293 K, RH = 50%) with a Core AFM, using a soft single-crystalline silicon cantilever (type CONTR, manufactured by NanoSensors, Switzerland). Before AFS and FFM measurements, we analyzed the thermal noise of the cantilever to determine its bending stiffness Cn and the sensitivity of the position-sensitive photodiode (PSPD) of the AFM. Specifically, the bending stiffness was determined by Sader’s method (Sader et al., 1999), while we determined the PSPD sensitivity S using the equipartition theorem (Butt and Jaschke, 1995). The torsion stiffness of the cantilever was calculated according to [image: Mathematical formula showing CI equals G times w times t cubed divided by three times h squared times L.], where w is the width, t is the thickness, L is the length of the cantilever, h is the tip height, and G is the shear modulus of silicon. We determined Cn = 0.369 N/m and Cl = 204.62 N/m for the cantilever used in this work. We calculated the normal and lateral forces from the vertical and lateral PSPD voltages Vn and Vl by [image: Mathematical equation displaying F sub n equals C sub n times S V sub n.] and [image: Mathematical equation displaying F sub l equals three divided by two times C sub l times h over L times SV sub l.] (Nonnenmacher et al., 1991).
We characterized PDMS’s elastic and adhesive behavior by AFS measurements. AFS measurements consisted of recording the normal force upon approach and retraction of the cantilever toward the sample surface for eight different approach and retraction velocities between 0.2 μm/s and 40 μm/s. For each velocity, measurements were repeated 15 times at the same location. Figure 3 shows a typical AFM force-distance (Fn-Z) curve recorded on PDMS with a single crystalline silicon tip. To determine the contact’s reduced elastic modulus, the approach part of the displayed Fn-Z curve was converted into a δ-Fn curve by considering that once contact has been established, the z-piezo extension corresponds to the sum of the cantilever deflection and the tip penetration into the sample, i.e., [image: Mathematical equation showing Z equals delta plus the fraction F sub n over C sub n.].
[image: Four scientific graphs labeled a, b, c, and d show force-displacement and measurement data. Panel a presents force versus displacement; panel b shows displacement versus force; panel c displays modulus values across fifteen measurements; panel d shows adhesion force across fifteen measurements.]FIGURE 3 | (A) Typical AFM force-distance (Fn-Z) curve recorded on PDMS, showing the approach part in blue (•) and the retraction part in orange (•). (B) Penetration-force (δ-Fn)-curves calculated from the approach and retraction parts of the experimental results in (A)) and fitting curve corresponding to the JKR model (red solid line). (C) Reduced elasticity modulus determined by fitting 15 δ-Fn (•) approach and (•) retraction curves with the JKR model, and (D) adhesion force evaluated from (•) the minimum force values of 15 Fn-Z approach curves (snap-in force), (•) the minimum force values of 15 Fn-Z retraction curves (snap-in force), (•) by fitting 15 approach δ-Fn curves with the JKR model, (•) by fitting 15 retraction δ-Fn curves with the JKR model.
Hertz’s theory of contact expresses the penetration depth in the case of an elastic sphere and contacting a half-infinite elastic solid by [image: Mathematical equation showing delta equals a squared divided by R.], where a is the contact radius, and R is the sphere’s radius (in our case, the curvature radius of the tip) (Johnson, 1985). The same contact theory relates the contact radius to the normal force by [image: Mathematical formula showing variable a equals the cube root of three-fourths multiplied by RF sub n divided by E star.]. In situations where adhesion cannot be neglected, the Johnson-Kendall-Roberts (JKR) model can describe the contact radius. In that case, [image: Mathematical equation expressing a contact radius: a equals the cube root of three-fourths times R over E star, multiplied by the sum inside brackets, including normal force plus adhesion force, two times adhesion force, and a nested square root containing four times adhesion force times the sum of normal and adhesion forces, plus twice adhesion force squared.] and [image: Mathematical equation showing F subscript ad equals three halves times pi times w subscript a times R.], where [image: Italic lowercase letter w with a subscript lowercase letter a, commonly used in scientific or mathematical notation.] is the work of adhesion. Figure 3 also shows results for the reduced elasticity modulus E* and the adhesion force Fad, evaluated by determining the minimum Fn values in the recorded Fn-Z curves or fitting their corresponding δ-Fn curves with the JKR model. Notably, E* values determined from the approach and retraction part of the δ-Fn curves are in very good agreement. In contrast, our adhesion force results appear to differ depending on which part of the curves was selected, i.e., approach or retraction, and on the evaluation method, i.e., by selecting the minimum value in Fn-Z curves or fitting of δ-Fn curves. We discuss these differences in the section Results and discussion.
Furthermore, we analyzed the friction behavior of PDMS during reciprocal sliding contact by FFM. Thereby, an AFM-tip was scanned on PDMS perpendicular to the length axis of the cantilever over a scanning area As = 10 × 10 μm2; the sliding velocity along the fast scanning distance was vs = 80 μm/s. Friction measurements were recorded over the same scanning area under increasing normal force values from Fn = [image: Negative thirty-five is displayed in large, bold, black text on a white background.] nN to Fn = 35 nN. By convention, negative Fn-values correspond to attractive contact forces, and positive values correspond to repulsive contact forces. Figures 4, 5 show height maps recorded in the forward (left to right) and backward (right to left) scanning directions and simultaneously recorded normal force and lateral force maps. Both figures also show representative line profiles corresponding to each signal.
[image: Panel a and b show grayscale microscopy images of a material's surface, each with a scale bar of four micrometers. Panel c presents a line graph with height in nanometers versus distance in micrometers for two data sets. Panels d and e display colored surface maps, also with four-micrometer scale bars. Panel f features a line graph of force in nanoNewtons versus distance for two series. Panels g and h are colored microscopy images with varying contrast, each with a four-micrometer scale bar. Panel i shows a final line graph comparing force in nanoNewtons versus distance for two data sets.]FIGURE 4 | FFM results recorded on PDSM with Fn = −10 nN. (A–C) Height images recorded in (A) the forward and (B) backward scanning direction and (C) corresponding line profiles; (D–F) normal force recorded in (D) the forward and (E) backward scanning direction and (F) corresponding line profiles; (G–I) lateral force recorded in (G) the forward and (H) backward scanning direction and (I) corresponding line profiles. In (C–I), the line signals recorded in the forward scanning direction are plotted in blue, while those recorded in the backward scanning direction are plotted in orange.
[image: Nine-panel scientific figure displays atomic force microscopy (AFM) results and corresponding data. Panels a and b show grayscale AFM images, c displays a line graph of height versus distance. Panels d and e present colored topographical AFM images, f is a graph of force versus distance. Panels g and h show colored AFM images with different contrast, and i presents a force versus distance graph with two lines. All images include micron or nanometer scales.]FIGURE 5 | FFM results recorded on PDSM with Fn = 25 nN. (A–C) Height images recorded in (A) the forward and (B) backward scanning direction and (C) corresponding line profiles; (D–F) normal force recorded in (D) the forward and (E) backward scanning direction and (F) corresponding line profiles; (G–I) lateral force recorded in (G) the forward and (H) backward scanning direction and (I) corresponding line profiles. In (C–I), the line signals recorded in the forward scanning direction are plotted in blue, while those recorded in the backward scanning direction are plotted in orange.
We analyzed our experimental friction results, as showcased in Figures 4, 5, to determine the evolution of the interface roughness parameter Rq, the standard deviation of the normal force around its mean value [image: Mathematical notation showing lowercase Greek letter sigma followed by subscript F and subscript n.], and the mean friction force and its standard deviation. For Rq and [image: Mathematical notation showing the symbol sigma followed by subscript F and n, commonly representing the standard deviation of a variable labeled F with subscript n.], we arbitrarily selected the signals recorded in the forward scanning direction. Further, we calculated the friction force maps according to [image: Mathematical formula showing F sub f equals the quantity F sub l comma f w d minus F sub l comma b w d divided by two.], where Fl,fwd and Fl,bwd are the lateral force images recorded in the forward and backward scanning directions, respectively.
The topography images shown in Figure 1 significantly differ from those in Figures 4, 5. The images in Figure 1 were recorded by TM-AFM with a large set point amplitude value to minimize the kinetic energy of the tip in the vicinity of the PDMS surface and, hence, their mechanical interactions. The topography images in Figure 1 are representative of the free PDMS surface. In contrast, the images in Figures 4, 5 were recorded in contact with a SiOx tip and represent their interfacial interactions.
The images in Figures 4, 5 also differ from each other. The images shown in Figure 4 were recorded in the adhesive regime (Fn = [image: Silhouette illustration of a tree with bare branches and exposed roots, showing a symmetrical structure above and below ground, representing balance between the visible and hidden parts of nature.] 10 nN), while those in Figure 5 were measured in the regime of repulsive contact forces (Fn = 25 nN). In Ref. (Caron, 2023), we distinguished two distinct friction mechanisms for PDMS. In the adhesive regime, we found that deformation is mediated by the elongation of an adhesive junction and its subsequent slippage as enough potential energy is stored in the cantilever. In contrast, friction in the repulsive contact force regime is governed by the rupture of junctions and is associated with a stick-slip motion of the tip. There, the slippage of the tip is analogous to the propagation of a mode II crack.
RESULTS AND DISCUSSION
Figure 6 displays the dependence of the snap-in and pull-off forces between a SiOx nano-asperity and PDMS on the approach and retraction velocity. In neither case do we observe a clear trend on the velocity of approach or retraction. However, the pull-out force values are slightly larger than the snap-in force values.
[image: Two scientific scatter plots with error bars display relationships between velocity in micrometers per second and force in nanonewtons. Panel a shows Fslope increasing with velocity. Panel b shows Fad also increasing with velocity.]FIGURE 6 | (A) Snap-in force and (B) pull-off force between a nanometer scale SiOx asperity and PDMS as a function of the approach or retraction velocity.
The pull-off force has been widely used to determine the interfacial energy between two contacting bodies (Dos Santos Ferreira et al., 2010). In the case of the JKR model for adhesive contact between elastic solids, the adhesion force or pull-off force, i.e., the force necessary to separate the two contacting bodies, relates to the work of adhesion [image: Italic lowercase w with a subscript lowercase a, commonly used in mathematical or scientific notation.] by [image: Mathematical equation showing adhesion force in the JKR model: F subscript a d J K R equals three-halves times pi times w subscript a times R.], where R is the radius of the asperity. Alternatively, the Derjaguin-Muller-Toporov (DMT)-model relates the adhesion force to [image: Mathematical expression showing the lowercase italic letter w with a subscript lowercase italic letter a.] by [image: Mathematical formula: F subscript ad, DMT equals two times pi times w subscript a times R.] (Derjaguin et al., 1975). Both models are complementary since they apply to different limiting cases. The suitability of these two models has been discussed based on the Tabor constant, [image: Mathematical formula showing mu equals R times w times a squared divided by E star squared times z naught cubed.] and z0 is the equilibrium separation of the surfaces (usually taken as an interatomic distance ∼0.5 nm): JKR model for μ > 5 and DMT model for μ < 0.1 (Greenwood, 1997). Using our experimental values for the pull-off force, E* = 4 MPa (see discussion below) and R = 7–10 nm in agreement with the manufacturer’s data, we calculate μ [image: Two bold right-facing chevron arrows are placed side by side, indicating movement or progression toward the right. The arrows appear in a simple, monochrome style.] 5.
In principle, the snap-in and pull-off forces are equivalent. In practice, the snap-in event might be too fast to measure accurately. Also, the contact time (aging effects), the preloading force, or deformation effects can affect the pull-off force. In Ref. (Toikka et al., 2000), retracting a glass sphere from a PDMS surface was accompanied by pulling a PDMS neck until rupture. To avoid overestimating the work of adhesion under overloading conditions, we first estimate wa from the average snap-in force value and find, according to the JKR model, wa = 90 mJ/m2.
Furthermore, we suggest that the difference between snap-in and pull-off forces corresponds to the deformation of the neck. The difference between our experimental values for the pull-off and the snap-in forces is almost constant over the approach/retraction velocity domain used in this work: ΔFad = Fpull-off–Fsnap-in ≈ 1 nN. Applying Hooke’s law, ΔFad = kΔδ, where k is the stiffness of the junction and Δδ is the elongation of the neck, and assuming [image: Mathematical equation showing k equals pi times a sub zero squared times E star, all divided by delta delta.] for a cylindrical neck of length Δδ and radius a0, and elasticity modulus E* = 4 MPa, we obtain [image: Mathematical equation displaying delta F subscript ad equals pi times a sub zero squared times E superscript asterisk.]. Here, a0 is taken to be equivalent to the tip radius a0 = 10 nm, and we calculate [image: Mathematical expression showing the uppercase Greek letter delta followed by F with a subscript a d, all in an italicized font style.] = 1.25 nN, which agrees well with our experimental value. In Ref. (Liu and Xia, 2013), the authors proposed a unified analysis framework for the adhesion of different elastic systems. The authors introduced different characteristic lengths to summarize the competition between elastic and interfacial energies and highlighted the importance of treating elastic deformation and adhesion together.
In this work, we also evaluated the adhesion force and the elasticity modulus E* by fitting our experimental δ-Fn curves with a function from the JKR theory. We used both the approach and retraction parts of the curves (See section Experimental method and Figure 2). Figure 7 shows the velocity dependence of Fad and E* determined by fitting the approach and retraction parts of our penetration curves with the JKR model. As for the snap-in and pull-off forces, no clear dependence of the adhesion force on the velocity is observed in Figure 7. The adhesion force values determined from the approach parts of δ-Fn curves ([image: Mathematical expression showing F subscript ad JKR, in italic font, is approximately equal to a value.] 1.75 nN) are slightly lower than for the corresponding retraction parts ([image: Mathematical formula showing F subscript ad with a second subscript JKR, out, followed by an approximately equal to symbol.] 2 nN); overall the [image: Mathematical expression showing F subscript ad with a further subscript JKR in italics.] and [image: Mathematical expression showing F subscript a d with further subscripts J K and R o u t written in italics.] values are slightly lower than the Fsnap-in and Fpull-off values, respectively. These results yield the work of adhesion between PDMS and SiOx wa = 53 or 60 mJ/m2, depending on the selected direction of the tip motion, i.e., approach (in) or retraction (out).
[image: Four scientific scatter plots labeled (a), (b), (c), and (d) display values with error bars as a function of probe velocity on logarithmic x-axes. Y-axes represent forces in nanonewtons and moduli in megapascals.]FIGURE 7 | Velocity dependence of (A,B) the adhesion force and (C,D) the elasticity modulus of PDMS as determined by fitting the JKR model equation on experimental (δ-Fn) curves upon (A,C) approach and (B,D) retraction of the AFM tip.
The work of adhesion can be decomposed into the surface energies of both contacting materials and their interfacial energy, i.e., [image: Mathematical equation showing wad equals gamma subscript PDMS plus gamma subscript SiO2 minus gamma subscript PDMS slash SiO2.]. In Ref. (Kim et al., 2019), the authors reported γPDMS = 10 mJ/m2, while γSiO2 = 65 mJ/m2 was reported in Ref. (Kim et al., 2019). Comparing the values determined for wa in this work with these literature values for SiO2 and PDMS implies that the interfacial energy between PDMS and SiO2 is small ([image: Mathematical variable gamma subscript PDMS slash SiO two displayed in italics.] < 22 mJ/m2). The E*-values in Figure 7 are not affected by the direction of the penetration curves, i.e., approach or retraction. Also, the E*-values do not show any trend in velocity, and we find that E* = 4 MPa.
Figure 8 shows the normal force dependence of the friction force between PDMS and a nanometer scale SiO2 asperity. As in Ref. (Caron, 2023), one observes that in the domain of negative normal force values, the friction force increases linearly with the applied force, while in the domain of repulsive contact force values, the Ff-Fn plot is best fitted by a function of the form [image: Mathematical equation showing F sub f equals tau multiplied by A sub c, all evaluated at F sub n, relating friction force to shear strength, contact area, and normal force.], where τ is the shear strength, and Ac is the contact area that depends on the normal force. The contact area is expressed by [image: Mathematical formula showing Ac equals pi times a squared, representing the area of a circle where Ac is the area and a is the radius.], where a is the contact radius.
[image: Two scatter plots labeled (a) and (b) display data points and a red curve. Both show F_t in nanoNewtons on the y-axis and F_n in nanoNewtons on the x-axis, illustrating a nonlinear relationship.]FIGURE 8 | Ff-Fn plots and their fitting with (A) a linear function and (B) a function of the form [image: Mathematical formula representing the frictional force: F sub f equals tau times A sub c of F sub n.].
It is important to note that the contact between the tip and sample surface was maintained for negative normal forces as low as [image: Black and white illustration showing a person sitting at a desk with a computer monitor, keyboard, and mouse. A cat sits on the desk, and a chair is positioned nearby.] 20 nN during reciprocal sliding. Extrapolating the linear fit function in Figure 7A indicates that the contact would rupture at a normal force value of [image: Black cat silhouette sitting upright with its tail curled around its front paws, facing slightly to the right, on a plain white background.] 29.25 nN. This value is much larger than the force necessary to rupture the contact between a SiO2 nanometer scale asperity and PDMS during force spectroscopy measurement. To explain this large difference, we suggest that, during sliding, the elongation of a PDMS neck is enhanced compared to its normal stretching. During reciprocal sliding, a PDMS neck is expected to experience loading components along its length axis and perpendicular to it. Hence, it should undergo both elongation and flexure. Assuming a deformation of λ ≈ 100 nm, equal to the stick-slip length determined in Ref. (Xue et al., 2017), the effective neck stiffness corresponding to the necessary force to rupture a PDMS neck should be keff ≈ 0.3 N/m. In Ref. (Xue et al., 2017), we determined a lateral contact stiffness of 0.2 N/m close to neck rupture.
At a normal value of ∼10 nN, we observe a transition from a Fn-to a [image: Mathematical expression showing F sub n raised to the power of three halves.]-dependence of the friction force. The latter dependence is attributed to shearing friction, in which case [image: Mathematical equation showing F sub f equals tau times A sub c, evaluated at F sub n.]. We determined the shear strength τ by fitting our experimental results with the above equation for shearing; we obtained τ = 25 MPa. This value is slightly larger than previously reported in Ref. (Caron, 2023), where we evaluated τ = 10 MPa, assuming an elasticity modulus E* = 1.5 MPa. In this work, E* = 4 MPa was determined experimentally, and the difference between in τ-values can be explained by the different E* values injected in our fit model.
Similar to the suggestion in Ref. (Yoshizawa et al., 1993), we equate the energy dissipated during the sliding of a SiO2 asperity on PDMS needs with the energy required to peel off the same asperity from PDMS: [image: Mathematical equation showing tau times A sub c times x equals w sub a times A sub c. All variables are in italic font and presented in standard mathematical notation.], or [image: Mathematical equation showing tau equals w sub a divided by x, with w sub a positioned above x in a horizontal fraction.], where x is a sliding distance, which we set as the contact radius a ≈R. We thus calculate τ ≈ 5–9 MPa, depending on the determined value of wa. This calculation differs from the one in Ref. (Yoshizawa et al., 1993), where the authors used the difference between the wa values determined upon retraction and approach of two surfaces. Both calculated and experimentally derived τ−values are in agreement. The value calculated based on wa is, however, slightly lower than that determined by fitting our experimental friction data with the shearing model. A better calculation should include the hysteretic deformation of PDMS owing to its nonlinear elastic behavior.
After friction experiments, we imaged the tested area (see Figure 9). As in Ref. (Caron, 2023), we observe material removal. It is worth noting that no pileup was observed around the scanned area. This indicates that wear occurred by adhesive transfer. In this work, though, we did not image the tip after the completion of our measurements. The depth of wear is δw = 16.8 nm, corresponding to a wear coefficient [image: Mathematical equation showing k sub w equals the quantity A sub s times delta sub w, divided by l sub s times the sum of F sub n.] ≈ 4 × 10−4 mm3/Nm, where the sum over the normal force was taken from Fn = 10 nN to Fn = 35 nN. This value agrees with microtribological tests performed with a steel ball on PDMS (see Ref (Lee et al., 2021)).
[image: Microscope image showing a square region with distinct horizontal striations in the center, surrounded by a lighter background. A vertical scale bar on the right measures from negative thirty to ten nanometers, and a horizontal scale bar below indicates ten micrometers.]FIGURE 9 | postmortem topography images of the PDMS surface area subjected to tribological tests.
CONCLUSION
PDMS’s friction and adhesion mechanisms are intertwined and are affected by the elastic deformation of PDMS junctions. In this work, we show that the difference between the pull-off force and snap-in force of a nanometer-scale asperity corresponds to elastic deformation. Stretching along the PDMS junction axis is rather limited. Under sliding conditions, contact is maintained far beyond the adhesion force, implying further stretching of the junction. In this regime of tensile loading, friction increases linearly with the normal force. In contrast, friction follows a shearing model in the regime of repulsive force and is accompanied by adhesive wear. In this case, calculating the shear strength from the work of adhesion results in a slight underestimation.
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The encapsulation of active ingredients is an important process in various industrial sectors including pharmaceutics, foods and cosmetics. For the first time, the capacity of non-conventional anti-Bancroft oil-in-water Pickering emulsions stabilized by partially hydrophobized silica to encapsulate an apolar active is addressed. A dispersed phase volume of paraffin oil of 50% coupled to 0.5 wt.% of silica has been employed to avoid excess of silica in the continuous phase and encapsulate higher amount of ibuprofen (the model drug). Three ibuprofen contents ranging from 100 mg (1.6 mg/mL of paraffin) to 420 mg (6 mg/mL of paraffin) have been tested. The encapsulation efficiency as well as the emulsions properties are investigated by the means of light diffusion, microscopy, rheology, and HPLC coupled to mass balance. The Pickering emulsion is very efficient for the encapsulation of ibuprofen with encapsulation rates of 99% obtained inside droplets of 30 µm for all the 3 ibuprofen concentrations. This encapsulation ability is perfectly maintained, whether during ageing (during 90 days), or when the emulsion is diluted by a factor 100 inside physiological media at basic and acidic pH.
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1 INTRODUCTION
The encapsulation of active ingredients is an important process in various industrial sectors. Pharmaceutic, food, and cosmetics are some examples. To this aim, several strategies have been developed including emulsions, micelles, capsules, microparticles, lipids and liposomes (Zabot et al., 2022; Repka et al., 2023; Yan and Kim, 2024). Among them, the encapsulation of active ingredients inside droplets of emulsion appears as an interesting way in a wide variety of applications. Encapsulation of antibacterial products, essential oils, sunscreens, and drug delivery for pharmaceuticals applications are some examples. Up until now, the majority of active ingredients have been encapsulated inside classical surfactant-stabilized emulsions. The major problem with these types of emulsions is the leakage of active ingredients (Wang et al., 2020). This leakage can be produced by the coalescence of the droplets. It can be also due to micellar solubilization of the active ingredients in the presence of an excess of micelles of surfactants in the continuous phase (Rangel-Yagui et al., 2005). However, emulsions stabilized by particles, known as Pickering emulsions, are able to avoid these drawbacks.
Pickering emulsions appear then as an interesting alternative for encapsulation of active ingredients due to the absence of surfactants and, also, because of their high stability against coalescence (Harman et al., 2019; Tai et al., 2020; Sun et al., 2022). This high stability comes from the large adsorption energy of the particles at the O/W interfaces. Energies of desorption of the order of 104–105 kT are generally encountered. In comparison with classical molecular surfactant-stabilized emulsions, emulsions stabilized with particles display a lot of advantages. A large resistance to coalescence, coupled to long-term stability and dispersibility of liquid droplets, biocompatibility, tunable properties, and environmental friendliness are the most interesting characteristics of these systems. In addition, Pickering emulsions leads to encapsulation inside larger droplets which is not possible with classical surfactant-stabilized emulsions. For instance, ibuprofen has been encapsulated inside triglycerides acid in the presence of Mg(OH)2 particles (Sy et al., 2018), also inside corn oil in the presence of chitosan-alginate particles (Mao et al., 2020), and fish oil with cellulose-based nanofibrils (Li and Yu, 2023). Other active ingredients such as curcumin, caffeine, indomethacin, have been introduced inside oil droplets stabilized by various silica particles (Frelichowska et al., 2009; Simovic et al., 2010; Tikekar et al., 2013; Yaakov, et al., 2022). The previous examples highlight the high capacity of encapsulation of active ingredients with Pickering emulsions as compared with conventional systems stabilized by surfactants.
The versatility of Pickering emulsions to form O/W and W/O emulsions with the same system, i.e., oil, water and particles, has been demonstrated (Zanini et al., 2017; Ramos et al., 2023a). The versatility is mainly attributed to the roughness of the particles. In parallel, the initial wetting of the particles inside the continuous phase is also a major parameter which drives the type of emulsion (Binks and Lumsdon, 2000; Yan et al., 2001; Roques-Carmes et al., 2022). As a matter of fact, when the particles are initially pre-wetted and dispersed in water, O/W emulsions are obtained while W/O emulsions become feasible for particles initially wetted in the oily phase (Gonzalez Ortiz et al., 2020). Recently, we have demonstrated that partially hydrophobic silica, more precisely HDK 30, follows this kind of versatility (Ramos et al., 2023a). O/W and W/O emulsions were successively formulated with different oils (paraffin and dodecane) for dispersed-phase volume fractions up to 50%. In addition, these direct and reverse emulsions have a high stability and mainly against coalescence. This behavior was particularly true for the so-called non-conventional O/W emulsions stabilized by the silica. The term non-conventional indicates that the emulsion does not follow the Bancroft rule, or wetting rule, which means that hydrophobic particles with contact angle larger than 90° are theoretically unable to stabilize O/W emulsions. In that case, after pre-wetting in water, the silica particles are particularly well anchored at the O/W interfaces. We think that this kind of simple system can be useful for the encapsulation of active ingredients.
As far as the active ingredients are concerned, hydrophobic or apolar ingredients are generally encapsulated for food, cosmetic and pharmaceutical domains. Focusing more particularly to pharmaceutical applications, it can be noticed that the majority of pharmaceutical active ingredients (API) are lipophilic or hydrophobic (Ditzinger et al., 2019). However, an aqueous environment is generally encountered in the physiological environment. Consequently, the bioavailability of lipophilic API in an aqueous environment remains weak. One of the solutions to improve the bioavailability of lipophilic API is to encapsulate the API inside the oil droplets of oil-in-water (O/W) or even W/O/W double emulsions (Stauffer et al., 2019; Felix et al., 2022). Here, ibuprofen is selected as a model active ingredient. It is generally used in pharmacy but it has to be view here as a more general model for apolar constituents. No mode of application and route of administration (oral, cutaneous or intravenous administration) is really targeted in the present study. The emulsion was the same as previously discussed and is based on paraffin oil, water and HDK 30 silica. Paraffin oil and silica particles are officially approved pharmaceutical vehicles. Paraffin oil can be used in cosmetic but is less suitable for food applications. The dispersed-phase volume of paraffin oil is fixed to 50% while the silica content is maintained at 0.5 wt%. This low particle concentration should ensure good emulsion stability while avoiding excess of silica in the continuous phase. The high amount of oil aims to encapsulate a large amount of ibuprofen. Three amounts of ibuprofen are used. They range from 100 mg (1.6 mg/mL of paraffin) to 420 mg (6 mg/mL of paraffin).
2 MATERIALS AND METHODS
2.1 Materials
The stabilizing particles were silica HDK H30 from Wacker. They were partially hydrophobic silica particles which displayed a native particle size of the order of 20 nm (obtained from commercial data). In water, aggregates of particles of around 600 nm are detected by the means of dynamic light scattering (DLS) with a Malvern High Performance Particle Sizer (HPPS) instrument (Ramos et al., 2023b) even after the sonication step (see part 2.2). In detail, the suspensions were lightly turbid while the aggregates were not visible to the naked eyes. The hydrophobic character of this silica was demonstrated through a value of 122° of the contact angle of paraffin droplet on this silica in an aqueous environment coupled to a critical surface energy of the particles of 38 mJ/m2 (Ramos et al., 2023a). The paraffin oil used had a pharmaceutical quality (Cooper). Ibuprofen was selected as the active ingredient to be encapsulated. It was obtained from Sigma-Aldrich. The other chemicals such as methanol and hydrochloric acid were also provided from Sigma-Aldrich.
2.2 Emulsions preparation for ibuprofen encapsulation
The silica particle suspensions were prepared at 0.5 wt.% of particles content relatively to emulsion volume. A mass of 0.35 g of powder of silica particles was introduced into the aqueous phase (35 mL). The particles were then wetted and dispersed by the aqueous continuous phase with a magnetic stirrer for 48 h. This long time was compulsory because of the hydrophobic nature of the silica (Ramos et al., 2023b). The aggregates of silica were broken by using a sonic probe for 20 min (550 Fisher sonic probe). The power of the apparatus was maintained at 120 W. Alternative ultrasound pulsation was applied (2 s on/2 s off).
The ibuprofen was dissolved in paraffin oil under magnetic agitation. Three ibuprofen contents were tested and introduced in 35 mL of paraffin oil, i.e., 100 mg, 210 mg, and 420 mg which corresponded to concentrations of ibuprofen in paraffin oil of 1.6 mg/mL, 3 mg/mL, and 6 mg/mL, respectively. Note that 420 mg of ibuprofen corresponds to the solubility limit of this product inside the oil. Note that the solubility limit of ibuprofen in paraffin was experimentally evaluated. For this purpose, a given mass of ibuprofen was dissolved inside 35 mL of paraffin oil and maintained under magnetic agitation during 24 h at ambient temperature.
Oil-in-water (O/W) emulsions were formulated in batches of volume of 70 mL. The paraffin oil content was fixed to 50 vol.%. To produce the emulsion, 35 mL of paraffin oil containing ibuprofen was introduced in the aqueous silica suspension (volume of 35 mL). An equivalent length of 2 diameters of the rotor-stator stem (UltraTurrax® DI 25 Basic using the S 25 N-10G stem from IKA-Werke GmbH & CO) was immersed into the oily phase. The rotor-stator energy was applied at 13,500 rpm (corresponding to 2038 g) during 10 min.
For each ibuprofen content tested, 3 separate emulsions of a volume of 70 mL were formulated. Each analysis (size, ibuprofen content encapsulated, rheology, etc.) was performed with the 3 samples and the data reported was the average of the results of the 3 samples.
2.3 Stability of ibuprofen loaded Pickering emulsions
The emulsion stability and the encapsulation stability were followed. For the temporal stability, the emulsions were stored at ambient temperature in the absence of light. Note that none of the emulsions contained preservative or bactericide. After 30, 60, and 90 days, the emulsion was simply mixed by hands prior to the analysis (size, encapsulation ratio, rheology).
The effect of the dilution of the emulsion in different physiological media at various pH on the emulsion stability and encapsulation stability was also studied. The dilution of the emulsion and all the buffers were made at a constant ionic strength. The measurements under physiological conditions were carried at ambient temperature. For this purpose, physiological media buffers of pH of 7.4, 6.8 and 1.2 were prepared. The buffers were prepared following European Pharmacopeia recommendations. The physiological medium at pH 1.2 was based on a mixture of 0.2 M of hydrochloric acid and 0.2 M of sodium chloride. The physiological medium at pH 6.8 was prepared by mixing 0.2 M potassium dihydrogen phosphate and 0.2 M of sodium hydroxide. The physiological medium at pH 7.4 was also based on phosphate buffer. pH values of prepared solutions were controlled before and after dilution of the emulsion. For the dilution, 0.1 mL of the emulsion was mixed with 9.9 mL of the buffer solution under magnetic stirring at 400 rpm (corresponding to 9 g) during 1 h. For each ibuprofen content and physiological media, 3 separate emulsions of a volume of 70 mL were formulated.
Another test was performed mainly for rheological purpose. The emulsion was directly prepared in the buffer at pH 1.2 instead of water. The buffer physiological medium at pH 1.2 contained the silica particles. The paraffin oil content was fixed to 50%v/v and the silica to 0.5 wt%.
2.4 Methods of characterization of the prepared emulsions
Measurements of O/W interfacial tensions were made, at room temperature (20°C), with a tensiometer (Kruss) equipped with a platinum ring. The measurements were conducted for water/paraffin oil (without silica and ibuprofen), water-silica/paraffin oil (without ibuprofen), water/paraffin oil-ibuprofen (without silica), and water-silica/paraffin oil-ibuprofen. The mass of ibuprofen introduced in the paraffin oil (35 mL) was equal to 420 mg. The silica particle concentration in water was equal to 0.5 wt.% relatively to water volume.
A MasterSizer 2000® (Malvern) was utilized to measure the droplet size distribution of the emulsions. The emulsions were gently hand-mixed prior to sampling. In parallel, images of the droplets inside the emulsions were captured via a digital microscope DinoLite AM4515T8 in order to confirm and refine the droplet size distribution. In the special case of unloaded emulsion (without ibuprofen encapsulated), confocal microscopy was used to probe the arrangement of the silica particles in the emulsions. A LSM 800 confocal microscope from ZEISS International was used. In this case, the rhodamine B at 10 ppm concentration, was utilized to tag the particles. The paraffin oil was not marked with any fluorescent dye.
An ARES strain-controlled rheometer (TA Instruments) was used to probe the rheological properties of the emulsions. The tests were performed with a plate-plate geometry with a diameter of 50 mm. The gap between the plate was maintained at 1 mm. The temperature was fixed to 20°C. Prior to the analysis, the emulsion was gently hand-shaken. For the measurements, a shear rate sweep from 100 s−1 to 1 s−1 in logarithmic sweeping mode was applied to the sample. To ensure the steady state regime, each shear rate was imposed during 20 s and the shear stress measurement was averaged over the following 20 s.
2.5 Encapsulation rate of ibuprofen loaded Pickering emulsions
In order to estimate the amount of ibuprofen encapsulated and the ibuprofen content remaining in the continuous phase, a protocol was developed. To this aim, a volume of 35 mL of emulsion was used for the fresh emulsions. For the measurements after 30, 60, and 90 days of storage, 11.66 mL of the same emulsions were used instead of 35 mL. A first volume of 10 mL was measured with a 10 mL graduated pipette and the 1.66 mL were then measured with an automatic micropipette. It was necessary to separate the continuous phase from the dispersed phase without breaking the emulsion. The centrifugation process was used to produce an accelerated creaming of the droplets. An Allegra X-22 centrifuge from Beckman-Coulter was utilized. The centrifugation of the emulsions took place at 3,000 rpm (corresponding to 1,207 g) for 30 min. At the end of the centrifugation, two phases can be distinguished. On the one hand, the lightest phase contained the dispersed phase, i.e., the droplets and the ibuprofen encapsulated. On the other hand, the phase at the bottom was constituted of the continuous phase which included the remaining silica non-adsorbed onto the droplets and the ibuprofen non-encapsulated. The amount of ibuprofen in the recovered continuous phase was determined using an HPLC system (Shimadzu LC20AD) with UV/Vis detection at 220 nm on a C18 column (Hypersil BDS C18 150 × 4.6 mm; 3 µm) with a mobile phase composed of acetonitrile HPLC grade and ultrapure water (60:40, v/v, pH = 2.7, adjusted with orthophosphoric acid). Method was validated in terms of linearity and specificity from 1 μg/mL to 25 μg/mL. Samples of continuous phase were filtered through 0.45 µm PVDF filter and diluted in mobile phase before injection. The results from the measurement and calibration curve were given in terms of µg/mL. The detection limit and the quantification limit were estimated to 129 ng/mL and 148 ng/mL, respectively, using the signal-to noise approach according to ICH Q2(R2) guideline. The ibuprofen concentration was converted in mass in order to compare it with the mass of ibuprofen initially introduced in the paraffin oil. For the dispersed phase, the samples of dispersed phase were diluted in methanol prior centrifugation and dilution of supernatant in mobile phase. In details, the recovered dispersed phase was diluted inside 10 mL of methanol in order to destabilize the droplets. The mixture was stirred using a vortex during 30 s. Then, the solution was centrifuged at 10,000 rpm (corresponding to 13,416 g) for 30 min. The aim of the centrifugation was to separate the silica particles from the solution. The supernatant from the centrifugation was then diluted in mobile phase prior to enter the HPLC system for the quantification of the amount of ibuprofen. For each emulsion, a mass-balance was conducted to ensure the validity of the ibuprofen contents measured. In all the cases, the mass-balance was satisfactorily based on the experimental margin of errors. The encapsulation efficiency was calculated by the following formula detailed in Equation 1:
[image: Mathematical equation showing percent encapsulated ibuprofen equal to mass of dispersed phase divided by the sum of mass of dispersed phase and mass of continuous phase, equation labeled as one.]
where m(dispersed) is the mass of ibuprofen detected in the dispersed phase and m(continuous) is the mass of ibuprofen detected in the continuous phase.
3 RESULTS AND DISCUSSION
3.1 Properties of non-loaded and ibuprofen loaded fresh emulsions
We start with the O/W emulsions in the absence of ibuprofen. Paraffin oil/water interfacial tensions in the presence and absence of particles are similar, i.e., around 33 mN/m and 34 mN/m (Table 1). This does not mean that the particles do not adsorb at the paraffin/water interface since many studies highlight the absence of variation of the O/W interfacial tensions in the presence of adsorbed particles at the surfaces of the droplets (Fernandez-Rodriguez et al., 2015; Powell and Chauhan, 2016; Zhang et al., 2017; Dekker et al., 2023; Velandia et al., 2025). Non-conventional direct O/W emulsions are successively formulated with a phase content of 50 %v/v. An average droplet diameter of 40 µm is obtained (Figure 1A). The confocal microscopic image of the emulsion emphasizes that the silica particles adsorb at the paraffin/water interfaces (Figure 1B). In addition, no visible silica particles can be detected in the continuous phase. This seems to indicate that only few silica particles are in the continuous phase and that the majority of silica is situated at the O/W interfaces. This corresponds well with our previous finding where we measured that around 80% of the silica is at the interface (Ramos et al., 2021).
TABLE 1 | Paraffin oil/water interfacial tension in the presence of silica particles in the water (“Silica aqueous suspension”) and ibuprofen in the paraffin oil (“Paraffin oil + Ibuprofen”).
[image: Table comparing interfacial tension (in millinewtons per meter) across different oily and aqueous phase combinations: paraffin oil with water (34 ± 1), paraffin oil with silica suspension (33 ± 1), paraffin oil plus ibuprofen with water (24 ± 1), and paraffin oil plus ibuprofen with silica suspension (25 ± 2). Values are mean plus standard deviation.][image: Panel (a) shows a scatter plot comparing droplet volume percentage versus droplet diameter in micrometers for four concentrations labeled 0 milligrams, 100 milligrams, 210 milligrams, and 420 milligrams. Panel (b) displays two fluorescence microscopy images of spherical droplets of varying sizes, with a scale bar indicating 50 micrometers in the left image.]FIGURE 1 | (A) Droplet size distribution of O/W emulsions with various amounts of ibuprofen. (B) Confocal fluorescence images of emulsion prepared in absence of ibuprofen. Silica particles appear bluish.
In the presence of ibuprofen, the O/W interfacial tension decreases from 35 mN/m (absence of ibuprofen) to 25 mN/m in the presence of ibuprofen (Table 1). Two approaches can explain this diminution. First, a possible interfacial activity of ibuprofen can be considered. In that case, the ibuprofen cannot be seen as a surfactant since lower interfacial tensions are expected with surfactants (Roques-Carmes et al., 2009; Biswal and Singh, 2016; Akhlaghi et al., 2021; Jiang et al., 2021). Second, the change of the dielectric constant of paraffin in the presence of ibuprofen could take place. This change of dielectric constant was also observed for water in the presence of K-carrageenan (KC) leading to a decrease in the indopol/water-KC interfacial tension (Jaber et al., 2022). It is then considered that the drop of interfacial tension is not due to the interfacial activity of ibuprofen but to the change of dielectric constant of the paraffin oil in the presence of ibuprofen. The droplet size is reduced in the presence of ibuprofen (Figure 1A). The average droplets diameter decreases from 40 µm (absence of ibuprofen) to 30 µm in the presence of ibuprofen. The reduction of the O/W interfacial tension in the presence of ibuprofen explains this diminution of the droplets size. Actually, the droplets size diminishes as the interfacial tension decreases if the stirring energy remains constant which is the case here. The droplets size seems not significantly impacted by the amount of ibuprofen loaded.
Figure 2 displays the rheological properties (viscosity vs shear rate) of the fresh emulsions without and with ibuprofen at different contents. Unloaded and ibuprofen-loaded emulsions exhibit non-Newtonian shear-thinning behaviors as expected for emulsions (Derkach, 2009). In other words, the viscosity decreases with the shear rate for all the emulsions. In the absence of ibuprofen, the viscosity is slightly larger than for the emulsions containing ibuprofen. Viscosity of ibuprofen-loaded emulsions seems to follow the following order η (0 mg) > η (100 mg) > η (210 mg) > η (420 mg). However, the difference between the curves is relatively low.
[image: Log-log scatter plot showing viscosity in Pascal seconds versus shear rate in reciprocal seconds for four sample concentrations: 0 mg, 100 mg, 210 mg, and 420 mg. Viscosity decreases with increasing shear rate for all concentrations.]FIGURE 2 | Flow behavior of fresh unloaded and ibuprofen-loaded emulsions with various amounts of ibuprofen.
3.2 Ibuprofen encapsulation inside fresh emulsions
It is relevant to measure the amount of ibuprofen encapsulated and the ibuprofen content remaining in the continuous phase. The results are reported in Table 2. The results are expressed in terms of masses of ibuprofen in order to compare them with the mass of ibuprofen initially introduced in the paraffin. The masses of ibuprofen measured in the dispersed phase are 52 mg, 109 mg, and 230 mg for the theoretically introduced masses of 50 mg, 105 mg, and 210 mg, respectively. The masses of ibuprofen encapsulated are close to those initially introduced. In parallel, the masses of ibuprofen remaining in the continuous phase are low since they are lower than or equal to 1 mg. It is interesting to note that for all the samples, the mass-balance is satisfactorily based on the experimental margin of errors. From these data, it can be concluded that encapsulation ratios of ibuprofen larger than or equal to 99% are obtained regardless of the introduced ibuprofen content. In addition, a very small amount of non-encapsulated ibuprofen remains in the continuous phase. The partition of the ibuprofen between the droplets and the continuous phase is in favor of the droplets. All the ibuprofen is inside the droplets. The distribution is less marked with surfactants-stabilized emulsions (Repka et al., 2023).
TABLE 2 | Repartition of ibuprofen between the dispersed and continuous phases of fresh O/W emulsions loaded with 100, 210 or 420 mg of ibuprofen.
[image: Table summarizing ibuprofen encapsulation in emulsions for three initial loads: 100, 210, and 420 milligrams. For 35 milliliters analyzed, mass in dispersed phase: 52.6 ± 0.4 mg, 110 ± 3 mg, 231 ± 38 mg; in continuous phase: 0.9 ± 0.4 mg, 0.6 ± 0.2 mg, 1.0 ± 0.4 mg; percent encapsulation: 99 ± 1 for all cases. Experimental notes at the bottom explain methodology and data averaging.]3.3 Long-term stability and encapsulation efficiency of ibuprofen loaded emulsions
The long-term stability is assessed here in terms of emulsion stability, amount of ibuprofen encapsulated and also rheology properties, during 30, 60, and 90 days. The emulsions were stored at room temperature in a cupboard away from light. The temporal variation of the average diameter of the droplets of the emulsion loaded with various contents of ibuprofen is reproduced in Figure 3. The evolution of droplet size distribution of Pickering emulsions loaded with 100 mg and 420 mg of ibuprofen through 0, 30 or 60 days are also depicted in Figure 4. For each initial ibuprofen content, the average droplets size does not evolve during 90 days. In addition, the absence of oil leakage during this period confirms the absence of coalescence and highlights the stability of the emulsions. This stability occurs for all the emulsions regardless of the ibuprofen content. It is also interesting to note the absence of visible fungus and bacteria inside the emulsions after 90 days despite the absence of preservative and bactericide.
[image: Bar graph comparing average diameter in micrometers of samples with varying ibuprofen loads at intervals of zero, sixty, and ninety days. Average diameter decreases as ibuprofen load increases, with little change over time.]FIGURE 3 | Evolution of average droplet size of emulsions with various amounts of ibuprofen through 0, 60 or 90 days. Results are presented as mean of 3 independent emulsions.
[image: Two line charts comparing droplet diameter distributions for emulsions at 100 milligrams and 420 milligrams, each measured as fresh, after 30 days, and after 60 days, showing similar peak shifts over time in both panels.]FIGURE 4 | Evolution of droplet size distribution of Pickering emulsions loaded with (A) 100 mg and (B) 420 mg of ibuprofen through 0, 30 or 60 days.
The evolution of the viscosity is evaluated during 60 days (fresh emulsion, emulsions after 30 days and 60 days). The results are depicted in Figure 5. The flow curves (viscosity vs shear rate) depend on the amount of ibuprofen encapsulated inside the droplets. In the absence of ibuprofen, the flow curves do not significantly vary with time. In details, the flow curve slightly decreases after 30 days of storage. On the opposite, in the presence of ibuprofen, a significant decrease of the viscosity and flow curve take place after 30 days as compared to the fresh emulsion. The viscosities after 30 days and 60 days remain similar. For the largest amount of ibuprofen (420 mg), a regular diminution of the viscosity and flow curve can be observed between the fresh emulsion and after 30 and 60 days. Looking carefully at all the curves, it appears that the difference in viscosity with time is significant at low shear rates (1–10 s−1) while the viscosities are equal at high shear rates of 100 s−1. This result was expected since at high shear rates, the viscosity of dispersed systems such as suspensions, dispersions and emulsions, tend towards the viscosity of the continuous phase (Derkach, 2009). In other words, the viscosity values do not depend on the organization of the droplets inside the emulsion. Looking deeply at the viscosities at low shear rate around 1 s−1 gives more information about the structuration and organization of the droplets inside the emulsion. After 30 days, the substantial reduction of the viscosity emphasizes that the structuration of the droplets is reduced. This phenomenon occurs mainly in the presence of ibuprofen. Actually, the diminution of the viscosity cannot be attributed to change in droplet size (Figures 3, 4). It can be probably explained by the rearrangement inside the droplets and at the interfaces with time. As a hypothesis, the modification of particle organization and wettability at the interface could take place with time. The reorganization of silica due to the presence of ibuprofen occurs with time. It can be also concluded that the emulsions just after preparation are not at equilibrium and evolve with time. For these kinds of systems, the batch produced cannot be release for quality analysis via rheology measurements just after preparation.
[image: Four line graphs labeled a, b, c, and d show viscosity versus shear rate for samples tested at different storage times and additive concentrations. Each plot has markers for zero, thirty, and sixty days, with concentrations increasing from zero milligrams in panel a to four hundred twenty milligrams in panel d. All graphs demonstrate a decrease in viscosity with increasing shear rate, with viscosity generally declining as storage time and concentration rise.]FIGURE 5 | Flow behavior of fresh (“0 days”) and 30 or 60 days old (A) unloaded and (B) 100 mg, (C) 210 mg or (D) 420 mg ibuprofen-loaded Pickering emulsions. Results are presented as mean of 3 independent emulsions.
The amount of ibuprofen encapsulated as well as the partition between the droplets and the continuous phase are also monitored during 60 days. The data are displayed in Table 3. For each ibuprofen concentration, the mass of ibuprofen in the dispersed phase decreases from 17 to 14 mg, from 36 to 31 mg, and from 76 to 74 mg after 30 and 60 days. The difference is low and seems due to experimental uncertainties rather than a real release of the ibuprofen. This is confirmed by the slight increase of the mass of ibuprofen remaining in the continuous phase which does not correspond to a real release of the active ingredient. After 30 and 60 days, the percentage of ibuprofen encapsulated remains similar to that initially measured just after preparation (“0 Day”). In other words, after 30 and 60 days, the rate of encapsulation still remains over 99%. These results remain valid for all the ibuprofen concentrations studied here. This confirms unambiguously that the ibuprofen remains encapsulated since the ratio of ibuprofen does not change during the storage during 60 days. The lipophilic behavior of the ibuprofen coupled to the absence of droplets coalescence hinder its diffusion towards the aqueous phase. Ibuprofen is a small molecule. If a space between interfacial particles exists, i.e., a hole in the particle’s physical interfacial barrier, the active ingredient such as ibuprofen can theoretically cross the interface by the means of passive diffusion. For this to occur, it is necessary that: 1) the space between particles actually exist at the particle-laden interface and 2) the absence of supplementary obstacle or barrier created by electrostatic repulsions due to the particle’s charges. The confocal pictures displayed in Figure 1B seems to highlight a full coverage of the interface by the particles with one or more adsorbed layer. The value of logP has also to be considered. The value of logP in our system is equal to 3.51 confirming the low aqueous solubility of ibuprofen. This indicates that only a small amount of ibuprofen will be able to go through the aqueous phase. Even in the presence of a high gradient of concentration, the amount of ibuprofen in water will be relatively low. It is also interesting to note that recent studies showed and postulated that for Pickering emulsions, a stable barrier around emulsions droplets protect encapsulated materials (Haji et al., 2022). In the same spirit, it is evidenced that a dense and rigid solid particles-based network was observed to partition to the interface of the droplets in the Pickering emulsions. In addition, in the present study, we used original non-conventional particles in a sense of « anti-Bancroft ». These non-conventional particles could also create a second lipophilic barrier due to the hydrophobic character of the particles used. This adds a physico-chemical barrier in addition to the physical-barrier due to the solid nature of the particles. Finally, droplets coalescence is also a major cause of the leakage of active ingredients. The coalescence is hindered due to the presence of the particles. This limits even more the possibility of diffusion of ibuprofen inside the water.
TABLE 3 | Repartition of ibuprofen between the dispersed and continuous phases of fresh emulsions (“Day 0”) and after 30, and 60 days of storage loaded with 100, 210 or 420 mg of ibuprofen.
[image: Table comparing the mass of ibuprofen detected in both dispersed and continuous phases, as well as encapsulation percentage, at initial, thirty-day, and sixty-day intervals, across ibuprofen loads of one hundred, two hundred ten, and four hundred twenty milligrams for 11.66 milliliters of emulsion. Data are means with standard deviations. A note below explains that the analyzed volume was used for data comparison and that values represent averages of three samples.]3.4 Behavior of ibuprofen loaded emulsions diluted in different physiological media
In this part, the effect of the dilution of the emulsion in different physiological media at various pH on the emulsion stability and encapsulation stability is discussed. We start with emulsions diluted 100 times in water, and buffers physiological media of pH of 7.4, 6.8 or 1.2. The pH of the ibuprofen loaded Pickering emulsions, containing initially 420 mg of Ibuprofen, diluted 100 times in distilled water or in a physiological media buffer were measured. The pH of water decreases from 5.56 to 4.51 when adding the ibuprofen loaded Pickering emulsion. Conversely, the pH values do not evolve after dilution in physiological media buffer. The final pH after dilution correspond, respectively, to pH = 1.44 ± 0.19, pH = 7.30 ± 0.01, and pH = 6.88 ± 0.08. The same pH were recorded for the 3 ibuprofen contents.
Figure 6 depicts the microscopic images and the droplet size distribution of the emulsions loaded with 100 mg, 210 mg or 420 mg of ibuprofen and diluted 100 times in water or in a buffer physiological media at different pH. For each ibuprofen content, the droplet size distributions are similar regardless of the dilution media. More interestingly, the droplet size distributions correspond well to that obtained with the fresh non-diluted emulsions (Figure 1A). Exposing ibuprofen loaded Pickering emulsions to physiological media with different pH do not impact their average droplet size. The average droplet size of ibuprofen loaded Pickering emulsions is not only unchangeable through time but also when exposed to the physiological media at different pH. This highlights the stability of the emulsion toward dilution in water or physiological media. This confirms that the silica particles do not desorb under dilution or change of pH.
[image: Three panels labeled a, b, and c compare oil droplet diameter distributions at 100 mg, 210 mg, and 420 mg dosages using line charts and microscopy images. Line charts display droplet diameter on a logarithmic scale for emulsions in water and at pH values 7.4, 6.8, and 1.2. Each panel pairs two microscope images showing emulsions in water and at pH=1.2, illustrating visual differences in droplet size and dispersion. Scale bars are present on microscopy images for reference.]FIGURE 6 | (Left) Droplet size distribution of Pickering emulsions diluted 100 times in water (“Eau”) or in a physiological buffer media (pH = 7.4, pH = 6.8, pH = 1.2). (Right) Microscopic images of each emulsion diluted in water or in physiological buffer media at acidic pH of 1.2. Similar pictures are obtained with the physiological buffer media at the other pH (6.8 and 7.4). The emulsions are loaded with (A) 100 mg, (B) 210 mg or (C) 420 mg of ibuprofen.
In the following, the physiological medium at pH 1.2 was selected in order to test the stability of the encapsulation properties of the emulsions under severe conditions. The water is also used as a reference. The content of ibuprofen encapsulated and the partition between the droplets and the continuous phase are followed after dilution in water and physiological media at pH 1.2 during 1 h. The data are displayed in Table 4.
TABLE 4 | Repartition of ibuprofen between the dispersed and continuous phases of Pickering emulsions diluted 100 times in water (“Water”) and in a pH buffer physiological media at pH 1.2 (“pH = 1.2”).
[image: Data table comparing ibuprofen distribution in emulsion formulations at three different total ibuprofen loads: fifty, one hundred two, and two hundred ten milligrams. Values are shown for mass detected in dispersed and continuous phases under water and pH one point two, plus encapsulation percentages. Most ibuprofen remains in the dispersed phase at both conditions, with over ninety-eight percent encapsulation for all samples. Results are averages from three separate emulsion preparations, reported as mean plus or minus standard deviation.]The amount of ibuprofen encapsulated, i.e., the percentage of ibuprofen encapsulated, appears rather close to that obtained with the fresh non-diluted emulsions (Table 2). This is true for the acidic physiological media and water. The rate of encapsulation still remains over 98%. In parallel, the remaining ibuprofen content detected in the continuous phase appears weak and smaller than 1 mg. These results remain valid for the physiological media and water. This confirms unambiguously that the ibuprofen remains encapsulated. This means that the pH or the dilution are not a source of instability or release of ibuprofen. The fact that the rate of encapsulation remains high and constant after 1 h of dilution under stirring in the physiological media and water indicates the absence of early “burst” release which are sometimes encountered with Pickering emulsions due to the porosity and structure of the particles. The absence of release can be explained by the remarkable stability of this non-conventional O/W Pickering emulsions stabilized by partially hydrophobic silica. According to the structure of ibuprofen (pKa = 4.9), the presence of the carboxylic group may add two problems related to the pH: the possible dimer formation through H-bonds between protonated carboxylic group, COOH, and a change in the partition behavior due to the ionization of this group. According to the results, both events seem not to take place here. It is interesting to note that for classical surfactant-stabilized emulsions the behavior is different. The dilution of the emulsion can produce a modification of the repartition of the surfactants and the active ingredient toward the continuous phase. Actually, the surfactant could desorb (Geffroy et al., 2000; He et al., 2015; Sharipova et al., 2017) and favors the emulsion instability and active ingredient release.
The same dilution experiments were performed with emulsions after 30 days and 60 days (data not shown). Similarly to that obtain with the fresh emulsions, the dilution in the physiological media at different pH does not modify the droplets average size, the droplet size distribution, and the encapsulation efficiency. This confirms the high stability of the emulsion and the encapsulation during dilution and in physiological media at different pH even for aged emulsions.
It was not relevant to perform rheology experiments with the diluted emulsions because the data cannot be directly compared to those of the fresh non-diluted emulsions since the viscosity of an emulsion depends significantly on the dispersed phase volume fraction (Derkach, 2009; Velandia et al., 2021). To tackle this issue and have a constant dispersed phase volume while varying the pH, the emulsions were directly prepared with the buffer solution which contained the silica particles. It was decided to only prepare one type of emulsion for which the continuous phase was constituted of the buffer physiological medium at pH 1.2. The rheograms (viscosity as a function of the shear rate) of the unloaded emulsion and emulsions loaded with 100 mg, 210 mg, and 420 mg are reported in Figure 7 (“Buffer pH 1.2”). The data obtained with the same emulsions prepared with water are also inserted in the figure for sake of comparison (“Classical Emulsion”).
[image: Four-panel scientific figure showing viscosity versus shear rate for classical emulsion and buffer at pH 1.2, with panels labeled (a) 0 mg, (b) 100 mg, (c) 210 mg, and (d) 420 mg. Each plot includes two data sets, with open circles for classical emulsion and yellow dots for buffer pH 1.2. Viscosity decreases with increasing shear rate in all panels, with differences becoming more pronounced at higher concentrations.]FIGURE 7 | Comparison of flow behavior of the emulsions prepared with the particles dispersed in water (“Classical Emulsion”) and those directly prepared with the buffer solution at pH 1.2 (“Buffer pH 1.2,” particles dispersed in the buffer physiological medium at pH 1.2). The emulsions are loaded with (A) 0 mg, (B) 100 mg, (C) 210 mg or (D) 420 mg of ibuprofen. Results are presented as mean of 3 independent emulsions.
The trend of the flow curves (viscosity vs shear rate) of the classical emulsions and those prepared in a buffer medium at acidic pH are similar. The values of the viscosity are quite close at low shear rates while a larger difference occurs at high shear rates. Since the viscosity at high shear rates is related to the viscosity of the continuous phase, it can be observed that the acidic buffered continuous phase is less viscous and more fluidic than the water continuous phase. In addition, the absence of significant difference of viscosity at small shear rates indicates that the structuration and organization of the droplets inside the emulsion is not affected by the acidic buffer.
4 CONCLUSION
For the first time, non-conventional anti-Bancroft O/W Pickering emulsions were used as platform to encapsulate an apolar active ingredient. A high internal dispersed-phase volume of 50% of paraffin oil was employed in the presence of 0.5 wt% of partially hydrophobized silica particles. The weak silica concentration allowed to avoid excess of particles inside the continuous phase. The larger amount of dispersed phase aimed to encapsulate high amounts of ibuprofen used as model active ingredients. Three amounts of hydrophobic ibuprofen ranging from 100 mg (1.6 mg/mL of paraffin) to 420 mg (6 mg/mL of paraffin) have been studied.
The confocal images indicated that the majority of silica was adsorbed at the interface of the droplets and that only a weak amount remained in the continuous phase. In the presence of ibuprofen, the O/W interfacial tension decreased to 25 mN/m and produced concentrated emulsions of droplets of diameter of 30 µm lower than in absence of ibuprofen (40 µm). High ibuprofen loadings were obtained with encapsulation rates of 99%. The ibuprofen concentration had a slight impact on the viscosity of the emulsions.
The emulsions remained stable during 90 days. The encapsulation of increasing dose of ibuprofen had no impact on the emulsion stability. During this period, the ibuprofen remained encapsulated inside the droplets. The flow curves indicated that the emulsions became more fluid with time due to a change of the structure and organization of the droplets with time. The effect of the dilution of the emulsion in different physiological media was also evaluated. No variation of the droplet size distribution could be detected for all the pH and media. The size of the droplets was similar to that of the non-diluted emulsions. The emulsions displayed high stability toward dilution and pH. The ibuprofen remained encapsulated after 1 h of dilution under stirring indicating the absence of early burst release of the active ingredient.
Future studies will aim to demonstrate that the same system can be used with water/paraffin oil/silica reverse emulsions in order to encapsulate polar active ingredients such as insulin. This will pave the way for a platform for encapsulation based on paraffin oil, water and partially hydrophobic silica. This will be possible due to the versatility of this silica for the formulation of direct O/W and reverse O/W emulsions.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
DR: Conceptualization, Formal Analysis, Investigation, Methodology, Validation, Writing–original draft. AS-M: Data curation, Funding acquisition, Project administration, Resources, Supervision, Validation, Writing–review and editing. PM: Data curation, Formal Analysis, Methodology, Writing–review and editing. MP: Data curation, Methodology, Writing–review and editing. VS: Project administration, Supervision, Writing–review and editing. TR-C: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Project administration, Supervision, Validation, Visualization, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.
ACKNOWLEDGMENTS
We would like to thank Frédérick Niepceron and Lazhar Benyahia [Institut des Molécules et Matériaux du Mans (IMMM), Le Mans Université] for their help during the confocal microscopy measurements. The authors thank Thomas Chaigneau (Université de Lorraine, CITHEFOR) for his help during the HPLC measurements.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

REFERENCES
	 Akhlaghi, N., Riahi, S., and Parvaneh, R. (2021). Interfacial tension behavior of a nonionic surfactant in oil/water system; salinity, pH, temperature, and ionic strength effects. J. Petroleum Sci. Eng. 198, 108177. doi:10.1016/j.petrol.2020.108177
	 Binks, B. P., and Lumsdon, S. O. (2000). Influence of particle wettability on the type and stability of surfactant-free emulsions. Langmuir 16, 8622–8631. doi:10.1021/la000189s
	 Biswal, N. R., and Singh, J. K. (2016). Interfacial behavior of nonionic Tween 20 surfactant at oil–water interfaces in the presence of different types of nanoparticles. RSC Adv. 6, 113307–113314. doi:10.1039/C6RA23093H
	 Dekker, R. I., Velandia, S. F., Kibbelaar, H. V. M., Morcy, A., Sadtler, V., Roques-Carmes, T., et al. (2023). Is there a difference between surfactant-stabilised and Pickering emulsions?Soft Matter 19, 1941–1951. doi:10.1039/D2SM01375D
	 Derkach, S. R. (2009). Rheology of emulsions. Adv. Colloid Interface Sci. 151, 1–23. doi:10.1016/j.cis.2009.07.001
	 Ditzinger, F., Price, D. J., Ilie, A.-R., Kohl, N. J., Jankovic, S., Tsakiridou, G., et al. (2019). Lipophilicity and hydrophobicity considerations in bio-enabling oral formulations approaches – a PEARRL review. J. Pharm. Pharmacol. 71, 464–482. doi:10.1111/jphp.12984
	 Felix, M., Guerrero, A., and Carrera-Sánchez, C. (2022). Optimization of multiple W1/O/W2 emulsions processing for suitable stability and encapsulation efficiency. Foods 11, 1367. doi:10.3390/foods11091367
	 Fernandez-Rodriguez, M. A., Ramos, J., Isa, L., Rodriguez-Valverde, M. A., Cabrerizo-Vilchez, M. A., and Hidalgo-Alvarez, R. (2015). Interfacial activity and contact angle of homogeneous, functionalized, and Janus nanoparticles at the water/decane interface. Langmuir 31 (32), 8818–8823. doi:10.1021/acs.langmuir.5b02137
	 Frelichowska, J., Bolzinger, M. A., Pelletier, J., Valour, J. P., and Chevalier, Y. (2009). Topical delivery of lipophilic drugs from o/w Pickering emulsions. Int. J. Pharm. 371, 56–63. doi:10.1016/j.ijpharm.2008.12.017
	 Geffroy, C., Cohen Stuart, M. A., Wong, K., Cabane, B., and Bergeron, V. (2000). Adsorption of nonionic surfactants onto polystyrene: kinetics and reversibility. Langmuir 16, 6422–6430. doi:10.1021/la0000769
	 Gonzalez Ortiz, D., Pochat-Bohatier, C., Cambedouzou, J., Bechelany, M., and Miele, P. (2020). Current trends in Pickering emulsions: particle morphology and applications. Engineering 6, 468–482. doi:10.1016/j.eng.2019.08.017
	 Haji, F., Cheon, J., Baek, J., Wang, Q., and Tam, K. C. (2022). Application of Pickering emulsions in probiotic encapsulation- A review. Curr. Res. Food Sci. 5, 1603–1615. doi:10.1016/j.crfs.2022.09.013
	 Harman, C. L. G., Patel, M. A., Guldin, S., and Davies, G. L. (2019). Recent developments in Pickering emulsions for biomedical applications. Curr. Opin. Colloid & Interface Sci. 39, 173–189. doi:10.1016/j.cocis.2019.01.017
	 He, Y., Yazhgur, P., Salonen, A., and Langevin, D. (2015). Adsorption-desorption kinetics of surfactants at liquid surfaces. Adv. Colloid Interface Sci. 222, 377–384. doi:10.1016/j.cis.2014.09.002
	 Jaber, A., Roques-Carmes, T., Marchal, P., Hamieh, T., and Benyahia, L. (2022). Interfacial viscoelastic moduli in a weak gel. J. Colloid Interface Sci. 622, 126–134. doi:10.1016/j.jcis.2022.04.047
	 Jiang, X., Liu, M., Li, X., Wang, L., Liang, S., and Guo, X. (2021). Effects of surfactant and hydrophobic nanoparticles on the crude oil-water interfacial tension. Energies 14, 6234. doi:10.3390/en14196234
	 Li, Z., and Yu, D. (2023). Controlled ibuprofen release from Pickering emulsions stabilized by pH-responsive cellulose-based nanofibrils. Int. J. Biol. Macromol. 242, 124942. doi:10.1016/j.ijbiomac.2023.124942
	 Mao, Q., Li, M., Zhang, S., Zhang, X., He, G., and Zhang, W. (2020). Chitosan-hydrophobic alginate nanocomposites stabilized pH-triggered Pickering emulsion for drug controlled-release. Int. J. Biol. Macromol. 162, 1888–1896. doi:10.1016/j.ijbiomac.2020.08.092
	 Powell, K. C., and Chauhan, A. (2016). Dynamic interfacial tension and dilational rheology of dispersant Corexit 9500. Colloids Surfaces A Physicochem. Eng. Aspects 497, 352–361. doi:10.1016/j.colsurfa.2016.03.009
	 Ramos, D. M., Sadtler, V., Marchal, P., Lemaitre, C., Benyahia, L., and Roques-Carmes, T. (2021). Insight into the emulsification process effect on particles distribution in Pickering emulsions: a series of rheological and gravimetric tests. Chem. Eng. Trans. 86, 1291–1296. doi:10.3303/CET2186216
	 Ramos, D. M., Sadtler, V., Marchal, P., Lemaitre, C., Benyahia, L., and Roques-Carmes, T. (2023b). Properties of non-conventional direct O/W Pickering emulsions stabilized by partially hydrophobic silica particles controlled by rotor-stator or ultrasonic emulsification. Colloids Surfaces A Physicochem. Eng. Aspects 673, 131782. doi:10.1016/j.colsurfa.2023.131782
	 Ramos, D. M., Sadtler, V., Marchal, P., Lemaitre, C., Niepceron, F., Benyahia, L., et al. (2023a). Particles’ organization in direct oil-in-water and reverse water-in-oil Pickering emulsions. Nanomaterials 13, 371. doi:10.3390/nano13030371
	 Rangel-Yagui, C. O., Pessoa, A., and Tavares, L. C. (2005). Micellar solubilization of drugs. J. Pharm. Pharm. Sci. 8, 147–165.
	 Repka, D., Kurillová, A., Murtaja, Y., and Lapcík, L. Y. (2023). Application of physical-chemical approaches for encapsulation of active substances in pharmaceutical and food industries. Foods 12, 2189. doi:10.3390/foods12112189
	 Roques-Carmes, T., Gigante, A., Commenge, J.-M., and Corbel, S. (2009). Use of surfactants to reduce the driving voltage of switchable optical elements based on electrowetting. Langmuir 25, 12771–12779. doi:10.1021/la900882h
	 Roques-Carmes, T., Velandia, S. F., Ramos, D., Lemaître, C., Sadtler, V., and Marchal, P. (2022). “Chemical product design methodology applied to Pickering emulsions,” in Advances in chemistry research ed . Editor J. C. Taylor (New York, NY: Nova Science Publishers, Inc.), Vol. 73, 221–240. 
	 Sharipova, A. A., Aidarova, S. B., Mutaliyeva, B. Z., Babayev, A. A., Issakhov, M., Issayeva, A. B., et al. (2017). The use of polymer and surfactants for the microencapsulation and emulsion stabilization. Colloids Interfaces 1 (1), 3. doi:10.3390/colloids1010003
	 Simovic, S., Hui, H., Song, Y., Davey, A. K., Rades, T., and Prestidge, C. A. (2010). An oral delivery system for indomethicin engineered from cationic lipid emulsions and silica nanoparticles. J. Control. Release 143, 367–373. doi:10.1016/j.jconrel.2010.01.008
	 Stauffer, F., Peter, B., Alem, H., Funfschilling, D., Dumas, N., Serra, C., et al. (2019). Polyelectrolytes layer-by-layer surface modification of PDMS microchips for the production of simple O/W and double W/O/W emulsions: from global to localized treatment. Chem. Eng. Process. - Process Intensif. 146, 107685. doi:10.1016/j.cep.2019.107685
	 Sun, Z., Yan, X., Xiao, Y., Hu, L., Eggersdorfer, M., Chen, D., et al. (2022). Pickering emulsions stabilized by colloidal surfactants: role of solid particles. Particuology 64, 153–163. doi:10.1016/j.partic.2021.06.004
	 Sy, P. M., Anton, N., Idoux-Gillet, Y., Dieng, S. M., Messaddeq, N., Ennahar, S., et al. (2018). Pickering nano-emulsion as a nanocarrier for pH-triggered drug release. Int. J. Pharm. 549, 299–305. doi:10.1016/j.ijpharm.2018.07.066
	 Tai, Z., Huang, Y., Zhu, Q., Wu, W., Yi, T., Chen, Z., et al. (2020). Utility of Pickering emulsions in improved oral drug delivery. Drug Discov. Today 25, 2038–2045. doi:10.1016/j.drudis.2020.09.012
	 Tikekar, R. V., Pan, Y., and Nitin, N. (2013). Fate of curcumin encapsulated in silica nanoparticle stabilized Pickering emulsion during storage and simulated digestion. Food Res. Int. 51, 370–377. doi:10.1016/j.foodres.2012.12.027
	 Velandia, S. F., Marchal, P., Lemaitre, C., Sadtler, V., and Roques-Carmes, T. (2021). Evaluation of the repartition of the particles in Pickering emulsions in relation with their rheological properties. J. Colloid Interface Sci. 589, 286–297. doi:10.1016/j.jcis.2021.01.005
	 Velandia, S. F., Marchal, P., Sadtler, V., Arnoux, P., Bonn, D., and Roques-Carmes, T. (2025). Globular proteins as Pickering emulsion stabilizers: particles or surfactants?Colloids Surfaces A Physicochem. Eng. Aspects 704, 135469. doi:10.1016/j.colsurfa.2024.135469
	 Wang, X., Collot, M., Omran, Z., Vandamme, T. F., Klymchenko, A., and Anton, N. (2020). Further insights into release mechanisms from nano-emulsions assessed by a simple fluorescence-based method. J. Colloid Interface Sci. 578, 768–778. doi:10.1016/j.jcis.2020.06.028
	 Yaakov, N., Kottakota, C., Mani, K. A., Naftali, S. M., Zelinger, E., Davidovitz, M., et al. (2022). Encapsulation of Bacillus thuringiensis in an inverse Pickering emulsion for pest control applications. Colloids Surfaces B Biointerfaces 213, 112427. doi:10.1016/j.colsurfb.2022.112427
	 Yan, C., and Kim, S. R. (2024). Microencapsulation for pharmaceutical applications: a Review. ACS Appl. Bio Mater. 7, 692–710. doi:10.1021/acsabm.3c00776
	 Yan, N., Gray, M. R., and Masliyah, J. H. (2001). On water-in-oil emulsions stabilized by fine solids. Colloids Surfaces A Physicochem. Eng. Aspects 193, 97–107. doi:10.1016/S0927-7757(01)00748-8
	 Zabot, G. L., Schaefer Rodrigues, F., Polano Ody, L., Vinícius Tres, M., Herrera, E., Palacin, H., et al. (2022). Encapsulation of bioactive compounds for food and agricultural applications. Polymers 14, 4194. doi:10.3390/polym14194194
	 Zanini, M., Marschelke, C., Svelostav, S. E., Marini, E., Synytska, A., and Isa, L. (2017). Universal emulsion stabilisation from the arrested adsorption rough particles at liquid-liquid interfaces. Nat. Commun. 8, 15701. doi:10.1038/ncomms15701
	 Zhang, Y., Wang, S., Zhou, J., Zhao, R., Benz, G., Tcheimou, S., et al. (2017). Interfacial activity of nonamphiphilic particles in fluid–fluid interfaces. Langmuir 33, 4511–4519. doi:10.1021/acs.langmuir.7b00599

Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2024 Ramos, Sapin-Minet, Marchal, Parent, Sadtler and Roques-Carmes. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 31 January 2025
doi: 10.3389/frcdi.2025.1527060


[image: image2]
Thermodynamic and kinetics considerations in the competition between the dye regeneration and the recombination process in dye-sensitized solar cells
Mauricio Ávila and María Fernanda Cerdá*
Laboratorio de Biomateriales, Instituto de Química Biológica, Facultad de Ciencias UdelaR, Montevideo, Uruguay
Edited by:
Jose L. Endrino, Loyola Andalusia University, Spain
Reviewed by:
Nesimi Uludag, Namik Kemal University, Türkiye
Ely Dannier Valbuena Niño, Fundación of Researchers in Science and Technology of Materials, Colombia
* Correspondence: María Fernanda Cerdá, fcerda@fcien.edu.uy
Received: 12 November 2024
Accepted: 09 January 2025
Published: 31 January 2025
Citation: Ávila M and Cerdá MF (2025) Thermodynamic and kinetics considerations in the competition between the dye regeneration and the recombination process in dye-sensitized solar cells. Front. Coat. Dyes Interface Eng. 3:1527060. doi: 10.3389/frcdi.2025.1527060

Dye-sensitized solar cells comprise a fluorine doped tin oxide/titanium dioxide photoanode and a counter electrode of fluorine doped tin oxide covered with a catalytic material arranged in a sandwich configuration. Many processes take place inside a dye-sensitized solar cell. However, two involve the redox couple contained in the electrolyte solution: the dye regeneration and the recombination. While the first is a desired path, the latter impacts the power conversion efficiency of the cells, decreasing the measured values. In this work, iodine-based couples are evaluated using cyclic voltammetric measurements, and their behaviour is compared with two commercial electrolytes widely used in dye-sensitized solar cells, particularly when sensitized with natural dyes. Different experimental conditions, such as cell configurations and electrode materials, were adopted to understand the thermodynamics of the competitive electron transfer processes mentioned above.
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1 INTRODUCTION
Dye-sensitized solar cells (DSSC) were reported for the first time in the 90’s, followed by explosive attention from several research groups and generating thousands of reports (O’Regan and Grätzel, 1991; Bisquert et al., 2004; Boschloo, 2019; Zhang et al., 2021; Zou et al., 2022; Khan et al., 2023; Ren et al., 2023; Montagni et al., 2024; Spadaro et al., 2024). After reaching power conversion efficiencies comparable to or higher than those obtained from silicon-traditional ones (Hamed et al., 2017; Sharma et al., 2018; Ferdowsi et al., 2020; Francis and Ikenna, 2021; Baby et al., 2022; Ren et al., 2023; Korir et al., 2024), the attention about the topic focused around the particular characteristics of DSSC and their related fields of applications (Dai et al., 2008; Aslam et al., 2020; Devadiga et al., 2021; Hyun et al., 2022; Barichello et al., 2024; Chandra Sil et al., 2020). Many companies around the world offer their products in the Market, with some of them responsible for the inclusion of DSSC in buildings such as the Swiss Convention Center of Lausanne, the Science Tower in Austria or the Solar Pavilion at Roskilde University in Denmark (Barichello et al., 2024).
DSSC are sandwich cells with two flat electrodes of conductive glass as FTO (Fluorine-doped Tin Oxide). One is the photoanode, composed of nanostructured mesoporous titanium dioxide (TiO2) deposited onto the FTO and dyes adsorbed onto its surface, whereas the counter consists typically of an FTO/platinum (Pt) electrode (Uludag et al., 2018). Between them, an electrolyte containing a redox couple is placed. The working principle involves electron generation and transfer after the sunlight reaches the dye. When the light reaches the dye, electrons are promoted from the HOMO (Highest Occupied Molecular Orbital) to the LUMO (Lowest Unoccupied Molecular Orbital) orbital of the pigment. Then, electron transference to the TiO2 occurs according to the thermodynamic balance between the semiconductor’s LUMO potential and the Fermi potential. Then, electrons are transferred to the FTO surface, and they move to the counter FTO/Pt electrode, where they are caught by the redox iodine-related couple. The cycle finishes when the oxidized form of the dye is regenerated by the redox couple of the electrolyte (Jasim, 2011; Jiao et al., 2011; Sharma et al., 2018; Muñoz-García et al., 2021).
The dyes must completely fit several characteristics to be applied as sensitizers (Alhmed et al., 2012; Basheer et al., 2014; Shalini et al., 2016; Arifin et al., 2017; Semalti and Sharma, 2020; Sen et al., 2023). Among them, the dye has to reach an adequate redox potential to ensure the regeneration of the oxidized form of the dye by a couple of the electrolytes (Daeneke et al., 2012; Jeon et al., 2014; Masud, 2023). Several redox couples have been reported to be used in the electrolytes of the DSSC (Boschloo and Hagfeldt, 2009; Ates et al., 2012; Sun et al., 2015; Zhou et al., 2020). The iodide/triiodide ([image: Mathematical expression showing capital letter I raised to the power of negative one, divided by capital letter I subscript three.]) redox is widely used, giving still the most stable and efficient DSCC (Popov and Deskin, 1958; Dané et al., 1968; Baucke et al., 1971; Stanbury et al., 1980; Stanbury, 1989; Wang and Stanbury, 2006; Boschloo and Hagfeldt, 2009; Yanagida et al., 2009; Robson et al., 2012; Dhonde et al., 2022). This couple shows many favourable characteristics, i.e., good solubility and suitable redox potential, providing rapid dye regeneration. The couple also has very slow recombination kinetics with the electrons in TiO2 (Boschloo et al., 2011). But which electron exchanges are involved inside a DSSC? The iodine/iodide system is very complex, and several couples can be considered. Generally, the oxidizing redox potential associated with the dye is around 1 V, and different iodine-related species can be regarded to ensure an adequate energy balance inside the DSSC. The iodide system has been widely evaluated, several couples have been reported, and many reports are based on the use of electrocatalytic materials such as platinum or gold (Rodriguez and Soriaga, 1988).
This work reports the complete voltammetric evaluation of the different iodine-related species involved in different redox potentials. Different electrolytes and electrode materials are applied. Also, two of the most utilized electrolytes when using natural sensitizers are characterized. Which couples are involved in dye’s regeneration? Are all iodine-related species suitable to ensure this regeneration? To answer these questions, thermodynamics and kinetics considerations will be addressed here.
2 MATERIALS AND METHODS
All reagents were used as received from commercial sources. Experiments were carried out using a Metrohm µStat-i 400 s Potentiostat. The voltammetric profiles of the systems were evaluated in two different supporting electrolytes: acetonitrile solution with 0.04 M tetramethylammonium perchlorate (C4H12NClO4) and in aqueous 0.1 M sodium perchlorate (NaClO4), in MilliQ 18.2 MΩ water. Voltammetric measurements were carried out in 1- a one-compartment conic cell, using a polycrystalline gold disc (Au-pc, 3 mm diameter) as working electrode, FTO or FTO/TiO2 electrodes (0.77 cm2 geometric area), a Pt sheet as counter electrode and a calomel saturated electrode (SCE) as the reference; and 2- using screen-printed gold electrodes (Dropsens/Metrohm, 220BT and ITO10). When using screen-printed electrodes, also two different methodologies were applied: the traditional drop-mode (SPD) (Morrin et al., 2003; García-Miranda et al., 2021; Wang et al., 2022; Kelíšková et al., 2023) and the thin-layer mode (SPTL) (Hubbard, 1969; Botasini et al., 2016; Tanner and Compton, 2018; Marzouk et al., 2021). For the last one, a cover glass is deposited onto the screen-printed electrode where the drop is deposited, and the “sandwich” is pressed with office clips.
Different electrochemical routines were applied: (a) cyclic voltammetry run at scan rates v varying between 0.01 V s−1 and 0.05 V s−1 from a cathodic switching potential Ec to an anodic switching potential Ea, and (b) repetitive triangular potential scans at v = 0.05 V s−1 with either constant Ec and gradual changes of Ea or constant Ea and gradual changes of Ec. The ferrocene/ferrocenium (Fc/Fc+) redox couple in acetonitrile solutions and the ferrocyanide/ferricyanide ([Fe(CN)6]3−/([Fe(CN)6]4−) redox couple in aqueous solutions were utilized to assess the value of the reference electrode when using the screen-printed ones. To evaluate the redox couples, 1 mM potassium iodide (KI) solutions in the supporting electrolytes were analyzed.
Finally, two electrolytes applied in DSSC were evaluated: iodolyte AN50(R) (Solaronix, 50 mM 1,2-dimethyl-3-propylimidazolium iodide in acetonitrile) and one named “ACVAL” (Lithium iodide, LiI, 0.8 M + iodine, I2, 0.05 M in a mixture 85/15 acetonitrile/valeronitrile). These two commercial electrolyte solutions were diluted with acetonitrile to get a final concentration of 1 mM in iodide and to compare the results with those obtained from the 1 mM KI solutions.
All potentials in the text are referred to the normal hydrogen electrode (NHE).
3 RESULTS AND DISCUSSION
As explained above, measured potentials were corrected using a redox couple as a reference. The potential values presented in this section are all reported against the NHE.
Many processes take place inside a DSSC. However, two involve the redox couple contained in the electrolyte solution: the dye regeneration and the recombination processes (i.e., the electron transfer from the TiO2 to the couple or even back to the dye). While the first is a desired path, the latter impacts the power conversion efficiency (PCE) of the DSSC, decreasing the measured values.
This work used different experimental conditions, such as cell configurations and electrode materials, to understand the thermodynamics of the two-electron processes mentioned above. With a sandwich configuration, a DSSC comprises an FTO/TiO2 photoanode, a counter electrode made of FTO, and a catalytic material. For this reason, the iodine-related couples were evaluated using both electrode materials.
3.1 Cyclic voltammetric studies
The evaluation of 1 mM iodide solutions in the supporting electrolyte (0.1 M NaClO4 aqueous or 0.04 M C4H12NClO4 in acetonitrile) were performed under different experimental conditions and using Au-pc, FTO or ITO and FTO/TiO2 electrodes. Different routines and types of electrochemical cells were applied (i.e., conic in a conventional 3-electrodes disposition, screen-printed traditional drop-mode, SPD, and screen-printed under thin-layer mode, SPTL). The main experimental data obtained from the voltammetric profiles are displayed in Table 1, and displayed in Figures 1, 2.
TABLE 1 | Main anodic (Ean) and cathodic (Ecat) intensity current peaks, a-obtained from different applied routines in 1 mM KI solutions in the supporting electrolyte (0.1 M NaClO4) using a conventional 3-electrodes disposition (conic) (upper part); b-obtained from different applied routines in 1 mM KI solutions in the supporting electrolyte (0.04 M C4H12NClO4 in acetonitrile) (lower part). Related anodic and cathodic peaks are listed in the same line.
[image: Data table with two electrolyte types, 0.1 M NaClO₄ (aqueous) and acetonitrile, listing anodic and cathodic potentials for Au-pc and FTO/TiO₂ electrodes, corresponding reported couples such as I₃⁻/I₂⁻, and a numbered column.][image: Three cyclic voltammetry line graphs compare current versus potential for different materials in potassium iodide and sodium perchlorate electrolytes. Panel (a) compares Au–pc electrode in KI and spqt, (b) compares FTO electrode in KI and spqt, and (c) compares TiO2–FTO in KI and spqt. Each panel shows higher current and larger peaks for KI, indicating increased electrochemical activity.]FIGURE 1 | Cyclic voltammetric profiles recorded in 1 mM KI in aqueous media solutions (supporting electrolyte 0.1 M [image: Text reads “NaClO4” using standard chemical notation with sodium, chlorine, one oxygen atom, and a subscript four indicating four oxygen atoms. Refers to sodium perchlorate.]) performed in a one-compartment conic cell, measured using as working electrodes (A) Au-pc, (B) FTO and (C) [image: Chemical formula TiO₂ showing one titanium atom and two oxygen atoms, with the number two written as a subscript to indicate stoichiometry in the compound titanium dioxide.]/FTO. v = 0.050 Vs-1. Black lines: 1 mM KI solutions, red lines: supporting electrolyte (sprt).
[image: Three line graphs labeled (a), (b), and (c) show current versus potential for different electrode and solution combinations. Each graph has two colored lines comparing KI/Acetonitrile and spent Acetonitrile. Legends clarify experimental conditions.]FIGURE 2 | Cyclic voltammetric profiles recorded in 1 mM KI in acetonitrile solutions (supporting electrolyte 0.04 M [image: Molecular formula C4H12NClO4 is presented in plain black text with subscripts indicating four carbons, twelve hydrogens, one nitrogen, one chlorine, and four oxygens.]) performed in a one-compartment conic cell, measured using as working electrodes (A) Au-pc, (B) FTO and (C) [image: Chemical formula "TiO₂" with a subscript two, representing titanium dioxide.]/FTO. v = 0.050 Vs-1. Black lines: 1 mM KI solutions, red lines: supporting electrolyte (sprt).
Voltammetric profiles displayed in Figures 1, 2 showed the presence of several anodic and cathodic contributions, where the reasonable assignation to the iodine-based couples was made according to the literature (Kolthoff and Coetzee, 1957; Rodriguez and Soriaga, 1988; Boschloo and Hagfeldt, 2009). It is essential to clarify that data from the literature are not always coincident, so the measured redox couples and intensity current peaks were assigned considering this dispersion in the reported data. Nevertheless, this situation didn`t affect our calculations and thermodynamics considerations.
Working with a traditional 3-electrode configuration in a conic cell, observing and identifying two reversible redox couples, among other intensity current contributions, was possible (Figures 1, 2). When working with screen-printed electrodes (SPD), the separation between the anodic and the related cathodic counter peak increased. Additionally, an essential improvement in the peak definition was observed when working with screen-printed electrodes but adopting a sandwich configuration (SPTL). The redox couples and the anodic and cathodic contributions were assigned to the reported iodine-based couples as shown in Table 1.
The electrode material is an essential point to consider. Most reported cases of iodine-containing couples are detected using a catalytic material such as gold. However, using FTO or FTO/TiO2 electrodes, only a few redox reactions were detected. Are these differences relevant? It could be, considering the DSSC constitution. The counter electrode of the DSSC offers a surface where many iodide-related species can be generated and, therefore, are available for the oxidized form of the dye (D+). Then, the D+ would have many ways of recovering the lost electrons. Besides, only some of the iodine species are available on the titania surface to allow recombination. The thermodynamics of the processes will be further discussed in Section 3.2.
Voltammetric analyses of two of the most utilized iodine-based electrolytes were also performed (Figures 3, 4). In this case, 1 mM iodide-containing solutions were evaluated. Almost the same features as those observed when working with pure iodide salts were observed, as observed in Table 2. However, fewer redox couples involving iodine species are detected, and redox potential values are lower. As discussed in the following section, this does not affect the thermodynamic considerations associated with the DSSC operation.
[image: Figure a shows a current versus potential line graph for Au-pc AN50 in AcCN, with current ranging from negative one hundred to three hundred microamperes over a potential range of zero point two to one point eight volts. Figure b displays a similar graph for Au-pc AN50 in AcCN with TFCV, showing current from negative forty to forty microamperes across negative zero point two to one point two volts. Both plots illustrate electrochemical behavior differences between the two solvent conditions.]FIGURE 3 | Cyclic voltammetric profiles of Au-pc recorded in Iodolyte AN50 electrolyte diluted in acetonitrile (final iodide estimated concentration 1 mM) using two different cells configuration: (A) SPD (screen-printed electrodes inside a conic cell), v = 0.050 Vs-1, and (B) SPTL (screen-printed electrodes following a thin-film configuration), v = 0.010 Vs-1.
[image: Two line graphs compare current versus potential for Au−pc ACVAL AcCN under different conditions. Graph (a) shows current ranging from about negative two hundred to two hundred microamperes, while graph (b) shows a range from negative twenty to twenty microamperes with more pronounced fluctuations. Both use potential versus NHE (volts) on the x-axis. Chart types are line graphs illustrating electrochemical behavior.]FIGURE 4 | Cyclic voltammetric profiles of Au-pc recorded in the ACVAL electrolyte diluted in acetonitrile (final iodide estimated concentration 1 mM) using two different cells configuration: (A) SPD (screen-printed electrodes inside a conic cell), v = 0.050 Vs-1, and (B) SPTL (screen-printed electrodes following a thin-film configuration), v = 0.010 Vs-1.
TABLE 2 | Main anodic (Ean) and cathodic (Ecat) intensity current peaks, obtained either from conventional conic cell three-electrode system cyclic voltammetry (left) or screen-printed thin-film cyclic voltammetry (right) using commercial Solaronix Iodolyte AN50 (upper part) or ACVAL electrolyte (lower part).
[image: Data table comparing electrochemical values for electrolytes AN50 and ACVAL. Columns list E_an/V and E_cat/V for Au-pc/conic and Au-pc/SPTL electrodes, reported couples, and corresponding Roman numeral identifiers.]3.2 Thermodynamics of the dye regeneration and the recombination processes
When the sunlight inside the DSSC surface, the following processes occur (Nazeeruddin et al., 2011):
[image: Chemical equation showing D plus h nu yields excited state D*, labeled as equation one.]
[image: Mathematical equation showing D plus TiO2 yields e of TiO2 plus D star, labeled as equation two.]
Then, under the influence of the light, and as shown in Equations 1, 2, two species are generated: an oxidized form of the dye (with avidity to recover the lost electrons) and an enriched titania (with available electrons to further transferences). At this point, the electrons can be transferred from the titania to the FTO following the desired path for a working DSSC, or the electrons can be transferred to the redox couple of the electrolyte or even back to the oxidized form of the dye. The latter are known as recombination processes, and due to their existence, the PCE of the DSSC is affected and, thus, lowered. The redox couple dissolved in the electrolyte (typically iodide/triiodide, [image: Mathematical expression showing I superscript minus divided by I subscript three.]) must reduce the oxidized dye to regenerate the resting dye. During DSSC operation, the kinetics of dye regeneration must occur rapidly to minimize undesirable charge recombination between the hole state of the D+ and the electron state in the conduction band of TiO2.
From an energetic point of view, the potential of the cell reaction composed of an oxidation and a reduction pair has to be positive to ensure the electron transfer between the involved pairs.
For the regeneration of the dye (reg), we can consider many options, considering the generated species onto a catalytic material as the electrode surface of the counter electrode of the DSSC.
The energetic balance, in this case, can be expressed as follows as shown in Equation 3 (Bard and Faulkner, 2000):
[image: Mathematical expression showing E_sub_reg equals E_sub_type minus E_sub_couple, labeled as equation three in parentheses.]
Where the D+ receives the electrons transferred by the iodine couples.
From all the dyes reported in the literature as suitable sensitizers, only those from natural resources previously evaluated for our group will be considered (Table 3) (Cerdá, 2022; Montagni et al., 2024).
TABLE 3 | Potential peak values for the main anodic intensity current peaks reported for the most abundant natural dyes (Cerdá, 2022).
[image: Table comparing anodic potential values versus normal hydrogen electrode for four dyes: anthocyanins at 1.30 volts, carotenoids at 1.40 volts, phycobiliproteins at 1.40 volts, and violacein at 1.20 volts.]When Equation 3 is applied for an average value of 1.3 V:
[image: Mathematical equation showing E subscript reg equals 1.30 minus E subscript couple.]
In this situation, the dye behaves as an oxidant and, therefore, is reduced, and the iodine-based couple gives the electrons to the dye. Considering the measured cathodic potentials in Table 1, a calculated positive value for the Etotal (referring to the balance between the redox potential of the pair containing the molecule that is oxidized and the potential of the pair with the species that is reduced) is obtained for all iodine redox couples from II to IV. Then, undoubtedly, the dye could be regenerated considering the existence of a catalytic surface inside the DSSC, allowing the formation of the couples.
[image: Mathematical equation showing E_{ring} equals 1.30 minus E_{couple, cathode, (II)}, with numerical substitution 1.30 minus 0.37 equals 0.93 volts.]
[image: Equation shows E cell equals 1.30 minus E complex cathode III, with values substituted as 1.30 minus 0.73 equals 0.57 volts.]
[image: Mathematical equation showing E cell is equal to one point three zero minus E cathode and equals zero point three four volts.]
The involved reactions would be:
For the dye (Equation 4):
[image: Chemical equation showing D plus e superscript minus yields D, labeled as equation four.]
While for the iodine-based couples (Equations 5–8):
[image: Chemical equation showing molecular iodide ion decomposing into iodine molecule and two electrons, represented as I2 minus yields I2 plus two e minus, labeled equation five.]
[image: Chemical equation showing three iodide ions react to form one triiodide ion and two electrons, labeled as equation six in parentheses.]
[image: Chemical equation showing two iodide ions forming three iodine molecules and two electrons, labeled as equation seven.]
[image: Chemical equation showing two iodide ions yielding one iodine molecule and two electrons; equation is labeled as equation eight.]
A different situation occurs on the FTO/TiO2 surface. After the dye adsorption, many spots on the semiconductor surface remain uncovered or naked. This means that iodine species can reach these naked spots and receive electrons from the titania in the recombination (recomb) process. In this case, the balance will be as shown in Equation 9:
[image: Mathematical equation showing Erecomb equals Ecouple minus Elattice, followed by equation number nine in parentheses.]
Less electron exchange processes could occur because, as shown in Table 1, this surface is less reactive than gold or platinum surfaces.
In this situation, for a reported [image: Mathematical expression showing an uppercase italic E followed by the subscript word titania, all styled in italics.] value of −0.53 V (Kalyanasundaram and Grätzel, 1998) and considering reactions V and VI, measured on the FTO/TiO2 surface, Equation 9 is:
[image: Mathematical equation stating recombination energy equals the couple potential in volts minus the titanium energy, with numerical calculation: one point three one plus zero point five three equals one point eight four volts.]
[image: Mathematical equation showing E sub recomb equals E sub couple, denoted as E sub couple, which is one point eight eight plus zero point five three, resulting in two point four one volts.]
In this case, the semi reaction for the titania would be, according to Equation 10:
[image: Mathematical expression showing epsilon of titanium dioxide yields titanium dioxide plus an electron, with equation number ten in parentheses at the right.]
While for the iodine-based couples Equations 11, 12 could be applied:
[image: Equation showing r plus e superscript minus yields r superscript minus, labeled as equation eleven.]
[image: Chemical equation showing IO plus an electron, represented as e superscript minus, yields IO superscript minus. The equation is labeled with reference number twelve in parentheses at the right.]
In the present circumstance, the recombination process is thermodynamically favoured. Thus, the [image: Mathematical expression showing the exponential function with the argument titanium dioxide, presented as e left parenthesis Ti O subscript two right parenthesis.] can transfer the electrons directly to the redox couple instead of transferring the electrons to the FTO. As a consequence, the PCE of the DSSC is affected and decreases.
Also, recombination can be explained by the electron transfer between [image: Mathematical expression showing e open parenthesis Ti O subscript 2 close parenthesis, representing a function e of titanium dioxide.] and the oxidized dye. In the above situation, titania acts as the reducing agent and [image: Mathematical notation showing an uppercase italic D with a superscript plus sign.] as the oxidant. Here, the thermodynamics of this electron exchange can be written as:
[image: Mathematical equation showing recombination energy as E subscript recomb equals E subscript dye minus E subscript titania, with all terms in italicized serif font.]
[image: Mathematical equation showing E sub cell equals one point three zero plus zero point five three equals one point eight three volts.]
Once again, the recombination reaction involving the back transfer from the titania could take place. The semi-reactions would be:
For the dye (Equation 4):
[image: Chemical equation showing D star plus e superscript minus produces D.]
And for the titania (Equation 10):
[image: Mathematical expression showing electron generation: e of TiO2 yields TiO2 plus an extra electron, e superscript minus.]
Similar calculations can be carried out considering the electrolytes most used in DSSC. Even when redox-measured couples are not the same as those detected with KI, the potential difference between the dye oxidation potential and the electrolytes reduction potential shows that the regeneration process is still possible and occurs inside an assembled cell (Reactions I to IV in Table 2). Then, for AN50 and ACVAL Equation 3 could be written as:
[image: Mathematical equation showing E_cell equals 1.30 minus E_couple for cathode, iron, which equals 1.30 minus 0.16, resulting in 1.14 volts.]
[image: Mathematical expression showing E_cell equals 1.30 minus E_couple for iron(II), calculated as 1.30 minus 0.23, resulting in 1.07 volts.]
[image: Mathematical equation showing E_cell equals one point three zero minus E_couple cathode, III, equals one point three zero minus zero point five eight equals zero point seven two volts.]
[image: Mathematical equation showing: E_reg equals one point three zero minus E_coupl_cathode four in parentheses as voltage, equals one point three zero minus zero point nine five, equals zero point three five volts.]
As cathodic measured potentials are lower than 1 V, the regeneration will be positive and, therefore, thermodynamically possible.
Following analogue reasoning, one can argue that the recombination process is thermodynamically feasible whenever the electrolyte (AN50 as well as ACVAL) has an oxidation potential greater than the titania Fermi level, which (within the experimental conditions of this work) are all of the anodic potentials measured (II to IV according to Table 2). With the previous statement in mind, the Erecomb of the electrolyte (considering couples II to IV), will be positive, and Equation 9 could be written as:
[image: Mathematical equation displaying Erecomb equals Ecouplexmetal (II) minus Etitania, resolved as zero point two seven plus zero point five three equals zero point eight zero volts.]
[image: Mathematical equation showing E recomb equals E couple cathodic (III) minus E anania, calculated as 0.70 plus 0.53 equals 1.23 volts.]
[image: Mathematical equation showing E subscript recomb equals E subscript couple, m-nought in volts minus E subscript titanium equals zero point seven nine plus zero point five three equals one point three two volts.]
Figure 5 summarizes the above-discussed results. It shows a redox potential diagram depicting the energy levels of the dye, the TiO2, and all iodine species measured (against NHE) in this work.
[image: Diagram of a dye-sensitized solar cell showing a photoexcited dye layer on titanium dioxide and FTO glass, with an external wire lighting a bulb, and a platinum electrode on the opposite side. Energy levels and electron transfer steps are illustrated on a central axis.]FIGURE 5 | Redox potential diagram, depicting the energy levels of the dye, the TiO2 and all iodine species measured (against NHE) in this work. In these diagrams, the energy increases, as pointed out in the arrow above (opposite to the redox potential). In so doing, the thermodynamically most favorable path towards an energy minimum for the electron will be taken downstream.
3.3 Kinetics of the main processes involved in a DSSC
Exploring the thermodynamic calculations helps understand the main electron exchange processes inside a DSSC, where the balance between regeneration and recombination directly affects the cell’s overall performance. Additionally, it allows the comprehension of the thermodynamically possible processes and which couples could be involved. However, thermodynamics is not enough; evaluating the kinetics of the involved main processes is necessary. Then, using electrochemical impedance spectroscopy (EIS) measurements, it is possible to calculate the recombination and the electron transfer times.
Analyzing the experimental data measured by EIS reveals the importance of high recombination times and time constants. Recombination mainly involves the injection of electrons from the semiconductor into the liquid electrolyte containing the redox couples. This process, where the electrons generated after the light reaches the pigment’s surface, followed an undesired path, resulting in decreased power conversion efficiency. On the other hand, the time constant is about the transport of the injected electrons diffusing through the semiconductor network.
The performances of the measured DSSC are affected by the balance between the recombination times and the time constants (and, therefore, between the Rct and Rt resistances). When generated, electrons can follow transference across the semiconductor or recombine with the electrolyte. The ratio between the Γrec and the Γt helps us understand the efficiency values. The calculated data values for the time constants are similar for the different natural dyes used as sensitizers (Table 4). Considering the data previously analyzed by our group results from DSSC devices sensitized with natural dyes showed no significant differences. They also showed reasonable ratios Γrec to Γt, which means that recombination times are larger than transport ones. And calculated ratios are also very similar. This is in line with thermodynamics calculations displayed in this work. Cells sensitized with natural dyes show different power conversion efficiencies, depending on the selected type of dye, but they do not differ so much. The efficiencies of DSSC with natural dyes are much lower than those containing synthesized dyes. For synthetic dyes, the time constants are not so different from the values reported for the natural ones, but differences are raised from the recombination time’s values, which are primarily around one second or even more (Gao et al., 2008; Cao et al., 2009; Yum et al., 2012; Yum et al., 2013; Yang et al., 2014). Then, when recombination is retarded, it is possible to obtain a highly efficient DSSC.
TABLE 4 | Values obtained from fitting the experimental data measured at V = 0.5 V, in darkness, using a transmission line based model. Γt = the time constant for the transport of the injected electrons that diffuse through the nanoparticle network (calculated as Γt = Rt × Cµ, with Cµ, the chemical capacitance at the TiO2/dye/electrolyte interface, associated with the variation in the electron density and the displacement of the Fermi level and Rt is the electron transport resistance to the photoanode); Γrec = the recombination time that reflects the lifetime of an electron in the photoanode (calculated as Γrec = Rct × Cµ, where Rct is the charge transference resistance).
[image: Data table with five columns titled Dye, Main compound, Γrec = Rct × Cμ/s, Γt = Rt × Cμ/s, and Reference. Rows list dye types—anthocyanins, carotenoids, proteins, bacterial—with corresponding compounds, values for Γrec and Γt, and literature references.]3.4 Final remaks
The thermodynamics analysis involved the different redox couples from the electrolytes applied to assemble the DSSC, as well as the redox behaviour of the dyes and the titania itself. According to our calculations, many processes can take place inside the cells, but some are of particular relevance: 1- dye regeneration, 2- electron recombination from the titania to the redox couples contained in the electrolyte, and 3- electron transport or time constants across the semiconductor network.
The thermodynamics and the kinetics treatment previously displayed are consistent with a prevalence of electron recombination, especially for DSSC sensitized with natural dyes.
Experimental data confirmed this statement, as observed for the Jsc and the power conversion efficiency values previously reported for our group (Table 5).
TABLE 5 | Photovoltaic properties of cells assembled with different sensitizers. All measurements were performed under one sun light intensity of 100 mWcm-2, AM 1.5G. Jsc is the short-circuit current density, Voc the open circuit potential, and η is the power conversion efficiency (PCE). Average values coming from at least three independent assembled cells.
[image: Table summarizing dye types used in solar cells, featuring anthocyanins, carotenoids, protein, and bacterial dyes. Columns list dye name, Jsc/mA cm squared, Voc/V, efficiency percentage, and reference sources.]4 CONCLUSION
DSSCs are composed of two electrodes: one containing a catalytic material and the other containing the dye adsorbed to a semiconductor, leaving blank naked spots on the TiO2 surface. A liquid electrolyte (primarily based on iodine-related species) is placed in between, especially when working with natural dyes. Among all the electronic exchange processes inside the DSSC, those related to dye regeneration and electron transfer from the titania are the most relevant, with a clear incidence in the performance of the assembled cell.
Our results show that different iodine-based redox couples are involved, considering the different electrode surfaces inside the DSSC. Consequently, different redox couples can be considered: some iodine species evolved onto a catalytic surface and others onto the semiconductor. Then, redox couples involved in the dye’s regeneration are not the same as in the recombination processes. The present work shows that both processes are thermodynamically possible, but, unfortunately, the recombination (the electron transfer from the titania to the redox couple or even back to the dye instead of towards the FTO surface) is predominant over the regeneration of the dye. These results are in agreement with kinetic data, arising from EIS and also with current density and potential profiles, previously reported by our group.
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Failure in the adhesion between hydroxyapatite and the metallic substrate in commercial biomaterials is one of the significant drawbacks in implantology. The demand for confident analytical methods to characterize these coatings is met through a rigorous research process. Fourier-transform infrared spectroscopy (FTIR) was chosen as the method to characterize hydroxyapatites. A meticulous data analysis from FTIR spectra was conducted, and an FTIR library was constructed from FTIR spectra of different types of hydroxyapatites, considering several chemical environments. The analytical procedure involved the registry of the spectra, localization of the leading absorption bands from the minima of the second derivative spectra, and reconstitution of the original spectra by curve deconvolution. The FTIR library was employed to analyze commercial surgical screws that failed in their use in different implants. Our methodology identified the structural reasons for such failure, caused by the selective removal of non-apatitic environments during adsorption onto the metallic implant. The method identifies the adhesion degree of the apatite coating on the implant before implantation in a biological organism, thereby preventing additional patient interventions and the associated costs.
Keywords: fourier transform infrared spectroscopy, hydroxyapatite coating, implant, second-derivative spectrum, biomaterials

1 INTRODUCTION
The development of bone implants evolved into devices that promote the natural growth of the tissue. Research has focused on developing implants with specific morphology and physicochemical characteristics that foster an effective interaction between the tissue and the implant, as most implant-related complications arise at the implant-bone interface. To reach this goal, researchers have coated metals with hydroxyapatite (HA), the biological mineral found in natural bones. However, in many cases, there are issues with the adhesion of the synthetic HA to the metal, leading to coating failures (Shibli and Jayalekshmi, 2008; Ahmed et al., 2011; Beig et al., 2020).
Different methods have been optimized to improve adhesion to metal surfaces (Jaafar et al., 2022; Dudek et al., 2024), varying the substrates (Marchenko et al., 2023), the operating parameters and including pre/post treatment to enhance the bonding strength (Safavi et al., 2021). One variable that enhances adhesion is the deposition of nanostructured HA, which increases adhesion strength by 2–3 times and boosts corrosion resistance by 50–100 times compared to conventional HA coating (Mohseni et al., 2014). Moreover, nano-level modifications promote osseointegration and reduce bacterial adhesion.
Biological apatite, a mineral found in natural bones, exhibits a nanocrystalline structure aligned with the collagen fibers. This apatite is called an impure form of HA because it may contain a substitution of cations such as Na, K, Mg, or other elemental ions in the cation sublattice, Moreover, the anion sublattice includes carbonates, fluorides, and other ions that do not exceed 5% (Antoniac, 2019). Synthesized nanocrystalline apatite materials are considered biomimetic materials due to their formation under low-temperature conditions, physiological pH, and physicomechanical characteristics (non-stoichiometric, crystal size, presence of non-apatite species, hardness, and elastic modulus). Nanoscale topography determines the interfacial phenomena of the coatings related to better adhesion. It has also been seen that specific ions in the hydrated layer of the bones allow for better interaction with the implant (Kligman et al., 2021). However, analytical methods are currently lacking in identifying these ions’ chemical environment.
The Fourier transform infrared spectroscopy (FTIR), along with Raman spectroscopy, are the most commonly applied techniques to get information about phosphate, carbonate (Fleet, 2009), hydroxyl groups, and water molecules of hydration (Cazalbou et al., 2004; Panda et al., 2003; Lebon et al., 2008; Xian, 2009). The FTIR study of the hydroxyapatite allowed determining the existence of apatitic and non-apatitic environments on the crystal (Cazalbou et al., 2004; Cazalbou et al., 2005; Rey et al., 2009). The non-apatite environments in the bone are formed by labile high-mobility ions belonging to the hydrated layer, such as calcium and phosphate acid (HPO42-). However, the carbonate from the apatite regions has less mobility because they are not found in the outer layer of the material (Cazalbou et al., 2004). The hydrated layer can accept and incorporate trace ions such as Sr(II), Mg(II), Pb(II), and Al(III) before rereleasing to the environment (Cazalbou et al., 2005). They can even adsorb and release proteins and exchange groups of charged proteins by ions, such as albumin, growth factors, etc. (Cazalbou et al., 2004). The apatite regions have a process of exclusion of water molecules and a loss of HPO42− ions during maturation. Moreover, the concentration of Ca(II), OH−, and CO32- ions increases (Eichert et al., 2002), and the HPO42− is replaced by the CO32− (Eichert et al., 2009) given a more stable and higher degree of order, transforming into stoichiometric crystals.
Nanocrystalline and biological apatites show HPO42− ions specific bands. Still, additional bands that are not presented in crystalline apatites are identified. The non-apatitic phosphate environments relate to synthesized nanocrystalline apatites at physiologic pH and exchangeable ions on the surface. Pure environments of type A and type B carbonate ions present specific FTIR bands (Peeters et al., 1997). However, as in the case of phosphate groups, there are additional vibration bands in biological apatites and nanocrystalline apatites synthesized at physiological pH, corresponding to non-apatitic carbonate ions environments (Rey et al., 2009; Penel et al., 1998). A characteristic band shown in the ν2CO3 IR domain can be used for determining non-apatitic carbonate environments.
Miller and Wilkins first reported the phosphate group spectral bands in 1952 (Miller and Wilkins, 1952). Despite many studies identifying and discriminating mostly crystalline apatite bands, allocating non-stoichiometric apatite substituents must be more accurate. The distortion of ionic environments induces a widening of the band, limiting the resolution and partly altering the correlations of vibration related to the theory of factor groups (Cazalbou et al., 2004).
The graphical deconvolution of FTIR spectra is a powerful technique that we have employed to identify apatite and non-apatite regions in synthesized hydroxyapatite coating. This method allows us to predict the degree of adhesion of the coating before implanting the biomaterial, a crucial step in our research. FTIR is particularly useful in distinguishing regions associated with non-apatite domains, aiding in interfacial recognition. The second derivative is a key tool in this process, helping us to identify overlapping absorption bands belonging to phosphate groups. Once these bands are identified, spectral deconvolution can be performed, allowing us to distinguish the signals corresponding to the apatite regions of PO43− groups and non-apatite groups in the regions HPO42- (Eichert et al., 2009).
Due to the overlapping bands in the apatite and non-apatite regions, we propose performing the spectrum deconvolution and analyzing the second derivative of the absorption spectra to identify the hidden bands. The present work allowed us to identify FTIR vibrational bands assigned to phosphate groups between 400–700 cm−1 and 800–1,100 cm−1. We also identified the carbonate band assigned to type A and B environments.
2 MATERIALS AND METHODS
2.1 Chemicals and solutions
All reagents used were analytic grades, and the solutions were prepared with milli-Rho water. The Hydroxyapatites synthesis used: calcium hydroxide, (Ca(OH)2, E. Merck); phosphoric acid (H3PO4); urea ((NH2)2CO, 99.3%, SIGMA); calcium nitrate tetrahydrate (Ca(NO3)2.4H2O, 99%, Mallinckrodt); diammonium hydrogen phosphate ((NH4)2HPO4, 99.5%, Mallinckrodt); sodium hydroxide (NaOH, 97%, Reagent SA, Laboratorios Cicarelli); sodium fluoride (NaF, 99.2%, J.T. Baker); strontium nitrate anhydrous (Sr(NO3)2, 99.0%, SIGMA); calcium nitrate tetrahydrate (Ca(NO3)2.4H2O, 99%, Mallinckrodt); diammonium hydrogen phosphate ((NH4)2HPO4, 99.5%, Mallinckrodt); sodium fluoride (NaF, 99.2%, J.T. Baker).
2.2 Biological apatite samples
Two samples of biological apatites were obtained. One of them consisted of a bone calcification of the shoulder tendon and was obtained by open surgery (performed at CASMU Hospital in Uruguay and with the patient’s consent). The second sample was a dental piece obtained by a dental professional from an unknown patient.
2.3 Equipment
X-ray diffraction Spectroscopy (XRD) was carried out using a Philips PW3710 diffractometer CuK radiation. All the hydroxyapatites were finely ground in an agate mortar. The FTIR spectra were obtained using an IR Prestige-21 Shimadzu (Japan). The sample mixture was pressed using a Pike Crush IRTM Technologies at 10 tons.
2.4 Synthesis of nanostructured hydroxyapatite (HA)
Nanostructured hydroxyapatite was synthesized according to Kumar et al. (2004). An aqueous solution was prepared using 0.2 M calcium hydroxide (Ca(OH)2, E. Merck) in 250 mL of 0.12 M phosphoric acid (H3PO4), stirring for 2 h at 52°C and pH 5. The suspension was kept at room temperature for approximately 15 h and centrifuged at 40,000 rpm for 15 min. The resulting precipitate was rinsed with milli-Rho water and dried in the oven overnight at 62°C.
2.5 Synthesis of nanostructured type B carboxyapatite (CA)
Type B carboxyapatite was synthesized according to Wu et al. (2009). A 50 mL solution of urea ((NH2)2CO, 99.3%, SIGMA) 2 M and heated at 80°C for 22 h was added to 50 mL of 0.5 M Ca(NO3)2 solution drop by drop. After that, 50 mL of 0.3 M (NH4)2HPO4 solution was added slowly to the previous solution using a buret. The mixture was made, stirring constantly at 80°C, and the final pH was 5. The final solution rested for 12 h. Then, it was centrifuged at 5000 rpm for 15 min, and the precipitate was rinsed with water. This procedure was repeated four times. The precipitate was dried in the oven at 60°C for 24 h.
2.6 Synthesis of fluorhydroxyapatite (FHA)
The synthesis followed that reported by Manjubala et al. (2001). A calcium nitrate tetrahydrate 1 M Ca(NO3)2 solution was prepared with 5 mol% NaF. The pH was adjusted to 9 with 2 M NaOH. To 50 mL of the resultant solution, 50 mL of 0.6 M H3PO4 was added at room temperature at constant stirring (2 mL per minute). The pH was adjusted to 9 with 2 M NaOH. The resultant solution was rested for 24 h at 80°C. Finally, the solution was centrifuged at 5000 rpm (4 times) for 15 min, and the precipitate was rinsed with milli-Rho water and dried at 90°C for 48 h.
2.7 Synthesis of strontium apatite (SrA)
Strontium apatite was synthesized according to Li et al. (2007). A 0.2 M Ca(NO3)2 solution with 1.5% Ca/Sr molar ratio with Sr(NO3)2 was prepared. In parallel, another 0.2 M (NH4)2HPO4 solution was prepared. Both solutions were adjusted at pH 10 with 25% ammonium solution. The (NH4)2HPO4 solution was added to Ca(NO3)2 solution in a constant stirring (1.36 mL/min) at 50°C for 5 h. The final solution was rested for 48 h at room temperature. The solution was centrifuged at 5000 rpm for 10 min, and the precipitate was rinsed three times with milli-Rho water and the last with absolute ethanol. Then, it was dried at 120°C in the oven for 12 h.
2.8 Methods
Following the synthesis of the four species of hydroxyapatites, about ¼ of each powder was finely ground in an agate mortar and mixed with ¾ of KBr for infrared analysis. The resulting mixture was pressed at 10 tons for 5 min t o form a pellet 1 cm in diameter and 0.5 mm in thickness. The FTIR spectra covered the region 1, ν4 phosphate domain (400–700 cm-1), and region 2, ν1 and ν3 domain of phosphate (800–1,400 cm-1). The ASCII data was then analyzed using Origin® software. The spectra were first normalized between 0 and 1, and the second derivative was calculated in the spectral range between 400 and 700 cm−1 (region 1) and between 800 and 1,300 cm−1 (region 2). Finally, the Levemberg - Marquand algorithm was used to identify the hidden spectral bands. The results were used to construct the spectral library.
A Colombian medical materials company’s commercial titanium (Ti, 99%) hydroxyapatite-coated surgical screws were examined. The hydroxyapatites were studied from commercial powder samples and deposits made on the screws given by the company. The screw was coated using an electrophoretic method, widely used to deposit bioceramic coatings in the industry.
3 RESULTS
The JCPDSHA spectrum was used as a pattern, and the apatites HA, FHA, and SrA show the same characteristic peaks at 002, 211, 212, 300, 310, 222, 213, 004, and 323 (Figure 1). The spectrum revealed an extra band in SrA at 200 and 111 due to the structural distortion caused by the strontium. This band was also shown by O´Donnell et al. (2008). For CA, several differences can be noted, mainly attributed to the formation of tricalcium phosphate (Durucan and Brown, 2000).
[image: X-ray diffraction (XRD) pattern comparing four samples labeled FHA, HA, SrA, and CA, each represented by a distinct color line with corresponding peak intensities plotted against 2-theta values ranging from 20 to 70 degrees.]FIGURE 1 | XRD of synthesized hydroxyapatites, compared to the JCPDSHA reference spectrum. Differences in CA are due to the formation of other phosphates, like tricalcium phosphate.
3.1 FTIR spectra of apatites and second-derivative
We performed an examination of the spectra bands (400–700 cm−1 and 800–1,300 cm−1 region) to identify vibrational modes corresponding to the non-apatitic environments of phosphate. This involved the second derivative of regions identified in the FTIR spectra. The data obtained from the examination, including the first and second derivative, was then used as the starting point for the deconvolution procedure (Figure 2).
[image: Spectral graph showing absorbance versus wavenumber with two main peaks labeled as ν1, ν3 PO4 and ν4 PO4; two inset panels display deconvolution of these signals, illustrating individual peak components using fitted curves.]FIGURE 2 | (left panel): FTIR spectrum from synthetic HA with the characteristic's vibrational regions. (upper right panel): HA deconvolution of FTIR spectrum from ν4PO4 region, and (lower right panel): ν1ν3PO4 region. In all cases, the Lorentzian contributions to the absorption bands for the different vibrational modes are identified in green; the contributions' sum curve is indicated in red, which fits the FTIR spectrum (presented in black dots). The bands painted in pink correspond to the vibration modes of HPO42−.
The FTIR spectra of synthesized HA, FHA, SrA, and CA are shown in Figure 3. The spectra show strong absorption bands in two characteristic regions at 450 to 700 cm−1 and 800 to 1,300 cm−1 for HA, FHA, CA, and SrA. The bands at 873 cm−1 and the range between 1,420 cm−1 and 1,457 cm−1 represent the characteristic asymmetric stretching of carbonate group type B (CO32-) in carbonate apatites (Eichert et al., 2009). The bands corresponding to CO32-, both type A and B, and non-apatite were identified in HA, SrA, and FA, indicating carbonate substitution. The peaks were identified at 871 cm−1, 1,429 cm-1, and 1,470 cm−1 for the HA and SrA, and 872 cm−1, 1,420 years 1,457 cm−1 for FHA. The vibration mode of the free hydroxyl bond bending and stretching band was identified at 630 cm-1 and the range 3,565–3,570 cm−1, respectively. The bands at 1,600 cm−1 and the broadband in the 2,500–3,700 cm−1 range correspond to the O–H group stretching vibration of absorbed H2O (Jaafar et al., 2022).
[image: Four infrared spectra plots compare carboxyapatite, strontioapatite, fluorapatite, and hydroxyapatite, showing absorbance versus wavenumber. Key peaks are labeled for H2O, CO3, and various PO4 vibrations.]FIGURE 3 | FTIR spectrum of HA, FHA, SrA, and CA with the characteristics PO43− vibrational regions, structural OH− (STLOH), adsorbed H2O, and CO32− vibrational bands.
Graphical deconvolution aims to determine the wavenumber of each phosphate band for each region by deconvoluting each curve into n components. This process involves fitting a series of Lorentzian functions using the Levenberg-Marquardt algorithm. The number of bands and the positions of the maximum peaks were identified from the second derivative of each spectral region, resulting in the graphical representation of both the Lorentzian curves of each component and the summed curve of all components (Figure 4).
[image: Two-panel scientific graph showing the analysis of infrared spectra. The upper panel displays absorbance versus wavenumber in black, with red indicating a fitted curve and an overlaid second derivative in black on the right vertical axis. The lower panel presents absorbance data with fitted components as multiple colored peaks under the main absorbance curve, with several peak positions labeled numerically along the wavenumber axis. Both panels share the x-axis labeled wavenumber in inverse centimeters.]FIGURE 4 | (upper panel): Second-derivative spectra (black line) calculated from the original spectra (red line). (lower panel): superposed absorption bands are located from the minimum peak position in the derivative spectrum. The region in pink corresponds to HPO42− vibrational absorption modes.
The deconvolution spectra analysis also allowed us to identify hidden bands in the synthesized apatites (Figure 4). The analysis identified that the vibrational modes for the PO43- group are ν1 (960–964 cm−1), ν2 (460–474 cm−1), ν3 (994–1,104 cm−1), and ν4 (562–604 cm−1) located at the fingerprint region of the spectrum. For example, synthesized HA spectral absorbance showed absorption bands in the range of 1,020 cm−1 and 1,094 cm−1 corresponding to PO43- groups and an additional band at 1,109 cm-1 was identified as having HPO42- vibrational modes. FHA showed an absorption band at 864 cm−1, identified as HPO42-. CA showed an intense type B CO32- band at 873 cm−1 due to substituting PO43- for CO32- in type B apatite (Eichert et al., 2009).
3.2 Spectral library
We constructed a spectral library with the results obtained by the second derivative, to identify the vibrational modes and chemistry environments of apatitic and non-apatitic regions. Table 1 shows the absorption band characteristics of stoichiometric and non-stoichiometric HA. It also includes the bands corresponding to FHA, SrA, and CA. Biological apatites from teeth and bone were also included. We identified apatitic environment bands in stoichiometric and nanocrystalline HA, extra bands corresponding to non-apatitic phosphate environments, and HPO42−.
TABLE 1 | Allocation of apatites spectrum bands with different chemistry environments.
[image: Data table displaying vibrational modes, wavenumber ranges, and references for various types of apatite, including SrA, FA, HAs, HA nano, HA stoichiometric, CA, TT, and SH, with entries for each characterization parameter and corresponding literature references.]3.3 FTIR spectra analysis of HA deposit on a surgical screw
The analysis of commercial HA in powder and deposited on a surgical screw (Figure 5) allows us to identify changes in the chemical environment of the HPO42−, PO43−, and CO32− groups.
[image: Close-up of a metallic dental file with a textured, spiraled tip resting on a light-colored surface, highlighting the instrument’s fine ridges used for dental procedures.]FIGURE 5 | Image of the bone implant screw coated with the commercial HA deposited.
The spectrum showed distinct absorption bands that can explain the low adhesion on the surface (Figure 6).
[image: Infrared absorption spectra graph comparing commercial hydroxyapatite (red) and a second sample (blue) over a wavenumber range from 4000 to 500 inverse centimeters, with labeled absorbance peaks for OH, H2O, CO2, and PO4 vibrational modes.]FIGURE 6 | FTIR analysis of HA synthesized (red) and electrophoretic deposited HA on the surgical screw (blue).
The ν4PO4 region between 500–700 cm−1 of commercial HA shows absorption bands at 564 cm−1, 572 cm−1, and 602 cm−1, characteristics of PO43- apatitic environment, and at 632 cm−1 that correspond to structural OH− group. The same bands are identified in HA deposited on the screw spectrum, except for the band at 572 cm−1 (Figure 7).
[image: Infrared absorbance spectra graph comparing HA commercial (red line) and HA on screw (blue line) over two wavenumber ranges. Major absorbance peaks are labeled and signal intensities differ significantly between the samples.]FIGURE 7 | FTIR spectra of commercial HA (red) and HA deposited on screw (blue). (left panel): Comparative analysis of the ν4PO4 region at 800–1,400 cm−1. (right panel): ν1ν 3PO4 at 500–700 cm−1.
From the deconvoluted graph of the commercial HA in the 500–700 cm−1 range, we identified a band at 533 cm−1 and 551 cm−1 corresponding to the non-apatitic and apatitic regions of HPO42- vibrational group. However, during the deposition, there was a selective loss of non-apatitic regions, and two peaks were observed at 574 cm−1, and 540 cm−1, corresponding to the apatitic environment of ν4PO4 and HPO42-, respectively (Figure 8). In the fingerprint of the non-apatitic phosphate environment in the ν4PO4 domain (Eichert et al., 2009), characteristic bands are not shown in HA on the screw.
[image: Two-panel line graph displaying absorbance versus wavenumber in inverse centimeters, with each panel showing multiple overlapping peaks in black, fitted by individual component curves in teal and an overall fit in red, illustrating spectroscopic data analysis.]FIGURE 8 | Deconvoluted FTIR spectra from HA coating on the surgical screw. (left panel): ν1ν3PO4, and (right panel) ν4PO4 regions.
The deconvolution analysis of the ν1ν3PO4 region between 800 cm−1 and 1,400 cm−1 of commercial HA shows a peak at 962 cm−1 and a complex absorption band that extends between 1,030 and 1,082 cm−1 that includes bands of phosphate groups in apatite environment. In addition, hydroxyapatite deposited on the screw shows an overlapping band between 1,004 and 1,031 cm−1 corresponding to the phosphate apatite environment (Figure 8). Between 1,043 cm−1 and 1,106 cm−1, the bands shown from the deconvolution correspond to the PO43− vibrational band.
Finally, the commercial HA shows a meager absorption band centered at 1,415 cm−1 assigned to the ν3CO3 B and a shoulder at 870 cm−1 corresponding to ν2 CO3 B; both disappeared in the HA on the screw. The ν2CO3 IR domain determines non-apatitic carbonate environments (Eichert et al., 2009). The OH− sharp absorption band at 3,573 cm-1 is observed in commercial HA as well as deposited on the screw.
4 DISCUSSION
In the present work, FTIR deconvolutions of the synthesized apatites were performed to identify the allocation of apatite spectrum bands with different chemical environments.
A sample of the commercial HA powder and HA deposited on the screw were analyzed, and the corresponding FTIR bands were assigned using Table 1. Changes in the absorption bands of the HA deposited on the screw were identified compared to the commercial HA, observing a selective loss of the absorption bands corresponding to PO43- groups in non-apatitic environments, ν3CO3 B, and HPO42-. The interaction of the Ti screw with the coating occurs through the hydroxylated oxide of TiO2 (TiO(OH)2) that has an acid-base behavior in an aqueous solution (Pereyra, 2016). This hydroxylated surface can establish interactions with HPO4−2 and Ca(II) ions, allowing stronger adhesion of the HA to the screw (Tengvall and Lundström, 1992). The loss of these environments causes a lower adhesion of the HA; therefore, a coating detachment when in contact with the biological fluids is expected.
We observed that the deposition of HA on the screw causes a rearrangement of the apatite structure, causing a loss of these environments. Non-apatitic environments are associated with nanocrystalline and biological HA (non-stoichiometric) and allow various interactions between the material and ions and molecules in the biological environment (Antoniac, 2019). In particular, ion exchange plays a significant role in surface physiological processes, as well as for maintaining homeostasis and preventing mineral ion toxicity (Cazalbou et al., 2005). Consequently, the loss of these environments in the material reduces its biocompatibility.
5 CONCLUSION
This study focuses on a qualitative study of the chemical environments that favor metal-coating interaction using the FTIR technique and, therefore, adhesion. FTIR spectroscopy has proven to be an excellent and straightforward method to analyze the adhesion of biological minerals to metals. Although the commercial HA and the HA deposit on the screw show bands identified as type B carboxyapatite, the deposit corresponds to carboxyapatite with a high degree of stoichiometric components. During the adsorption process, the lost portion of apatite was mainly identified as non-apatitic regions of the synthesized carboxyapatite.
In summary, the HA synthesized while deposited on the screw modified the external region composed of non-apatitic domains, while the apatitic (stoichiometric) structure remained on the screw. This phenomenon helps explain the low adhesion of the HA to the screw and may compromise the future biocompatibility of the implant. One aspect in which the investigation was not deepened was the techniques and conditions (pH, temperature) used during the deposition of HA on the screw. We suggest that future research should focus on analyzing the physicochemical conditions necessary for material deposition, as well as examining its chemical composition following interaction with the metal. In light of the results, it is clear that is crucial for ensuring better biocompatibility of the material.
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Lasers source ((pulse regime),
)\, repetition rate, fluence/

power)

Deposition conditions

References

MoO; (MO)

MoO3

V;0; and $n-doped V203

05 and V,05-Au nanocomposite

LiMn,0, (LMO)
LiMn,0,

Li,Mn,0,

LiMn,O,
Li;MnO;
LiCo0; (LCO)
Lico0s
LiCoO,

LiNiy/sMny 3C01502 (NMC)

KrF (ns), 248 nm, 5 Hz, 1.5 J/em®

Nd:YAG (ns), 266 nm, 2.5 J/cm®

KrF (ns), 248 nm, 10 Hz, 1 J/em®

KrF (ns), 248 nm, 10 Hz, 10 J/cm2

KrF (ns), 248 nm, 10 Hz

KrF (ns), 248 nm, 1.3 J/em®

Nd:YAG (ns), 266 nm, 10 Hz, 0.6 W

KrF (ns), 248 nm, 5 Hz, 140 mJ/pulse

KiF (ns), 248 nm, 3 or 5 Hz, L1 J/em?

KrF (ns), 248 nm, 2.1 J/em®

Nd:YAG (ns), 266 nm, 100 kHz, 10'* W/m®

KiF (ns), 248 nm, 5 or 20 Hz

KrF (ns), 248 nm, 5 Hz, 0.7 J/em?, 20 ns

‘Target: MO 400°C, target-substrate distance (d) =
50 mm, p(0;) from 2 to 20 Pa

Target: Mo 450°C, d= 10 mm, p(0) = 0.5 mbar,
120 min

Target: V,05 and V,05+ 5wt% Sn0O,, d=50 mm,
P (N2/O, 1:1) = 10™" mbar

Target: V,05 and V,05-Au, RT, d=4.5 cm,
Pp(O2)= 13.3 Pa, 30 min

Target: LiMn;O, + Li,O 650°C, d= 90 mm,
P(O,) = 20 mTorr

Target: LiMn; 0, and LizO, 650°C, d= 90 mm,
P(O2) =20 mTorr

Target: LiMn204 390°C or 500°C, p(0;) =20 Pa
Target: LiMn,0, 400°C, p(O;,) = 75 mTorr
Target: Liz MnO; and Li»MnO; 973 K, d=

60 mm, p(02) = 50 or 75 Pa, 10 or 20 min

Target: LCO + Li;O (10:1) 500°C, d=35 mm,
p(O2)= 0.2 mbar

Target: LCO, from RT t0 550°C, d= 57 mm, 0.1 Pa

or 5x107 Pa

Target: LCO from RT to 700°C, p(O,)= 10
Pa-10 Pa

‘Target: Li; 52Niy;3Mny3C01/302.5 600°C,
d=47 mm, p(O,) = 100 mTorr

Wei et al. (2023)

Trzcifiski et al. (2023)

Tite et al. (2023)

Hongliang et al. (2021)

Erinmwingbovo et al.
(2020)

Siller et al. (2022)
Kuwata et al. (2022)
Torres-Castanedo et al.
(2024)

Hikima et al. (2021)
Pan et al. (2020)

Yuan et al. (2022)

Kawashima et al. (2020)

Nishio et al. (2020)

LiNisMn, 5C0,50,

Nd:YAG (ns), 266 nm, 10 Hz, 20 m]

Target: LiNiy,Mny sCo0, 50, with 50% excess Li
923-1043 K, d= 40 mm, p(0;) = 0.1-20 Pa,
50 min

Ohashi et al. (2021)

LiMn, 5Nig3C0,,0, (NMC 532)

LiMn, 5Nigs0; (LMNO)

KrF (ns), 248 nm, 5 Hz, 1.9 J/em?

KrF (ns), 248 nm, 1 Hz, 1.7 J/em®

Target: NMC532 + 15% Li,CO; 550°C, d=5 cm,
p(02) = 10 mTorr, 33 min

Target: LMNO 600°C, d= 7.5 cm, p(0,) =
3.8x10°* mbar or 4.6x10~ mbar

Qi etal, 2021

Subash et al. (2024)

LiCoOy 5Ni45Ag0.050; (LCNAO)

NA:YAG (ns), 532 nm, 1 Hz, 1.94 J/cm?, 10 ns

Target: LONAO

Haider et al. (2020)

LiCry/MnyeFe16CoysNi6Cu1/602 (HEO)

KrF (ns), 248 nm, 5 Hz, 0.93-1.35 J/em®

Target: HEO with excess Li 500°C-800°C, d=
47 mm, p= 1.3x10" Pa

‘Wang et al. (2022)

LiFePO,

Ternary metal fluoride Cu-Fe-F (CFF)

KrF (ns), 248 nm, 10 Hz, 10J/m*

KrF (ns), 248 nm, 5 Hz, 2.5 J/em®

Target: LiFePO4 d= 4 cm, p(02)

Target: CuF,+FeF; (1:1) 400°C, d= 50 mm, p=
5x10™* Pa, 30 min

Koutavarapu et al.
(2020)

Li et al. (2020)

Composite LiF-MxOy 4LiF/NiFe; 0, 4LiF/
NiFe;05 4LiF/NiO

NaFey sMnj:0;

KrF (ns), 248 nm, 2.5 J/em®

KrF (ns), 248 nm, 10 Hz, 1.71 J/em?

Target: LiF + NiFe;04, LiF+ NiFe;Os, LiF + NiO
400°C, d= 50 mm, p(Ar) = 2 Pa, 30 min

Target: NaFeqsMny s0; 600°C, d= 35 mm,
P(O,) = 1.33x10°" mbar

Wei et al. (2021)

Nayak et al. (2020)

Na-Fe-Mn-O (NEMO)

NaysNiy Mny,0; (NNMO)

KrF (ns), 248 nm, 10 Hz, 1.71 J/em?

KrF (ns), 248 nm, 50 Hz, 1.5-31 J/em®

Lasers source ((pulse regime),

\, repetition rate, fluence/
power)

‘Target: NFMO 400,500,600°C, d= 3.5 cm, p(O,) =
1.33x10"" mbar

Target: NNMO, substrate: §§ 750°C, d= 50 mm,

p(O2) = 35,50,65 Pa

Deposition conditions

Nayak et al. (2021)

Lin et al. (2022)

References

$n0; KrF (ns), 248 nm, 10Hz, 350 m] 300'C-500C, d = dem, p(O,) =300 mTorr Biswal et al. (2021)

SnO,/TiO, KrF (ns), 248 nm, 300m), 5 Hz RT Wang et al. (2020)

LiFe;08 KrF (ns), 248 nm, 400 m] 700°C, p(O;) =4.6x10° mbar Subash et al. (2023)

TiO,/C Ne:glass (fs), 527 nm, 2.8 mJ, 10 Hz RT and post annealing at 200°C-800°C, 10~ Pa, | Curcio et al. (2021)
d=3 cm

BN KrF (ns), 248 nm, 5 Hz, 2J/cm? RT, p(Ar) 50 mTorr, d =8 cm Liet al. (2021)

ALO; NA:YAG (ns), 266 nm, 10 Hz, 22 m] RT, 0.33Pa, d =45 cm Kakimi et al. (2023)

Electrolyte

Lasers source ((pulse regime),
\, repetition rate, fluence/
power)

Deposition conditions

References

Ta-doped Li;La;Zr,0,; (Ta-LLZO)

Lig7sLasZri 75 Tag.25015 (LLZTO)

KrF (ns), 248 nm, 10 Hz, 1.67 J/em®

Nd:YAG (ns), 532 nm, 10 Hz, 10 ns, 30 J/cm?*

Target: Ta-LLZO and Li;N 300°C, d= 70 mm,
P(O)= 1.3 Pa (Ta-LLZO) and 4 Pa (LisN)

Target: LLZTO, LLZTO +6 wt% Li,O RT,
10 Pa or p(O,)= 10 Pa, d= 2cm, 3 h

Morozov et al. (2022)

Curcio et al. (2023)

LisPO, ArF (ns), 193 nm, 5 Hz, 1 J/cm? Target: LisPOy Nishio et al. (2020)
LisPO, ArF (ns), 193 nm, 5 Hz, 1 J/cm® Target: Li3PO4 RT, p= 4x10 Pa ‘Wang et al. (2022)
Li;PO, ACF (ns), 193 nm, 150 m] RT, p(0,) =02 Pa Kuwata et al. (2022)

LirixALTiz «(PO4)s (LATP)

KrF (ns), 248 nm, 50 Hz, 1.4 J/em®

Target: LATP 700°C, d= 90 mm, p(0) =
80 mTorr

Siller et al. (2021)

LL(Nb,Ti)O-(Ti,Nb)O,

La,LiHO; (LLHO)

KrF (ns), 248 nm, 8 Hz, 1.0 J/em®

NA:YAG (ns), 266 nm, 3.33 Hz, 0.1-0.2 J/em®

Target: Liz,Lay s (Nby Ti 1), 880°C, d=

45mm, p(0,)= 10 Pa

Target: LLHO +180% LiH 400°C-700°C, d=
40 mm, p(H,) = 13 Pa

Lovett et al. (2022)

Sasahara et al. (2023)
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HAqoicn CA  TT* SH® Vibrational References
mode
469 464" 468 v, PO, 464-469 Eichert et al. (2009)
70 |42 | 470 474 | v, PO, 470-474 Panda et al. (2003), Eichert et al. (2009)
534 | 533 ‘ 532 | 531 HPO, no ap 531-534 Cazalbou et al. (2004), Eichert et al.
(2009)
542 | 547 | 551 548 545 | HPO, ap 542-551 Eichert et al. (2009)
564 564 564 | 562 567 563 | 562 563 | v,PO,ap 562-567 Panda et al. (2003), Kunze et al. (2008)
574 | 576 | 575 | 575 572 575 574 | v, PO,ap 572-576 Panda et al. (2003), Eichert et al. (2009)
603 602 604 | 603 601 | 604 603 | v,PO,ap 602-604 Panda et al. (2003), Kunze et al. (2008)
609 612 | 617 PO, no ap 609-617 Cazalbou et al. (2004), Eichert et al.
(2009)
633 638 633 633 635 | 630 632 s OH/vOH 632-638 Panda et al. (2003), Eichert et al. (2009)
864 866 866 v2 CO; B no ap 860-866 Cazalbou et al. (2004), Eichert et al.
(2009)
870 HPO, Eichert et al. (2009)
873 | 871 873 v CO; Bap 871-875 Panda et al. (2003), Kunze et al. (2008)
880 v, CO; Aap 877-883 Eichert et al. (2009), Rey et al. (2009)
%1 962 961 | 962 964 962 | 962 960 | v PO, 960-964 Panda et al. (2003), Kunze et al. (2008)
982 HPO4 977-982 Lebon et al. (2008)
994 v,PO4/B-TCP 994-997 Lebon et al. (2008)
1006 | 1,005 1010 | 1,006 1001 | v; PO, HPO4 1,000-1,010 Lebon et al. (2008), Eichert et al. (2009)
1017 p-TCP 1017 Lebon et al. (2008)
w2 L3 102 | 10 1,026 1022 v; PO, 1,020-1,026 Lebon et al. (2008), Eichert et al. (2009)
1032 1,032 1029 | 1,031 1,034 1032 1,034 1033 vs PO, 1,029-1,037 Panda et al. (2003), Eichert et al. (2002)
1,037
1043 | 1,043 1,044 1,044 1043 | v PO,v,CO; A 1,043-1,045 Eichert et al, 2009; Rey et al, 2009
1056 | 1,059 1052 | 1,059 1,063 1066 1,062 | v; PO, 1,052-1,066 Lebon et al. (2008), Eichert et al. (2009)
1070 | 1,074 | 1068 | 1072 1,069 vs POy/v CO3 B 1,068-1,075 Lebon et al. (2008), Eichert et al. (2009)
102 Lost | 1092 1091 | 1089 1096 | 1,091 1,093 v, PO, 1,089-1,093 Panda et al. (2003), Eichert et al. (2009)
1106 1,104 1,104 v; PO, 1,104-1,106 Eichert et al. (2009)
1107 | L12 ) L143 | 1144 | 1155 1139 | HPOA 1,107-1,155 Lebon et al. (2008), Eichert et al. (2009)
1415 Lall | s COsB 1411-1488 Panda et al. (2003), Eichert et al. (2002)
1645 1649 1641 | H,0 adsorbed (v,) 1,641-1,650 Panda et al. (2003), Bichert et al. (2002)
50 | | 1,0 adsorbed 2500-3600 Panda et al. (2003), Eichert et al. (2002)
3444 3450
3570 st OH 3565-3570 Panda et al. (2003)

“Teeth (medical abbreviation).
b0 mral ik et DI a, abatite. 55 59

bShoulder (medical abbre:

on apatitic; stoich, stoichiometric; nano, nanocrystalline.
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