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The urgency for nding clean energy sources is nowadays latet, and the role of
hydrogen in the future of energy is well-recognized. Howevethere are still various
barriers that limit the widespread utilization of hydrogenwhich are mainly related to
its storage and transportation. Chemical hydrogen storagestands out as a suitable
alternative to traditional physical storage methods, andofmic acid holds tremendous
promise within the molecules studied so far. This review sumarizes some of the recent
approaches considered in our research group for the preparnon of ef cient catalysts
for the production of hydrogen via dehydrogenation of fornai acid by using Pd-based
heterogeneous catalysts supported on carbon or carbon-comaining materials. Several
routes were considered to attain ef cient catalysts, from lhe optimization of the size and
composition of the nanopatrticles to the modulation of impaiant features of the support,
such as the porous texture and nitrogen doping level.

Keywords: hydrogen generation, formic acid, carbon materials , palladium nanoparticles, chemical hydrogen

storage

INTRODUCTION

Energy consumption is closely linked to the world's developineopulation and living standards.
Currently, around 90% of the world's energy supply comes frorsifdsels, but their depletion,
global energy consumption growth, and the €@missions associated with their use are driving
the search for alternative and sustainable energy sou@@s.is a major greenhouse gas (along
with water vapor), and its emission to the atmosphere is resjpiagor changing the natural
greenhouse e ect that makes the Earth habitable. The anttgepiz greenhouse e ect is giving
rise to catastrophic consequences, such as the increasabial ggmperatures, acidi cation of the
oceans, melting arctic ice, decreased crop yield, humaades and mortality, and so forth. Since
CO» generated by the energy sector accounts for about 65% obtakeinthropogenic greenhouse
gas emissions, it is evident that a massive change in themuenergy scenario is necessary to
avoid further irreversible environmental impact®rmaz, 201R In this context, it was stated
by the Intergovernmental Panel on Climate Change (IPCC) thatuse of fossil fuels must be
gradually reduced, and the utilization of renewable energystmise to 80% of the power sector
by 2050 to avoid catastrophic climate change. The importarficen-fossil fuels, such as solar,
biofuel, wind, geothermal heat, etc., in palliating energués has been expressed in countless
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studies, but their widespread utilization is still limitecédause medium 40 years ago\(illiams et al., 1978 but increasing
of their relatively high cost and technical diculties in dai  interest in the development of catalysts to boost the hydrogen
countries (Nguyen and Kakinaka, 20).8 production from formic acid has mainly been generated in the
The pivotal role of hydrogen in the future of energy is nolast decade. Among the virtues of formic acid as hydrogenarar
longer questionable and, even though it is not naturallyilabde its high volume of 53 g> L ! (higher than the 2020 target of
as a ready-to-use molecule but is rather bound up in chemical0 g4» L ! for on-board hydrogen storage for light-duty fuel
compounds with other elements, its ideal status as an ener@gll vehicles updated by the U. S. Department of Energy (DOE)
vector stems from its outstanding characteristics. Theg@pal in May 2017), low-toxicity (median lethal dose, LD50 (oral,
advantages of hydrogen as an energy carrier can be summarizet) value of 1,100 mg kd), non- ammability (ash point of
as follows Graetz, 2009; Rosen and Koohi-Fayegh, 016 69 C, much higher than that of methanol and gasoline (12 and
40 C, respectively) and biodegradability should be mentioned
(Navlani-Garcia et al., 2018d&urthermore, it is in liquid phase
at ambient temperature, which makes its transportation and
refueling easy so that its handling could be comparable to that
of diesel and gasolin&(thaler et al., 2090
It is well-known that formic acid decomposition can take
place by dehydration (decarbonylation) and dehydrogematio
(decarboxylation), which are represented by the following
chemical equationsHppinger and Huang, 20):7

It can be manufactured from hydrocarbon and non-
hydrocarbon energy sources.

It can be utilized as a chemical fuel and as a chemical feekdsto
in a number of industrial processes and transportation.

Itis transportable.

Itis environmentally friendly. The combustion of hydrogem
produce energyl(H D 120 kJ g?) is, unlike the combustion
of the commonly used fossil fuels (coal, oil, and natura) gas

I(;fé?)(re\trr:tcttlgnélectricity hydrogen can be stored in vagou Dehyldratlon: HCOOHS$ CO C H0; 1G D 124

forms that are usually ’classi ed as physical and chemica‘]moI ,1H D .29'2 kimol %, and1$ D139Jmol K %

storage methods Dehydrogenation: HCOOH H, C CO; (1G D 32.9

' kimol 1,1H D 31.2kdmol 1,and1S D 216Jmol 1K 1

Nevertheless, safety issues related to its storage andThe gas mixture generated from the formic acid
transportation have limited its extensive utilization. Hever, dehydrogenation reaction can be directly utilized as a feed
despite the undesired properties of hydrogen in terms of safetgas for an H/air fuel cell (oges et al., 2008so that the
numerous studies revealed that the danger of hydrogen migtitehydration route should be avoided to suppress the formation
not be worse than that shown by other fuels. Still, from aof CO, which leads to the poisoning of the catalysts used in the
practical standpoint, storing, and transporting a hydrogenfuel cell. Formic acid dehydration can be avoided througghy
storage molecule that can provide hydrogen when requiredelective catalysts able to boost its dehydrogenation tergés
would be a better option than storing and transporting hydroge H, and CG. It has been reported that the pathway followed
in tanks for pressurized hydrogen gas or liquid hydrogen,alihi in the decomposition of formic acid (by either dehydration or
require high-pressure systems or high liquefaction energy. dehydrogenation) is strongly dependent on the catalytidae,

Chemical hydrogen storage, in which hydridic/protonic H which controls the adsorption of formic acid molecules. Itsva
is combined with other elements, stands as a safe and mondaimed that large terrace sites tend to adsorb the molscoile
convenient option to the classical physical storage. Thechearformic acid following a bidentate form, which gives raise te th
for solid and liquid-state hydrogen storage materials haslehydrogenation pathway, while surface-unsaturated sitestb
been the focus of fruitful investigations in the last decade the dehydration pathwayiedsree et al., 20).1
Examples of some representative hydrogen storage moleculesBesides its intrinsic features, another important aspechef t
include ammonia borane (NgBH3) (Garcia-Aguilar et al., use of formic acid as a hydrogen storage material is that thg C
2016a; Navlani-Garcia et al., 2016a; Navlani-garcia,e2Gily,  generated in formic acid dehydrogenation can be subsedyent
ammonia (NH) (Lan et al., 2012; Af et al., 20),6methanol hydrogenated so that formic acid molecules are regenetiated
(CH30H) (Nielsen et al., 2013; Monney et al., 2))igodium a carbon-free emission processe(lay et al., 2008; Loges et al.,
borohydride (NaBH) (Chowdhury et al., 2015; Demirci, 2015 2008; Enthaler et al., 20lL@hat can be simply schematized
magnesium hydride (Mghk) (Lillo-Rodenas et al., 2008; El- in Figure 1
Eskandarany et al., 20)L&nd formic acid (HCOOH) {Navlani- Williams rst reported on the electrochemical reduction of
Garcia et al.,, 2015a; Mori et al.,, 2017b; Wu et al., Y0110, to formic acid in 1978 \Villiams et al., 1978 and since
with hydrogen contents of 19.5, 17.6, 12.6, 10.8, 7.6, aritlen interesting investigations have been undertaken bygusi
4.4 wt.% of hydrogen, respectively. However, the practicallectrochemical L(u et al., 2014; Gupta et al., 2016; Zhang
application of some of these hydrogen storage molecules @ al., 2017} photoelectrochemical L et al., 2017; Jiang
greatly limited due to their low kinetics for reversibleoH M. et al., 201§ catalytic Moret et al., 2014; Mori et al.,
adsorption-desorption reactions, thermodynamic stabjligv 2019, and photocatalyticRremkumar and Ramaraj, 1997; Qin
inherent thermal conductivity, high price, and toxicitC¢aun G. et al., 2013 approaches. However, despite the ideality of
etal., 2014; Zhong et al., 2018 this system, several aspects should be considered to boost the

Formic acid is currently considered one of the most promisinghermodynamically uphill formation of liquid formic acid ém
candidates. It was identi ed as a potential hydrogen storaggaseous C®and Hp. Usually, the reaction of COand Hy is
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FIGURE 1 | Carbon-neutral energy storage using formic acid as a hydrogn carrier molecule.

through the water gas shift reaction, resulting in the fotma  of heterogeneous catalysts for formic acid dehydrogenatio
of CO and KO (Paul et al., 2015; Reddy and Smirniotis, 2915 in liquid-phase is highly desirableziu and Xu, 201k The
but the selection of suitable experimental conditions (saslthe search for an optimum heterogeneous catalyst encompasses the
use of inorganic or organic basis) and an appropriate catalystvestigation of several active phases, mainly in the form of
might shift the reaction equilibria toward the hydrogeratiof  noble metal nanopatrticles, but reports in which non-noble nheta
CO2 (Zhu and Xu, 201n nanoparticles are studied can be also found in the literature,
Since Co ey rst reported the decomposition of formic acid approaching this issue from both experimental and theoretical
over a homogeneous catalytic system in 196D ¢y, 1967, perspectivesyoo et al., 2014
many investigations dealing with the preparation of highlyiae Among all the catalysts studied in this application, those
and robust homogeneous catalysts that selectively prodyce Hased on palladium have been claimed to be very promising
and CQ from formic acid under mild conditions have been alternatives, and they have received great attention ndy on
documented Fukuzumi et al., 2008, 2010; Mellmann et al.because they are more tolerant to CO than other metals, but
2016, including ruthenium @oddien et al., 2009; Czaun et al.,also because relatively high hydrogen conversion andtaétgc
2019, rhodium (Strauss et al., 19),9ron (Boddien et al., 2010; values have been achieved under moderate temperatdees(d
Zell et al., 2018 and iridium (Bavykina et al., 2015; Czaun Li, 201§. Thus, the research community interested in formic
et al., 2016; Matsunami et al., 20)Icomplexes being some of acid as a hydrogen carrier has devoted tremendous e orts to
the most representative studied catalysts. However, dalgiev understand and optimize the Pd-based catalytic systems by
competitive and selective heterogeneous catalysts undiek mienhancing either their performance under mild conditions or
conditions is still a di cult task (Enthaler et al., 2010; Grasemanntheir stability and/or durability as well as selectivity ng8oof the
and Laurenczy, 20)2 strategies tackled in this matter include the optimizatidrttoe
The investigation of the decomposition of formic acid active phase features (in terms of size, composition, stragctu
over heterogeneous catalysts dates back to the 1930s, butaind so forth) as well as the impact of the support properties
the initial studies the optimization of the catalysts, aslwelin modulating the nal behavior of the catalysts by controtiin
as the measurement of the CO evolved from the formidche metal-support interaction or the acid/base properties.r€he
acid dehydration side reaction, were not deeply consideredre a number of supports investigated for this application,
(Grasemann and Laurenczy, 201t that case, the reaction has including silica Garcia-Aguilar et al., 2016b; Mori et al., 20),7a
mainly been studied in the gas phase, and temperatures higheeolites {laviani-Garcia et al., 201hanetal-organic frameworks
than 100C (the normal boiling point of formic acid) or the use of (MOFs) (Wen et al., 201)7 etc. Among them, carbon materials
an inert carrier gas to dilute formic acid below its satutht@por  are certainly the most extensively investigated so far.vitiees
pressure were needed, which, from the practical applicatioof carbon materials as catalytic support are nowadays rezedni
viewpoint, would constitute additional complexity for thegpt and they can be ascribed to unique properties that make
used to conduct the reaction test. Then, the developmerthem preferable over other common supports such as silica or
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PD-BASED HETEROGENEOQOUS CATALYSTS

TABLE 1 | Representative catalysts based on carbon materials used ithe formic
acid dehydrogenation reaction.

SUPPORTED ON CARBON MATERIALS

Catalyst T(C) TOF( 1) References

As it was previously mentioned, Pd-based catalysts have been
PdiC 25 64 wang Z.-L. etal,, 2012 claimed to be the most active toward hydrogen production from
Pd/mpg-C3Ny 25 144 Lee etal., 2014 the formic acid dehydrogenation reaction. Numerous fasfor
PdiC 25 304 Jiang et al., 2014 such as morphology of the metallic active phase, compositidn an
Pd/CNg 25 25 752 Bietal., 2016 architecture of the nanoparticles, metal loading, etc.etakeady
Pd/C 25 835 LiJ. etal, 2017 been investigated in an attempt to design e cient heterogaumne
Pd/NMC-400 25 913 Sunetal., 2019 catalysts that can be competitive to those generally moiigeact
Pd/1.0Ti-g-C3Ny 30 7 Wu etal., 2017 homogeneous systems, while o ering the well-known advantages
Pd/C 30 2283 Wang X. et al., 2014 inherent to heterogeneous catalysis. Most of the investigate
Pdvp/CNF-HHT 30 563.2 Sanchez et al., 2018 heterogeneous catalysts studied in this application are carbo
Pd/carbon black 30 1,815 Zhang S. etal., 2017 supported systems. Among them, activated carbon is the most
Pd/N-C 45 645 Jeon etal., 2016 extensively used supporil@vlani-Garcia et al., 2018avhich is
Pd/MSC-30 50 2623 ZhuQ.L.etal, 2014 dye to its high surface area, which gives the possibility hieae
PdiC 50 7,959 Zhou et al., 2016 highly dispersed and well-distributed metal nanoparticlesich
Pd/C nanospheres 60 7256 Zhuetal, 2015 are accessible to the molecules involved in the reaction.e¥ew
Pd/N-MSC-30 60 8414 LiZ. etal, 2017 interesting reports on several kinds of carbon materials and
Ag@Pd/C (1:1) 20 192 Tedsreeetal, 2011 carbon-based materials, such as reduced graphene oxide) (rGO
Pd1Age/N-1GO 25 171 Huang etal., 2017 (Ping et al., 2013; Yan et al., 2),1§raphene nanosheet®if
AQ@PA/N-GCNT 25 413 Nabidetal, 2017 Y.-L et al., 2013; Bulut et al., 2Q16arbon nanospheresZfiu
PAAI@9-GsNa 2 420 Liuetal,, 2019 etal., 2015; Zhang et al., 20),Azarious nitrogen-doped carbon
Agr4Pdze/graphene 25 572 Yangetal, 2015 materials [carbon blackJgon et al., 20)fcarbon nanotubes
Agpd/C 0 854 Feng etal., 2016 (Podyacheva et al., 20} 8arbon xerogels\avlani-Garcia et al.,
C-AGazPdsg 0 382 Zhang etal., 2013 2019, carbon nanosheetsliang Y. et al., 2018; Zhang et al.,
AdoPdo1/g-C3Na %0 480 vaoetal, 2007 2019], mesoporous carbonMasuda et al., 20)8hierarchical
PdAg/amine-MSC S 2638 Masudactal, 2018 porous carbon I(ee et al., 20)7etc.), carbon-based composite
Aug Pdg/carbon black 0 635 Wuetal, 2014 supports Qin et al., 201} and also carbon-containing structures
AuPd—-CeQy/N-rGO 25 52.9 Wang et al., 2014a - . -

such as carbon nitride({ai et al., 2013; Oh, 20),&an be found
Au@Pd/N-mrGO 25 89.1 Wang et al., 2013b . .
Pd-Au-Dy/C 92 269 Zhou et al., 2010 in the re_cent literature. . L .
Al 7Py 25/C_L7.5 95 118 Cheng et al,, 2016 Herein some of the recent mvesugauons performed in our
AuGPd4-L-Mg - 1120 Wu et al., 2015 research group Wll! be summarized. The e ect of the features

of both metal active phase and carbon-based supports on
CO16AGe22Pdse plaraphene - 25 MO vengetal. 2010 the catalytic performance in the formic acid dehydrogenatio
Cog 30AuUg 35Pdg 35/C 25 80 Wang et al., 2013a

reaction were studied in the investigations herein revikéwe

Effect of the Nanoparticle Size

alumina Rodriguez-Reinoso, 20LAAmong those features, their The investigation of the active phase properties in the nal
resistance to basic and acid media, tailored porous strecturcatalytic performance is usually the cornerstone of the ssfaé
controllable hydrophilicity, and the possibility of incorpation  preparation of highly-performing catalysts. Active phases are
of heteroatoms in their structure are of particular interést  usually in the form of metal nanoparticles, which tend to digpla
the formic acid dehydrogenation reaction. Carbon material higher catalytic reactivity by virtue of their small sizeslaigh

are ideal catalytic support for the present application, not onlysurface-to-volume ratio and which, in turn, resultin the pexce
because they serve as anchoring sites for the metal nandparti of low-coordinated atomsXie and Schlticker, 20).8Numerous

but also because they can be modied so as to incorporataspects such as nanopatrticle size, shape, and electronicefeatur
basic functionalities that can be actively involved in tbenfic  have already been studied by those researchers tacklingigd
acid dehydrogenation reaction, ultimately resulting inghly  of catalysts for hydrogen production from the decompositidn o
performing catalysts. formic acid.

In order to provide a wide view of the recent breakthroughs Our research group was a pioneer in the investigation of the
achieved by using catalysts based on carbon materials, somect of the nanopatrticle size in the decomposition of formiccaci
representative examples are listedable 1 by assessing the activity of Pd-based catalystsléni-Garcia

In this review, we address some of the recent studiest al., 2015b, 201¥bln that study, the commercial activated
conducted by our research group toward the design o€tarbon Shirasagi M (Osaka Gas Chemicals Co. Ltd.) was used
Pd-based heterogeneous catalysts supported on carbon a@s catalytic support. The synthesis of colloidal size-cdletio
carbon-containing materials for the formic acid dehydrogéon  Pd nanoparticles was based on a polyol process by using
reaction in liquid phase. palladium (II) acetate as a Pd precursor, polyvinylpyrrolidone

Frontiers in Materials | www.frontiersin.org 4 March 2019 | Volume 6 | Article 44


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Navlani-Garcia et al. Hydrogen Production From Formic Acid

(PVP) as a stabilizing agent and ethylene glycol as the r#olveare listed inTable 2 As can be seen, the reaction rate constant
and reducing agent. Several experimental parameters, suchraso (Ky/Kp) with HCOOH and HCOOD were similar for
PVP/Pd molar ratio as well as synthesis temperature and timall the samples, suggesting that step | (O-H bond cleavage)
were used to tune the nal size of the nanoparticles. The aswvas not dependent on the size of the NPs. The much larger
synthetized colloidal nanoparticles were subsequentlyddamh  Ky/Kpvalues obtained with HCOOH and DCOOH for all the
the carbon support and catalysts with an average nanoparticlestalysts suggested that step 1l (C-H dissociation) wagsdte
size ranging from 2.7 to 5.5nm (2.7, 3.6, 3.9, 4.2, and 5.5 faletermining reaction stepKy/Kp values were well-correlated
catalysts Pd/C(1)—(5), respectively) were obtained. Alllgats  with the catalytic tendency and the smallest values obthwieh
were thoroughly characterized and the presence of Pd (0) isample Pd/C(3) con rmed the best performance displayed by
the nanoparticles was con rmed by X-ray photoelectron (XPS}hat catalyst.
and X-ray absorption ne structure (XAFS) spectroscopies. The Subsequent studies also tackled the investigation of the siz
hydrogen production was monitored by gas chromatographysensitivity. For instanc&hang S. et al. (20138)so addressed the
while the reaction took place at 30. The results of the hydrogen e ect of Pd nanoparticles size in the formic acid decomposition
produced after 3h of reaction as a function of the size of th@ver carbon-supported catalysts with average sizes ranging
nanoparticles are summarized figure 2A. As can be observed from 2.0 to 5.2nm and using carbon black (Vulcan XC-
in Figure 2A, sample Pd/C(3), with an average nanoparticle’2R) as support. A capping-free synthetic protocol was then
size of 3.9nm was the best-performing catalyst among thosghosen, and the size of the nanoparticles was controlled by
investigated. The volcano type relationship found betwden t means of modifying the pH of the metal precursor, which
hydrogen production ability and the size of the nanoparticlesvas achieved with the addition of N@Os, NHj3 H20, or
in that study was ascribed to the relative proportion of low-NaOH. It was also observed that the catalytic performance
coordinated atoms (LC) and high-coordinated atoms (HC)twit displayed a volcano-type relationship with the Pd nanoparticle
respect to the total number of surface atoms present in theize, with the sample containing an average size of 2.2nm
catalysts. To get further insight into the size-sensijigbserved, being the most active among assessed. Following our study on
we assumed that Pd nanoparticles were cuboctahedral in shaplee size-e ect investigationNavlani-Garcia et al., 201jhthe
with a cubic close-packed structure in this size range and theolcano-type tendency observed in that case was also related
full-shell nanoparticles model was adopted to calculate ggomn  to the proportion of low coordinated and high coordinated
parametersiiori et al., 200) (total surface atoms, LC and HC atoms in the nanoparticles. Such a volcano-type tendency for
atoms). Turnover Frequency (TOF) values were calculated oRd/C catalysts using activated carbon was also observed by
the basis of these speci c atoms ($&égure 2B). If all the atoms Jeon and Chung (201hy evaluating the activity of catalysts
on the nanoparticle surface possess the same catalytictyactivsynthesized by several preparation methods [i.e., (i) adgorpf
toward the hydrogen production, the TOF values calculated ofiready-made” NPs; (ii) Pd precursor adsorption and reduction
the basis of the surface atoms should be the same regardl€gd adsorption of the Pd precursor plus deposition and
of the Pd particle sizes. As a result, TOF values changed Ibgduction; (iv) Pd precursor ion exchange and reduction; (v)
nearly 40% in the investigated size range and the values f@t precursor ion exchange, deposition and reduction; {fi)
in the following order: Pd/C(3) (3.9nmy Pd/C(5) (5.5nm) situ metal sol formation and reduction; (vii)n situ metal
> Pd/C(2) (3.6nm)> Pd/C(4) (4.2nm)> Pd/C(1) (2.7nm). sol formation, deposition and reduction]. Li and co-workers
Such di erences in the normalized TOF values indicated thlat a(Li J. et al., 2007 also reported on the eect of the Pd
the Pd surface sites did not present the same catalytic gctivinanoparticles size for the formic acid dehydrogenation rieact
in the formic acid decomposition. Furthermore, the tendesxci by using carbon black (Vulcan XC-72R) as support. In that
observed for the TOF values calculated on the basis of LC &d Hcase, sodium citrate was used as a stabilizer and several Pd
(seeFigure 2B) suggested that the formic acid dehydrogenationprecursors to sodium citrate ratios were used so as to obtain
reaction is “structure-sensitive” and the HC Pd atoms atdee  Pd nanoparticles with average sizes ranging from 2.1 to 4.5nm.
sites act as the main active species. Under the experimental conditions used in that study, the

Furthermore, a plausible mechanism pathway was proposesmallest nanoparticles displayed the best performance among
(Figure 3). According to that mechanism the following reaction those investigated, which was related to a better dispersion o
steps would take place:—Step I: O-H bond cleavage, providirige nanoparticles and larger proportion of positively charged
a proton (H°), and a palladium-formate (Pd-[HCOO] Pd species. Jin et al. also focused on the eect of the Pd
intermediate;—Step II: Pd-[HCOOQ]species undergo C-H bond nanoparticles size in their study on Pd/NHKIE-6 catalysts
dissociation, aording a palladium hydride (Pd-[H), and (being KIE-6a mesoporous silica)Jii et al., 2018 The
COy;—Step lll: the generation of fHalong with the regeneration control of the nanoparticle size was achieved by means of
of the Pd species take place after the recombination of Pd-[H] modifying experimental conditions such as Pd precursor [i.e.
with a HC. palladium (Il) nitrate hydrate, palladium (ll) acetate, paliaoh

In addition, to get more information about the size senstiiv  (Il) acetylacetonate, and potassium tetrachloropalladaty (I
in the elementary steps of the formic acid dehydrogenationand the stirring time used in the preparation of the catalysts
Kinetic Isotope E ect (KIE) experiments were conducted byand nanoparticles, with sizes ranging from 2.0 to 2.8nm
monitoring the evolution of the reaction using deuteratedrhic  being measured by STEM analysis. In that case, the catalysts
acid (HCOOD and DCOOH) and the results for each catalyssynthesized from palladium nitrate displayed the smallest X si
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FIGURE 2 | (A) Relationship between H production after 3 h of reaction at 30 C and the average Pd nanoparticles (NP) siz¢B) Normalized TOF values calculated
on the basis of high-coordinated (HC) and low-coordinatedL(C) as a function of the average Pd NP size. Adapted with perssion from Navlani-Garcia et al. (2016h)
Copyright 2016 Wiley.

TABLE 2 | KIE in the decomposition of formic acid.
Catalyst Average NP Formic Reaction rate ku/kp
HCOOH size (nm) @ acid (mmol min 1)
H2
HCOOH 0.64 -
Pd/C(1) 27 07 HCOOD 0.20 3.13
Step 111 Step I DCOOH 0.02 35.20
o a2 HCOOH 1.03 -
- Il Pd/C(2) 3.6 08 HCOOD 0.43 2.40
H* H) . [O_ 5 _H] DCOOH 0.03 32.05
H HCOOH 1.79 -
Pd/C(3) 39 09 HCOOD 0.78 2.29
DCOOH 0.17 10.37
Step I1 HCOOH 1.80 -
Pd/C(4) 42 0.6 HCOOD 1.27 1.42
DCOOH 0.16 11.02
HCOOH 1.62 -
C02 Pd/C(5) 55 16 HCOOD 0.34 4.76
FIGURE 3 | Reaction mechanism proposed for B production from the formic DCOOH 0.12 1385
acid dehydrogenation catalyzed by Pd/C catalysts. Adapted with permission fromNavlani-Garcia et al. (2016h)Copyright 2016 Wiley.

2Average nanoparticle size determined by TEM analysis.

and, in turn, showed the best performance in the formic acid

dehydrogenation reaction. Furthermore, the utilization of bimetallic or multimetad!
_ . systems has been a widely employed strategy to reduce the cost
Effect of the Nanoparticle Composition ofthe nal catalysts, particularly when non-noble metals ased

As was previously mentioned, most of the heterogeneous their compositions. A number of bimetallic and multimelial
catalysts used in the formic acid dehydrogenation reacdom heterogeneous catalysts, such as PdNh(Y.-L et al., 2013
based on Pd nanoparticles. However, Pd monometallic syster®sICu (Mori et al., 201}, PdAu (Huang et al., 2010; Gu et al.,
often suer from deactivation caused by the adsorption of2011; Wen et al., 20){Yan et al., 2015 PdAg (Mori et al.,
reaction intermediates on the surface of the nanoparticles. P013; Wang et al., 2014b; Song et al., 3(NiAuPd (Wang et al.,
was observed that the use of bimetallic or multimetallidesys 2014b; Bulut et al., 20),8PdCuCr (Mori et al., 2017) AuAgPd

can greatly palliate such problem and display better perforraandLi et al., 201} CoAuPd {(Vang et al., 201jaetc., have already
than the Pd monometallic counterpart. Such enhancemenbeen reported to be active in the formic acid dehydrogenation
of the catalytic activity and selectivity of the bimetaland reaction. Among them, noble metal-based systems have been so
multimetallic systems are usually ascribed to the modi@at far the most studied, and PdAg-based catalysts have taken pole
of the Pd electronic density and geometric structure as welposition in attracting extensive investigationddri et al., 2013;

as resistance to poisoning intermediat&éhigng et al.,, 201Ja Masuda et al., 20)&s they have shown to be one of the most
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active catalysts in the formic acid decomposition reactiimeir
superior performance is usually ascribed to the e cient charg
transfer from Ag to Pd that results in electronically promdte
Pd species, which are more active in catalyzing the formid ac
dehydrogenation reaction. Since Tedsree et al. rst rembrte
on the potential of PdAg catalysts for this application in 2011
(Tedsree et al., 20),1an increasing number of studies on the
decomposition of formic acid over PdAg catalysts can be foun
in the literature. Unlike monometallic catalysts, factougls as
composition and con guration of the nanoparticles should be
kept in mind while evaluating the performance of bimetallic or
multimetallic catalysts. The complexity of these systenslls
complicates the proper evaluation of only one aspect such as t
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H, production (micromol, 3h)

=y
D

PVP/M=1/1

" ; . . . PVP/M=5/1
composition or size of the bimetallic nanoparticles. PVP/M=10/1

Our research group reported on the screening of carbon
supported PdAg catalysts prepared by loading pre-synthetize
PVP-capped nanoparticles on activated carbon (Shirasagj,

ld:IGURE 4 | Hy generated after 3 h of reaction over PdAg/C catalysts with a
various composition of the nanoparticles. Adapted with penission from

g avlani-Garcia et al. (2016¢)Copyright 2016 American Chemical Society.

M), in which the composition of the nanoparticles was
optimized in terms of Pd/Ag and PVP/metal molar ratios
(Navlani-Garcia et al., 2016c
As in the study of the e ect of the size of monometallic the hydrogen generation could be measured by observing the
Pd catalystsNavlani-Garcia et al., 201)3hthe polyol method volume of gas displaced. A reaction rate of 3,000 mL rhigpj
was utilized to synthesize colloidal nanoparticles. In thase; was achieved, con rming the suitability of the studied dgsss.
the composition of the nanoparticles was carefully controlledrurthermore, Pd1Ag2/C(1) showed a TOF value of 855 fon
by modifying the initial amount of the metal precursors andthe basis of Pd content), which was higher than those values
capping agent (PVP) in the synthesis, so that 12 colloidachieved by other bimetallic PdAg catalysts previously regubrt
with xed Pd concentration, PVP/metal molar ratio of 1/1, inthe literature ((edsree et al., 2011; Liu et al., 216
5/1 or 10/1, and Pd/Ag molar ratios of 1/0.5, 1/1, 1/2, and As for the eect of PVP, it was seen that the catalytic
1/4 were obtained. From these composition-controlled cd#pi performance decayed as the capping agent content increased,
12 carbon-supported catalysts were prepared. The catalystdhich was initially ascribed to either change in the surface
were denoted as PdxAgy/C(z) attending to the compositiorromposition of the nanoparticles and electronic e ect exetbgd
of the nanoparticles (“x” and “y” related to the Pd/Ag molar the PVP molecules, or changes in the size of the nanopatrticles
ratio, and “z” indicating the PVP/metal molar ratio). The In order to ascertain the relationship between the componiti
catalytic activity of the samples was assessed by meansobfthe nanoparticles and their activity, the catalysts were
gas chromatography by following the hydrogen generated aftehoroughly characterized.
3h of reaction at 30C, and the results are summarized The result of TEM analysis indicated that similar average
in Figure 4. nanoparticle size was obtained for those catalysts with Pd/Ag
All catalysts showed 100% of selectivity toward the of 1/0.5, 1/1, and 1/2, (sizes ranging from 3.0 to 3.9nm)
formic acid dehydrogenation reaction so that the generatio regardless the PVP content (s&able 3. Furthermore, it was
of CO through formic acid dehydration was suppressed. Thehown that the addition of Ag in the nanoparticles resulted
catalytic activity was shown to be strongly dependent on th&n smaller nanoparticles as compared to the Pd monometallic
composition of the nanoparticles, both Pd/Ag molar ratio counterpart catalysts. That fact was related to the favored
and PVP content. It was observed that the incorporation offeduction of Pd ions when Ag ions were present, which would
Ag in the catalysts greatly enhanced the activity, reachinfpad to a larger number of seeds in the nucleation step and
the optimum activity for those samples with a Pd/Ag ofwould eventually produce nanoparticles with a smaller size.
1/2 for most of the PVP contents. However, the catalyticAs for the catalysts with larger Ag content (Pd/Ag of 1/4),
activity decayed dramatically for those samples with the éggh the average size of the nanoparticles was larger, partigularl
Ag content (Pd/Ag of 1/4). Among all catalysts investigatedin the samples with lower PVP content (5.0, 4.0, and 3.6 nm
sample Pd1Ag2/C(1) was the most active and the bene cidbr Pd1Ag4/C(1), Pd1Ag4/C(5), and Pd1Ag4/C(10) catalysts,
e ect from the addition of Ag was also conrmed by the respectively). Furthermore, some aggregates were detetted i
comparison with the Pd monometallic counterpart catalystsample Pd1Ag4/C(10), which was ascribed to the high PVP
(the Hy production after 3h of reaction was 266 and 144content and concentration of metal precursors used in the
mmol for Pd1Ag2/C(1) and Pd/C, respectively, under identicabynthesis of the corresponding colloid.
experimental conditions). HR-TEM analysis was also performed for a representative
Once the best-performing catalyst was identied, itscolloid (Pd1Ag2, with a PVP/metal ratio of 1/1) and the
applicability in a large-scale reactor was also checked mgusilattice space was measured to be 0.23nm, between the (111)
a burette system equipped with a re ux condenser, so thalattice spacing of fcc (face-centered cubic) Pd (0.224 nm)
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TABLE 3 | Particle size determined by TEM analysis fg)) for all catalysts. Pd-CatalyStS Supported on
sample dren () sample a1y om  Nitrogen-Doped Carbon Xerogels

Even though the design of catalysts is usually focused onitaglor
Pd1Ag0.5/C(1) 39 08 Pd1Ag2/C(1) 35 09 the active phase features, in terms of nanoparticles sizeesha
Pd1Ag0.5/C(5) 34 07 Pd1Ag2/C(5) 30 06 composition and so forth@arcia-Aguilar et al., 2016b; Navlani-
Pd1Ag0.5/C(10) 34 06 Pd1Ag2/C(10) 31 08 Garciaetal., 2016§),the impact of the support characteristics in
Pd1Ag1/C(1) 36 09 Pd1Ag4/C(1) 50 3.0 the nal catalytic performance toward the hydrogen productio
Pd1Ag1/C(5) 33 0.6 Pd1Ag4/C(5) 40 1.1 from the formic acid dehydrogenation reaction has merited
Pd1Ag1/C(10) 34 06 Pd1Ag4/C(10) 36 1.0 several investigations and various approaches, in whicterith

the incorporation of additional functional groups or the iimisic
support features were assessed, can be found in the literature
For instance, the local basicity of the support has been pointed
out as an important parameter to enhance the formic acid
?Iehydrogenation reaction, as such basic groups can either
in uence the nal electronic density of metallic active ster
irectly participate as hydrogen scavengevki et al., 2014,
515, 2017a; Masuda et al., 2)14 this point, carbon material-
based catalysts have been considered as a promising afernati
tg attain competitive hydrogen production abilities becatrssr
asicity can be easily modi ed by nitrogen functionalizeti

Adapted with permission fromNavlani-Garcia et al. (2016¢)Copyright 2016 American
Chemical Society.

and Ag (0.235nm), which suggested the presence
alloyed nanopatrticles.

The set of catalysts that displayed the highest activit
among investigated Pd1Ag2/C samples were characterized
XAFS analysis. As can be seen kigure 5 the Fourier
transformation (FT) ofk3-weighted extended X-ray absorption
ne structure (EXAFS) spectra of the reference samples (Pd a

Ag foils), displayed peaks c;entered at2.5and 2.7 A respl@'CtiV"EBashkova et al., 2003; Bagreev et al., 2004; Hulicova-Juecako
(Figures 5A,, corresponding to metal-metal bonding (Pd-Pd et al., 200p Hence so;ne experimental studi’es combined with

and Ag-Ag, re_spect|vely). In the case of the catalysts,_ th<)§ﬁeoretica| calculations have tried to shed some light oa th
peaks were shifted as compared to the references, con rmiag th

presence of heteroatomic Pd-Ag bonding in the nanoparticles understanding of the nitrogen e ect on active sites in the
"_formic acid dehydrogenation reaction. Recently, an inténgs

The electronic structure of these catalysts was also amhlyze .
y y Etudy about N-doped mesoporous carbon-supported Pd species

by means of XPS and, even though both Pd and A er . . . .
y v ug g w emonstrated that the interaction between single isoldreff

mainly in their metallic form, oxidized forms were also detted. . S : .
Such species were related to the metal-PVP interaction vi ations and pyridinic nitrogen groups boosted the formic acid

CDO groups of the polymer molecules. Then, the presence hydrogenation reaction as compared to the N-free C(_)unterpa
Pd(ll) and Ag(l) species in the nanoparticles was related to th§3tlyst [ﬁulu_shev et al., 201@[:E)Furtherm9rle, r’:he t:ntrogg)n
presence of PVP molecules. Furthermore, the charge transfifctionalization present on carbon materials has been éun

from Ag to Pd was also considered. It was observed that sudh be anchoring points for metal nanoparticles, which resisits
h mall and well-distributed nanoparticles on the surface la# t

charge transfer was hampered for high PVP content in t e )
nanoparticles, which was due to its capping e ect on the Agc:atalysts and enhanced catalytic performandesif et al., 20)6

species. It was found that the PVP content greatly a ected the Ve recently studied the e ect of the nitrogen doping level on
surface composition of the nanoparticles, as higher Pd/Atpser 1€ catalytic ability in the formic acid dehydrogenatioraotion
ratio was detected as the PVP content in the nanoparticle@Ver Pd-based N-doped carbon catalysts\(lani-Garcia et al.,
decreased (surface Pd/Ag ratio of 1.26, 1.20, and 0.78 féP19- Todothis, carbon xerogels were chosen as carbon support,
Pd1Ag2/C(1), Pd1Ag2/C(5), and Pd1Ag2/C(10), respectiyelyy which apart from xing the nitrogen doping level, the porous
which was associated with the relative interaction abiifypd ~ exture could also be modulated by modifying the synthesis
and Ag with the polymer molecules. conditions. The control of the pore texture allowed us to desi

In view of the characterization results, the catalytic tencdy catalysts that gathered both an accessible porous struanae
displayed by the set of samples were discussed. First, it wai§fogen groups, which could facilitate homogenous dispersion
claimed that the poor performance displayed by the Pd1Ag®f small nanoparticles on the surface of the catalysts. In
set of catalysts could be due to the aggregation found inehoghat study, N-doped carbon xerogels were prepared by a
samples. However, that aspect did not determine the tendendiplycondensation method of resorcinol and formaldehydehie t
observed for the other three sets of catalysts (Pd1AgOBA@H  Presence of melamine using the same protocol as it was reported
and Pd1Ag2) because of the very similar average nanopartidiea previous work $alinas-Torres etal., 201&ll supports were
size observed in those samples. The detailed characterizsiti Characterized by both Nadsorption-desorption isotherms and
Pd1Ag2/C set of samples by means of XPS analysis reveafgdrcury porosimetry measurements to gain knowledge about
that the PVP/metal molar ratio present in the catalysts had ahe pore texture (segable 4 as well as elemental analysis and
important e ect on the features of the catalysts, in terms ofXPS to know the nitrogen content and nitrogen functionagi
surface Pd enrichmentin the nanoparticles and electronitsitg ~ respectively. The supports were denoted as Pd/aN-CX-b to
in the Pd atoms which, along with an optimum composition of distinguish the nitrogen doping level (a) and the pore text(b}
the nanoparticles (i.e., Pd/Ag molar ratio), were shown tdhee in each sample. All supports had micropores related to the gas
determining aspects for controlling the catalytic activity uptake atlow P/gobserved in the Nisotherms. Moreover, these
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A Pd FT-EXAFS B Ag FT-EXAFS
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FIGURE 5 | (A) Pd and (B) Ag FT-EXAFS spectra of Pd1Ag2/C catalysts prepared using doiids with different PVP/M ratios [Pd1Ag2/C(1), Pd1Ag2/C(5and
Pd1Ag2/C(10)] and reference samples (Pd and Ag foils). Adagd with permission from {avlani-Garcia et al., 2016). Copyright 2016 American Chemical Society.

TABLE 4 | Porous texture properties forN-doped carbon xerogels supports. nanoparticles, provided that the nitrogen doping level did not
surpass a speci ¢ amount.
Support (r:ZBETl) (CmvsDR 1 (Cmg" 1 Sizzo(r:m) The electronic state of Pd nanoparticles was analyzed by XPS
’ ’ ’ measurements. Taking into account the position of the binding
CX-meso 726 0.29 1.46 16 energies of Pd 3d peaks for Pd-based N-doped carbon catalysts
2N-CX-meso 545 0.22 0.46 6 compared to the N-free catalyst, the existence of Pd-N interact
AN-CX-meso 590 0.24 0.94 14 was concluded. Regarding the nitrogen groups, XPS spectra for
AN-CX-macro 587 0.24 1.60 1,180 both N-carbon xerogel supports and their Pd-based catalyst
8N-CX-macro 307 0.13 0.65 _ counterparts revealed that pyridinic and quaternadygroups
were the most abundant, although pyrrolic/pyridone nitrogen
Adapted with permission fromNavlani-Garcia et al. (2019)Copyright 2019 Elsevier. groups were also observed. X-ray absorption measurements wer

completed to gain a better understanding of the electronitesta

of Pd. From EXAFS analysis (deigure 7), it was demonstrated
N-doped carbon xerogels also presented volume of mesoporesthiat all catalysts presented Pd in the metallic state (2.5 A).
macropores as well as di erent average pore size depending ¢furthermore, the peak ascribed to the Pd-N interaction (1.6
the precursors' solution selectetaple 4). A) was also observed for the N-containing catalysts, with the

Subsequently, a wet impregnation method was used texception of the Pd/8N-CX-macro catalyst. This weak Pd-N

synthesize their Pd-based N-doped carbon catalyst countsrpainteraction could be attributed to the di cult accessitiji of
(Pd/support). Afterwards, the particle size of the as-syritees Pd nanopatrticles to the nitrogen functionalities due to the
catalysts was analyzed by TEM (sEgure6). From the low apparent surface area of the Pd/8N-CX-macro catalyst.
histograms, it was observed that the average nanoparticde si2urthermore, the less important Pd-N interaction could also be
ranged from 2.2 to 3.4nm for most of the samples. Howeveresponsible for the larger nanoparticles observed in that@dam
Pd/8N-CX-macro micrograph revealed the formation of largeThe existence of PdO in the samples could not be discarded
nanoparticles with non-regular shapes and with an averageecause the corresponding peak appears at the same interatomic
nanoparticle size of 8.3nm, which were not well-distributeddistance as that of the Pd-N bond.
on the support. This fact could be associated with both the After characterization of all catalysts, the catalytic aigtiv
high concentration of Lewis basic sites and the lowest apparewas evaluated by monitoring the gas evolved E COy) in a
surface area for 8N-CX-macro support. On the contrary, theburette system, immediately after the addition of a solutilbat
rest of the catalysts, which had lower nitrogen content tharconsisted of formic acid and sodium formate (molar rafi®:1).
8N-CX-macro support, displayed good dispersion of sphericalFigure 8 depicts the gas generated for all samples as well as the
shaped nanoparticles. It is important to mention that Pd/CX-TOF values calculated after 10 min of reaction. It was olesirv
meso support l-free sample) exhibited the largest averagehat the catalytic ability in the formic acid dehydrogeruati
nanoparticle size (3.4nm), excluding 8N-CX-macro supportreaction not only depended on the nitrogen doping level,
Therefore, according to that result, the nitrogen dopingdlevas  but the pore texture also played a key role in the catalytic
a crucial parameter to produce both small and well-dispersegerformance. For instance, the volume of gas produced by the
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Count (%)

FIGURE 6 | TEM micrographs of catalysts:(a) Pd/CX-meso, (b) Pd/2N-CX-meso, (c) Pd/4N-CX-meso, (d) Pd/4N-CX-macro, (e) Pd/8N-CX-macro. Adapted with
permission fromNavlani-Garcia et al. (2019)Copyright 2019 Elsevier.
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FIGURE 7 | Pd K-edge FT-EXAFS spectra for all catalysts, and Pd foil and
PdO as reference samples. Adapted with permission fronNavlani-Garcia et al.
(2019) Copyright 2019 Elsevier.

catalyst, displayed enhanced catalytic performance as cothpare
to the N-free sample. Regarding the catalysts with micro-
mesoporous texture and di erent nitrogen doping level, the
Pd/2N-CX-meso catalyst showed poorer catalytic abilityhia t
formic acid dehydrogenation reaction than Pd/4N-CX-meso
catalysts, indicating that nitrogen content must be regards

an important parameter to control the catalytic abilities imet
present application. According to the tendency observed, & wa
concluded that a nitrogen content higher than 4 wt.% favaies
formation of larger nanopatrticles (8.3 nm) and non-homogegso
dispersion on the support, and therefore the catalytic agtivit
in the formic acid dehydrogenation reaction dropped dradtica
compared to the other Pd-based N-doped carbon catalysts.

In light of these results, it was concluded that the
improvement of the catalytic ability could not be only attriled
to the nitrogen content, since the Pd electronic state as agll
the basicity and the pore texture of the support material should
be considered. This is because those factors can in uenee th
interaction with formic acid or reaction intermediates, igh in
turn is one of the most important aspects involved in the formic
acid dehydrogenation reactioi{m et al., 201%

Unlikely most of the previous studies reported, it was
therein demonstrated that not only was the presence of speci c
nitrogen functionalities important to achieving high-perfoing
catalysts, but the nitrogen doping level in carbon mateneith
tuned porosity was also a crucial aspect for attaining good

Pd/4N-CX-meso catalyst was almost three times that obthinecatalytic activities in the formic acid dehydrogenatiomecéon.
from the Pd/4N-CX-macro. Moreover, despite the fact that theA promising initial TOF value of 2,014 H on the basis of the

Pd/CX-meso catalyst did not contain nitrogen, it showed a&in

total Pd amount was obtained for the most active catalyst agnon

the same behavior as the Pd/8N-CX-macro catalyst. Howevehose investigated. These ndings could serve as a platform
it is important to note that all Pd-based N-doped carbonfor the design of N-doped carbon materials with controlled
xerogel catalysts, with the exception of the Pd/8N-CX-macrgorosity and active basic sites in order to foster the catalyt
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FIGURE 8 | TOF (calculated at 10 min of reaction) and 34s (H, C COy) FI(SUfREtgll (ias Igenerz?ttst:jzfterdlg of reactlorl a”t 75C fotr the PdCo/g-CNy
generated from the formic acid dehydrogenation reaction @ C). set ot catalysts along wi and Co monometallic counterpes.

performance in the hydrogen generation from the formic acidwas selected as an interesting strategy to reduce the rsilafo

dehydrogenation reaction. the resulting materials.

. In order to optimize the composition of the catalysts, g-
Pd-Catalysts Supported on Graphitic C3Na, previously obtained from thermal decomposition of
Carbon Nitride dicyandiamide, was simultaneous impregnated with di erent

The latter sections summarized some of our recent studies goroportions of the precursors of Pd and Co (i.e., JRaCly
carbon-supported catalysts for the formic acid dehydrogemat and Co(NG)2) and subsequently reduced with NaBHso
reaction by using both commercial activated carbon andis to prepare catalysts with xed Pd loadings and various
synthetized nitrogen-doped carbon xerogels. In the preseri®d-to-Co molar ratios of 1/0.1, 1/0.25, 1/0.7, 1/1, and &./1.
section, our study on carbon nitride-supported catalysts i#s in the former study, the performance of the catalysts at
included because, although the structure and properties of5 C was assessed by monitoring the gas generation ¢H
graphitic carbon nitride (g-@N4) signi cantly di er from those  CO,) in a burette system after adding a solution containing
of conventional carbon materialsn@gaki et al., 2009it could  formic acid and sodium formate in a molar ratio of 9 to
be considered as a C-N-based material analogous to graphite (seeFigure 9). It was observed that the activity strongly
because of its layered structuré/éng et al., 2002 It might  depended on the composition of the nanopatrticles and a marked
also be of interest for those readers interested in carborenhancement was evidenced by the bimetallic nanopartides a
related materials. compared to the monometallic catalysts, both PdigNg and
Motivated by the promising results obtained in our study onCo/g-GN4. The optimum composition of the nanoparticles
N-doped carbon xerogel$l@viani-Garcia et al., 20y and other among those investigated was found in the PdCoiNg
investigations on the impact of the nitrogen functionalipat  (1/0.7) catalyst, which showed a TOF value of 1,193, h
on carbon materials for their use as support in the formiccalculated on the basis of Pd. It was observed that the cigaly
acid dehydrogenation reactiorB(lushev et al., 2016a; Masudawith higher Co content were less active in the formic acid
et al., 2018 along with the outstanding role attributed to g- dehydrogenation reaction, which was initially ascribed e t
C3N4 in stabilizing small metal nanoparticlegl{u J. et al., Co-rich surface of the nanoparticles and its low activity et
2014; Bhowmik et al., 2015; Wu et al., 2))1@ur recent presentapplication.
study was focused on the development of gN@-supported The best performing catalyst [PdCo/gi84(1/0.7)] was
catalysts [{lavlani-Garcia et al., 2018bIn that case, PdCo compared with various catalysts prepared with the same
bimetallic nanopatrticles with various compositions wereduae composition of the metallic active phase (Pd/@» 1/0.7)
active phase, while the role of i, as catalytic support for and some traditional supports with higher apparent surface
this application was pointed out by comparison with standardarea (§et D 7, 241, 995, 125, 189, and 4& m ! for g-
supports based on carbon materials (i.e., carbon black an@Ng4, carbon black, activated carbon, Ce@l>03, and TiO,
activated carbon) and oxides (i.e., Ce@l»03, and TiQ,). It  respectively). The much higher catalytic ability for the facm
should be mentioned that, as it was previously commentedacid dehydrogenation reaction displayed by PdCo/gNg(1/0.7)
most of the bimetallic or multimetallic Pd-based heterogens highlighted the suitability of g-eN4 for the present application
catalysts used in this application are composed of noble-metakcause of its role in anchoring the metal nanoparticles and
active phases. In the study on PdCo catalysts mentioned aboymssible direct participation in the dehydrogenation reaction
the incorporation of a non-noble metal element in the catiys through the nitrogen atoms present on its structure.
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To shed some light on the behavior observed in the catalyti
systems, detailed characterization of the catalysts wésrpezd
by both experimental techniques and density functional tlyeo
(DFT) calculations. After conrming the intact structurefo
the catalysts by XRD analysis and the composition of th
nanoparticles by ICP, TEM micrographs were recorded tc
determine the average nanoparticle size of some of the sdlec
catalysts. The average nanoparticle size was determineéd to
3.8, 2.5, 2.3, and 9.1 nm for Pd/gN4, PdCo/g-GN4 (1/0.7)
PdCo/g-GN4 (1/1), and PdCo/activated carbon (1/0.7), which
pointed out the role of both the addition of Co in the

[g]

0.008 0.008

. . 0.013 0.008 0.013,. .

10.022 0.021 .\ ;

. \ . e \ 0.008

nanoparticles and the importance of g4, in the synthesis of . 0.008 0.006 " -
small and well-distributed nanoparticles, which ultimgtehd an
impact on the catalytic activity.

XPS analysis was used to investigate the electronic propert
of the catalysts. A marked shift toward lower binding energy
values was observed in Pd 3d spectra of PdCafg:Gamples
as compared to Pd/g<4DN4, which was attributed to the
presence of electron-rich Pd species in the alloyed PdC
nanoparticles due to the dierent electronegativity value of
both elements (1.9 and 2.2, in Pauling units, for Co and
Pd, respectively). It should be mentioned that, according § -0.040
to several studies, such electron-rich Pd species are truci -0.034 0.085
for catalyzing the formic acid dehydrogenation reactiormr F 2 f
comparison purposes, bimetallic catalysts based on oth
supports (carbon black, activated carbon, Ge®@l,03, and
TiO2) were also analyzed by XPS but in those cases tl ~-0.069 . 0.067
Pd-Co interaction was not shown to be as obvious as i
the case of PdCo/g4Dl4, suggesting that the formation of
alloyed nanoparticles on those supports might be less favore
and that g-GNg was a suitable catalytic support for the
anchoring of metal precursors and subsequent formation o ) ) )
bimetallic nanoparticles. FIGURE 1Q | Mulliken atomic charges of(A) _monome_tal!lc cluster (Pd3) and

(B) bimetallic (P&, Co21) cluster. Adapted with permission from

Furthermore, the charge transfer from Co to Pd found Navlani-Garcia et al. (2018b)Copyright 2018 Elsevier.
experimentally for the PdCo/g<4Dl4 catalysts was con rmed
by theoretical calculation using DFT analysts withsP@&nd
Pd2Cop; clusters as models of Pd and PdCo nanoparticles,
respectively. As is evidenced by the Mulliken atomic chargesverlapping with some other peak, but the contribution of
represented inFigure 10 the surface Pd atoms of the PdCoPd-Co bond was detected in the Co spectra, which appeared
model were negatively charged as compared to those of ttedong with the contribution of Co-O and Co-Co bonds (located
monometallic Pd cluster, while Co atoms had a positive chargat 1.7 and 2.7 A, respectively). This once again con rmed
because of the charge transfer to Pd atoms in the alloyedrayst the presence of alloyed nanoparticles in the catalysts. Unlike

In addition, XAFS measurements were also conducted tthe g-GNg-supported catalysts, such peak assigned to the Pd-
get more information about the PdCo alloying e ect and Co bond was not observed for the catalyst supported on
the support-metal interaction through the nitrogen function activated carbon, revealing that alloyed PdCo nanopasticle
group of g-GN4 by analyzing some selected PdCo/gNg might not exist in the PdCo/activated carbon catalyst but
and PdCol/activated carbon catalysts. FT-EXAFS spectraeof teegregated Pd and Co species might exist instead, which
PdCo/g-GN4 catalysts analyzed displayed two main peaks again corroborated the importance of the support in a ording
1.6 and 2.5 A, which were related to the presence of Pd-@lloyed nanoparticles.

(and/or Pd-N) and metal Pd-Pd bonds, respectively. Concegnin  Atthat point of the study, it was determined that the enhanced
the rst peak (at 1.6 A), it should be mentioned that the performance observed by the bimetallic systems, in particular
features of the catalysts in terms of small nanoparticles siZer PdCo/g-GN4 (1/0.7), was due to the positive impact of
and abundant nitrogen content of the support complicatedboth features of the nanoparticles (size and distribution of
its assignation to either Pd-N or Pd-O, because both bondsharge in the bimetallic nanoparticles) and support properties.
might exist in the samples. It should be mentioned thatAs for the e ect of the alloyed system, the pro les of potential
the Pd-Co bond (2.2 A) could not be clearly detected in energy obtained by DFT calculations using Pd and PdCo clusters
the Pd spectrum because the corresponding peak might lmnrmed the bene cial e ect of the alloyed nanoparticles

=
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in boosting the formic acid dehydrogenation reaction. Suclof step 3 (C-H bond dissociation), in which a reduction of
pro les were obtained by using @ansM(O)-M(H-O)-bridged  48% of the energy barrier calculated for the Pd catalyst was
con guration (M D Pd or Co) as starting point (specie designedachieved by the bimetallic catalyst. Then, from that reshig,

as 1). The reaction steps were determined to be as follews: positive role of the bimetallic PdCo system in boosting the C-
Step 1: O-H bond cleavage and formation of HCO@I) via  H bond cleavage was pointed out. In addition, the role of the
transition state Tf;;—Step 2: isomerization to ansM(H)—  bimetallic system in catalyzing the formic acid dehydroafémn
Pd(O)-bridged HCOOH con guration (lll) via transition st  reaction, particularly in assisting the C-H bond dissociatio
TS —Step 3: C-H bond dissociation leading to Pd-H speciesvas con rmed by KIE experiments using HCOOH, HCOOD,
(IV) and CO, via the transition state Ti$oy;—Step 4: I and DCOOH.

releasevia TSy=y. The pro les of potential energy and energy  Then, from all the experimental and theoretical results
barriers for each reaction step calculated for monometahd encompassed in that investigation, it was concluded that the
alloyed catalysts are depictedkigure 11 The energy barriers resulting PdCo/g-@N4 catalytic system under study was a
for Steps 1-4 were calculated to be 44.7, 14.2, 27.8, and 89dd alternative to the traditionally more widely investigd
kcal mol 1, respectively, for the monometallic Pgcluster and  catalysts based on PdAg or PdAu nanoparticles. The selection
31.3, 12.25, 14.5, and 65.4 kcal miolrespectively, for the of an adequate support was crucial to developing small
Pd2Cop; cluster. According to those values, a reduction in theand well-distributed alloyed nanoparticles. Furthermore,
energy barriers in all reaction steps was observed in the pcese it was observed that the composition of the nanoparticles
of the bimetallic system as compared to the monometalli¢Pd/Co molar ratio) was a key aspect to control the size
catalyst, being particularly important for the energy barrie of the nanoparticles, as well as the existence of electron

FIGURE 11 | Reaction pathway and pro les of potential energy for the forrit acid dehydrogenation reaction catalyzed by Pd monometét (Pds3, in blue) and
bimetallic (P, Copy, in orange) clusters. Adapted with permission fromNavlani-Garcia et al. (2018b)Copyright 2018 Elsevier.
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rich Pd species. The combination of all these featuresianoparticles) were responsible for the e cient performance of
together with the basicity of the support used, couldthe catalysts. All the studies herein summarized exemplitesl
aord the preparation of ecient and selective catalysts importance of some of the most representative parameters to be
for the formic acid dehydrogenation reaction, achieving acontrolled in order to achieve e cient catalysts for the foren
TOF value of 1,193 h [for the best-performing catalyst acid dehydrogenation reaction.

among investigated; PdCo/gsR4 (1/0.7)] and suppressing From our results and those found in the ample literature
the production of undesired CO<(5 ppm). It should be reporting on the design and preparation of heterogeneous
mentioned that such a TOF value is higher than some othecatalysts for the formic acid dehydrogenation reaction¢an
g-CsNy-based catalysts previously reported in the literaturebe understood that, even though great breakthroughs have
such as AgPdy1/g-CaN4 (TOF of 480 hl at 50C) (Yao recently been achieved in the last years, there is still the
et al., 201y, Pd/1.0Ti-g-GN4 (TOF of 77 hl at 30C) possibility for further improvements. It could be envisaged
(Wu et al., 201y, or Pd/impg-GN4 (TOF of 144 h! at that the stability of the catalysts will be the main issue to be

25 C) (Leeetal., 2004 improved in future investigations since this aspect is lagkin
in most of the systems reported so far, and it is a crucial
CONCLUSIONS AND OUTLOOK feature for the practical application of the catalysts. In this

respect, modulating the nanoparticle-support interactionsldou

In the present review, some of the investigations recentlpe Of great importance in achieving durable catalysts, and
conducted in our research group tackling the design of emie the incorporation of an adequate heteroatom doping level
catalysts for the production of hydrogen via dehydrogematip  in the carbon material structure might be a promising tool.
formic acid are summarized. Firstly, in order to contextmal Furthermore, the use of some other carbon materials apamfro
the importance of a such investigation, a brief descriptiothef the most widely investigated activated carbons might help i
role of hydrogen in the future energy scenario was highkght nding interesting catalytic systems for the present applicati

by pointing out the urgency of nding alternatives to fossills, upon suitable surface functionalization. Optimizing the thetic
which are currently used as the main source to obtain energyrocedure so that the porosity of the carbon material support
The importance of chemical hydrogen storage in overcomirgg thcan be fully utilized in anchoring and dispersing the metallic
safety drawbacks of physical hydrogen storage was mentioneattive phase might be another point of interest to achievevacti
and the superiority of formic acid over other hydrogen carrie and durable catalysts, and nding a suitable capping agerg abl
molecules was justi ed in the introduction section of the peat  to prevent the nanoparticle sintering under reaction condigo
manuscript. After that, some of our representative invesiiges ~ while preserving their composition could be envisaged as a
on heterogeneous carbon-supported palladium catalysts fr thpromising approach. As for the composition of the metallic agtiv
formic acid dehydrogenation reaction in liquid-phase werephase, the use of non-noble metal-containing nanoparticles
summarized. In the selected studies herein described, itapbr could be expected to be investigated more often in the coming
features of both metal active phase and catalytic supports weyears to nd cost-e cient yet active catalysts in formic acid
investigated in order to nd the optimum catalysts under the dehydrogenation reaction.

experimental conditions used in each case. The rst study was

based on the investigation of the size sensitivity over@ab AUTHOR CONTRIBUTIONS

supported palladium nanoparticles with sizes ranging from 2.7

to 5.5nm, from which an optimum average nanoparticle sizeVIN-G designed and performed the experiments corresponding
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