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ABSTRACT

As a model reaction for the electrooxidation of many small organic molecules, formic acid electrooxidation (FAEO) has aroused
wide concern. The promises of direct formic acid fuel cells (DFAFC) in application further strengthen people’s attention to the
related research. However, despite decades of study, the FAEO mechanism is still under debate due to the multi-electron and
multi-pathway nature of the catalytic process. In this review, the progresses towards understanding the FAEO mechanism along
with the developed methodology (electrochemistry, in-situ spectroscopy, and theoretical calculation and simulation) are
summarized. We especially focused on the construction of anti-poisoning catalysts system based on understanding of the
catalytic mechanism, with anti-poisoning catalyst design being systemically summarized. Finally, we provide a brief
summarization for current challenges and future prospects towards FAEO study.
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1 Introduction

The first and second industrial revolutions have built a modern
and prosperous society based on fossil energy, which however also
brings about energy crisis and environmental pollution problems
[1,2]. Figures 1(a) and 1(b) show us the dramatically changes of
greenhouse gases concentrations and the phenomena of global
warming [3]. Driven by the fossil fuel exhaustion, energy security,
and climate change, the world’s energy composition is being
reintegrated [4- 9]. It is suggested that renewable energy will
surpass fossil energy in the world’s primary energy consumption
and become the dominant energy source by 2050 (Fig. 1(c))
(10, 11].

As an efficient and clean energy conversion device, proton
exchange membrane fuel cells (PEMFCs) constitute the
cornerstone of further renewable energy based society, owing to
their simplicity, high power density, and quick start-up features
[12- 18]. Various kinds of materials can be used as fuels [19],
including methanol, formic acid, hydrogen, ethanol, etc. Among
them, tremendous efforts have been devoted to the exploration of
direct formic acid fuel cells (DFAFCs), owning to the merits
including high fuel safety, high theoretical open circuit potentials
(1.48 V), and lower crossover rates through Nafion membranes
[20-26]. As shown in Fig. 2, formic acid can be synthesized from
CO, and the energy cycling process gives a net carbon neutral
feature [27- 33]. Meanwhile, the study of the electro-oxidation
mechanism of formic acid is of fundamental significance for
revealing the electro-oxidation of many other small organic

molecules as formic acid is a common intermediate product
[34-36]. Therefore, in the past fifty years, research on mechanism
of formic acid electro oxidation (FAEO) has been a continuous
topic of interests.

In this mini review, we summarized how the understanding
towards FAEO mechanism evolves with the development of in-
situ and operando techniques, where the current mainstream
viewpoints are shared. Meanwhile, the techniques utilized for the
mechanism studies, including electrochemistry methods, in-situ
spectroscopy techniques, and theoretical calculation have been
elucidated systematically in detail, hoping to provide inspiration
for future FAEO mechanism study. After a series of recent
reported FAEO catalysts are discussed, we also provide our
perspective towards related reach filed.

2 Reaction mechanism of FAEO

As mentioned above, in spite of the significance of FAEQ, its
reaction mechanism is still under debate after decades of study. In
this section, we firstly review how the understanding of FAEO
mechanism evolves with the development of probing tools in
related fields. Figure 3 is a brief timeline for FAEO study, where
the mechanism is understood gradually from macro to micro, and
from coarse to elaborate.

2.1 The evolution process of the mechanism cognition

The earliest studies towards FAEO can be traced back to the
1920s, where Miiller and his coworkers were the pioneers for
research on FAEO [37- 39]. Herasymenko found the inhibiting
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Figure1 (a) Atmospheric concentrations of the greenhouse gases carbon dioxide (CO,, green), methane (CH,, orange), and nitrous oxide (N,O, red) determined
from ice core data (dots) and from direct atmospheric measurements (lines). (b) Change in average surface temperature based on multi-model mean projections for
2081-2100 relative to 1986-2005 under the different scenarios, according to the Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change
(IPCC). Reproduced with permission from Ref. [3], © Intergovernmental Panel on Climate Change 2015. (c) Worldwide primary energy consumption by energy
source including renewables, petroleum and other liquids, natural gas, and coal. According to the U.S. Energy Information Administration’s International Energy
Outlook 2019 and 2020 (IEO2019 and IEO2020). Reproduced with permission from Refs. [10, 11], © U.S. Energy Information Administration 2019 and 2020
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Figure2 A schematic diagram of carbon-neutral “formic acid economy” with
formic acid as the core energy storage substance.

€O, reduction

Breiter et al.
Analysis of reactive intermediates
(HCO COOH HCOO")

Muller et al.
Earliest mechanism research

1920s 1950s 1960s 1973

Schwabe et al. Capon and Parsons
Self-poisoning of FAEO “Dual path mechanism”
Chen et al. “triple pathway” || Weaver et al. Bewick, Beden et al.
ATR-FTIR In-situ SERS
HCOOH,,as intermediate HCOO,,as intermediate

In-situ IR technique (EMIRS)
2006 2005 1993

Direct evidence for CO,,

Osawa et al.
ATR-SEIRAS
HCOO", as intermediate

‘Wolter and Heitbaum et al.
Isotopically labeled DEMS
HCO,,as intermediate

Osawa et al.
of FAEO

pH
HCOO" as precursor

Liu , Neurock et al.
DFT calculation

HCOOH,,(CH down),
COOH,, as intermediate,

Huang et al. HCOO",, pathway
i ic model
HCOO- as precursor

2009 2010 2013 2017 2019 2021

Chen et al.
€00, and HCOO,, pathways

Figure3 A brief timeline of researches towards FAEO mechanism in the past
decades of years.

Jacob et al. “dual pathway”
DFT calculation
HCOO", and HCOOH,,

Lietal. Herrero et al.
SERS HCOO",,
HCOO,4band

effect of anion towards the FAEO and he ascribed the limiting
current to a postulated nonelectrochemical step or the formic acid
oxidation reaction (FAOR) without prior adsorption at high
potential [40]. Schwabe discovered a maximum decomposition
rate of formic acid at about pH 4.2, where he suggested that
HCOOH instead of HCOO" as the reaction species. He also found
the self-poisoning of FAEO but there was no evidence for the
existence of postulated monolayer of adsorbed CO [41]. Other
work from Buck and Griffith [42], Slott [43], Rhodes and
Steigelmann [44], Conway and Dzieciuch [45], and Giner [46] also
provided evidences that some adsorbed species poisoned the
catalyst. Breiter studied the maximum adsorption from HCOOH
solution and the constant adsorbed charge up to about 0.8 V
[47,48]. Brummer studied the relationship between the oxidation
rate and electrode preparation, pH, and formic acid concentration
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[49- 54]. After analysis by gas chromatography, Breiter
demonstrated that two electrons are required for the production
of one CO, molecule [55]. Taylor and his coworkers claimed that
the adsorption species was formed at low potentials and it
inhibited the oxidization of an active intermediate. He declared
that HCOO was the electroactive species because of the drastic
inhibition of FAEO by CI 56, 57]. After extensive electrochemical
research, Capon and Parsons summarized multitudinous work
from researchers and proposed the dual path mechanism for
FAEO. The generalized mechanism is shown in Eq. (1), the main
reaction path follows i, and i;. Although the relation between i,
and i, is uncertain, it is definite that i, is very uncommon unless
the anode potential is extremely high [58-60].

1 Reaction surface intermediate — co,
HCOOH I:: &)

i i
%> Chemisorbed intermediate (“poison”)—‘V co,

Because of the multifarious reaction paths and adsorbed
intermediate species, traditional electrochemical research
methods are incapable in elaborating the FAOR reaction
mechanism in detail. In order to detect the adsorbed
intermediate species at the electrode —electrolyte interface,
researchers employed advanced techniques and developed in-
situ spectroscopy technology [61-65] for mechanistic study. Alan
Bewick and his coworkers extended modulated specular
reflectance spectroscopy (MSRS) into the true vibrational infrared
(IR) region, which is suitable for in-situ study of adsorbed species
on the electrode interface of aqueous and non-aqueous systems
[66-68]. Based on work from Bewick et al.,, B. Beden developed an
in-situ  spectroscopy technology, called electrochemically
modulated infrared reflectance spectroscopy (EMIRS), and they
found direct evidence for the presence of bridge-bonded and
linearly bonded CO species as poisoning species on the platinum
electrode during FAEO process for the first time [69-72].

The successful application of infrared spectroscopy had greatly
promoted the mechanistic study [34]. As EMIRS was extensively
used for the identification of adsorbates in varied electrochemical
conditions (including different electrode potentials, bulk
concentrations, and surface structures), several different infrared
techniques were also developed [73- 75]. K. Kunimatsu studied
how electrode potential influences the formation and oxidation of
linearly bonded CO species by polarization modulated infrared
reflection-absorption spectroscopy (PMIRS) [76]. Michael J.
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Weaver used an alternative potential-difference infrared (PDIR)
procedure that employs a signal-potential sweep or step during the
Fourier transform data acquisition which was dubbed single-
potential alteration infrared spectroscopy (SPAIRS). SPAIRS can
be utilized to obtain quantitative information on irreversible
potential-induced compositional changes for adsorbates in the
thin-layer solution and it can also be coupled directly with
simultaneous voltammetric sweep measurements [77- 79].
Inspired by the electrochemical mass spectroscopy (EMS)
invented by Bruckenstein [80], O. Wolter and ]. Heitbaum
reported a method called differential EMS (DEMS), which can be
utilized to quantitively study the electrochemical processes via
collecting and identifying volatile intermediates [81, 82]. O. Wolter
and J. Heitbaum proposed HCO,4 as the strongly bound
intermediate of formic acid and methanol with the help of isotope-
labeled DEMS [83-85].

Molecules adsorbed on metal electrodes under certain
conditions exhibit an anomalously large Raman scattering
efficiency with high resolution in wide frequency range and low
obstruction from surrounding media, which can be used to study
the adsorbed species on the electrode surface [86-88]. Michael J.
Weaver studied the electro-oxidation of formic acid under
voltammetric conditions on gold and platinum-coated gold
electrodes by means of surface enhanced Raman scattering (SERS)
and proposed adsorbed formate (HCOO,q) rather than CO as
reaction intermediate [89- 91]. Zhong-Qun Tian showed
convincingly that SERS can be generated on transition metal
substrates (e.g., Pt, Ru, Rh, Pd, Fe, Co, Ni, and their alloys) by
developing various roughening procedures and optimizing the
performance of the confocal Raman microscope [92]. Peigen Cao
and his coworkers studied the dissociation and electrooxidation of
formic acid at platinum in nonaqueous solutions as probed by in
situ SERS. They found evidence of linearly bound carbon
monoxide on platinum and higher carbon monoxide oxidation
activity of rough platinum electrode than smooth platinum
electrode [93].

Coming to the 21* century, with the continuous development of
characterization techniques such as electrochemical in-situ
spectroscopy and the application of first-principles ab initio
calculations, research on FAOR has once again gained extensive
attention and some notable progress has been made, as discussed
in the next section.

2.2 The proposed mechanisms of FAEO

As stated above, many different explanations towards FAEO
mechanisms have been proposed, and we summarize here some
of the most prevailing understandings, as shown in Fig. 4. A dual
path mechanism was proposed based on traditional
electrochemical methods [58- 60]. With the aid of in-situ
spectroscopy technology, direct evidences for presence of
adsorbed (CO,y) and HCOO,4 promoted the understanding in
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Figure4 The proposed FAEO mechanisms.
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reaction mechanism. While CO is regarded as the poisoning
species during FAEO, adsorbed formate is a disputed species.
Osawa’s group suggested the bridge bonded formate (HCOO,,) as
reactive intermediate [94,95]. Chen et al. proposed a “ triple
pathway” mechanism where the oxidation of adsorbed formic
acid (HCOOH,4) was the dominant direct reaction pathway, and
the adsorbed formates acted as reaction blocking spectator species
[96,97]. Theoretical calculations from Neurock et al. also
suggested that the adsorbed formates (HCOO,) acted as a
spectator, because the subsequent activation barrier of C-H
bond is prohibitive [98]. However, Liu et al. proposed that FAEO
mainly occurs via the direct oxidation of HCOOH,4 (CH-down)
and the adsorbed formate is a necessary catalyst [99]. Jacob et al.
suggested that the HCOOH,4 as a precursor and monodentate
formate (HCOO,,) and adsorbed CO, as intermediate for formate
mechanism and direct mechanism towards FAEO [100- 102].
With pH dependent FAEO studied, Osawa et al. proposed that
FAEO occurs via a weakly adsorbed HCOO- precursor [103].
Based on density functional thoery (DFT) calculation research,
Herrero et al. proposed that the monodentate formate is the
reactive intermediate and the bridge bonded formate acts as a
stabilizer [104]. With an integrated view of multifaceted roles of
reaction intermediates, Huang et al. proposed two pathways. In
his opinion, HCOO,,, is the main active intermediate with HCOO~
as the main precursor, and HCOO, is the site-blocker with
HCOOH as the precursor [105]. Recently, Chen et al. proposed a
dual-pathway mechanism with both HCOO, and adsorbed
COO" pathways operating simultaneously with consideration of
both pH effect and H/D kinetic isotope effect [106].

2.3 Mechanisms of CO tolerance catalysts for FAEO

Traditional Pt/C and Pd/C catalysts are not ideal towards FAEO
because of the surface blockage caused by produced CO species.
Rational design of high performance anti-toxic FAEO catalysts
usually follows two principles, to realize the high selectivity of the
direct pathway of dehydrogenation and to efficiently oxidize the
CO species.

The better anti-toxicity and stability can be realized by
manipulating the electronic properties of the active catalytic sites
properly. A series of improvements have been made by Ligang
Feng and coworkers. They found that the poisoning and stability
problem of traditional Pd/C catalyst can be greatly depressed by
introducing CoP [107] and Ni,P [108] owing to the electronic
interaction effect from Pd, Ni,P, and CoP. Younan Xia recently
reported that the activity and stability of Pd can be greatly
improved when forming a stable hydride phase, PdH, 4. Results
from both experiments and theoretical calculations indicate that
the hydride catalyst has reaction pathway selectivity, since the
relative stability of HCOO and COOH intermediates can be
modulated [109].

The shape and exposed facets are related to the catalytic
performance directly [110- 113]. For example, as one of the best
monometallic electrocatalysts for FAEO, palladium nanocrystals
with different types of facets and twin defects were thoroughly
investigated by Younan Xia and coworkers. They found that the
nanocrystals enclosed by (100) facets show higher specific
activities than those enclosed by (111) facets. Meanwhile,
palladium decahedra and palladium icosahedra exhibited higher
specific activities than palladium cubes. It is suggested that the
presence of twin defects imposed a stronger impact on the
catalytic activity. They ascribed the enhancement in defect region
to the increased flux through the formate (HCOO) mediated
pathway rather than the carboxyl (COOH) mediated pathway.
Since COOH is a precursor to CO and a lower coverage of CO at
the defect regions will lead to a higher activity [114].
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The synergistic effect of adjacent catalytic sites also plays an
indispensable role for anti-poisoning catalysts. Alloying is the
most common way to improve the performance of traditional
Pt/C and Pd/C catalysts. A bifunctional mechanism is revealed
necessary to promote the oxidation of the intermediate and yield
the final product CO,, as shown in Eq. (2) [115]. Ligang Feng et al.
synthesized Pd@CeO, with strengthened Pd-O-Ce linkage as
efficient FAEO catalyst. With transference of high valence state of
Pd* and metallic Pd into the CeQ, lattice, efficient FAEO can be
realized based on bifunctional mechanism [116]. They also found
that PdNi alloy supported on N-doped graphene aerogel
(PdNi/GA-N) can realize FAEO over a wide potential range with
improved anti-toxicity property. The lower potential for CO
oxidation was realized by the bifunctional mechanism with the
oxophilicity of Ni [117,118]. The third-body effect, where the
second metal is introduced to segregate the Pt sites and thereby
inhibits the CO reaction pathway, is also found useful in the anti-
poisoning study. Ezequiel Leiva and his coworkers constructed a
theoretical FAOR model to analyze the variation in geometric
distribution of adatoms, which showed good agreement with the
experimental data of related systems [119]. To date, PtBi, PtSn,
PtPb, PtSb, PtCo, PtCu-Mo,C, and PtRu were investigated
extensively, with the anti-poisoning mechanism recognized as
bifunctional mechanism or the third-body effect [115, 120-127].

3 Methodology

During the early-stage studies, traditional electrochemical
methods can hardly provide direct evidence for the mechanism at
molecular level, where researchers have only reached a consensus
on the dual-path mechanism. The emergence and development of
electrochemical spectroscopy technology enabled the explanation
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of the mechanism at molecular level. Later, the development of
theoretical calculations and simulations accelerated the in-depth
understanding. The latest researches tend to combine various
advanced technologies to provide more detailed and convincing
evidence to comprehensively interpretate the reaction
mechanisms. Apparently, the development of new research
methodology is the core motivation for mechanism research. In
this part, a generally review of different methods applied on the
FAEO mechanism investigation will be provided.

3.1 Related in-situ spectroscopic techniques

The development and improvement of in-situ spectroscopy
technology provide direct evidence for poisoning species and
reaction intermediates during the FAEO process. In the past
decades, electrochemical infrared spectroscopy, SERS, and DEMS
provide the main in-situ evidence in the FAEO mechanism
research.

As mentioned before, the application of EMIRS in FAEO firstly
provided conclusive evidence for the existence of CO poisoning
species. Figure 5(a) shows the EMIR spectra at different
amplitudes of potential modulation at 8.5 Hz for Pt in 0.25 M
H,SO, + 0.25 M HCOOH at room temperature. The strong peaks
at about 2,055 and 1,840 cm™ belong to linearly bonded CO and
multi-bonded CO, respectively. When the pulse amplitude reaches
700 mV, both signals disappear due to the oxidation of the CO
species into CO, [72]. This technique is sensitive enough to detect
relative changes of absorbance of 10~ and it is sufficient to detect
sub-monolayer amounts of adsorbed species like CO [34]. Then,
the developed SPAIRS extends infrared technology to irreversible
electrochemical systems and is coupled with real time
voltammetric sweep measurements. With the optimizations of
optical alignment and spectroelectrochemical cells, infrared
absorption reflection spectroscopy measurement in an attenuated
total reflection configuration (ATR-FTIR) is a powerful technique
for in-situ information collection of electrode —electrolyte
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Figure5 Related in-situ spectroscopic techniques. (a) EMIR spectra at different amplitudes of potential modulation at 8.5 Hz for Pt in 0.25 M H,SO, + 025 M
HCOOH at room temperature. Reproduced with permission from Ref. [72], © Elsevier B.V. 1983. (b) ATR-FTIR result for FAEO on a Pt thin film electrode.
Reproduced with permission from Ref. [96], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2006. (c) DEMS information of CO, (m/z = 44) obtained from
Pt(100) with different palladium coverage values with applied potential in 0.25 M HCOOH + 0.5 M H,SOj solution. Reproduced with permission from Ref. [128], ©
Springer 2006. (d) DEMS signals of CO, during CO stripping voltammograms on Pd/C and O-PdBi/C (PdBi ordered intermetallic) electrode. Reproduced with
permission from Ref. [129], © American Chemical Society 2020. (¢) SHINERS information of CO electrooxidation on different electrodes in 0.1 M HCIO, saturated
CO. Reproduced with permission from Ref. [130], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2018. (f) Time-dependent SERS spectra recorded on
Au@Pt/TCME (thermocouple microelectrode) in 0.5 M H,SO, + 0.05 M HCOOH solution at different temperatures. Reproduced with permission from Ref. [131], ©
Elsevier Ltd. 2018.
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interface which has high signal-to-noise ratio and sufficient
mass transportation [35,132,133]. Figure 5(b) presents ATR-
FTIR spectra for FAEO on a Pt thin film electrode. The transient
experiments were proceeded under continuous electrolyte flow at
a constant potential of 0.5 V. The electrolyte flow was changed
from pure base electrolyte to formic acid containing electrolyte at
= 0 min and changed back at ¢t = 4.5 min after reaching steady-
state. After analyzing the time-varying integrated intensities of the
IR signals under different adsorption potentials, more quantitative
information will be available [96].

Traditional electrochemistry and spectroscopic techniques are
usually limited by the lack of identifying the specific structure of
intermediate. DEMS is a powerful in-situ technique which allows
the near-instantaneous structure detection of volatile and gaseous
chemical species and it can be coupled with isotope labeling
technology. However, DEMS can only probe volatile and gaseous
products and cannot probe the electrode interface intermediate
species and precise quantification is also a big challenge
[83, 134-138]. Figure 5(c) shows DEMS information of CO, (m/z
= 44) obtained from Pt(100) with different palladium coverage
values with applied potential in 0.25 M HCOOH + 0.5 M H,SO,
solution, combined with voltammetric data, the details of formic
acid oxidation on these electrodes can be analyzed [128]. Figure
5(d) illustrates DEMS signals of CO, during CO stripping
voltammograms on Pd/C and O-PdBi/C (PdBi ordered
intermetallic) electrode, which resolves the attribution of the
oxidation peak and indicates that it is more facile for O-PdBi/C to
desorb the adsorbed CO with a lower onset potential [129].

SERS effect was first discovered in mid-1970s, with the
ability of providing non-destructive and ultra-sensitive
characterization of molecular level information on electrode
surface. This technique was placed with great expectations for
characterizing  the  intermediate  species at the
electrode -electrolyte interface [87,89- 91,136,139, 140].
However, during a long period, SERS was severely limited by finite
numbers of optional metals (Ag, Au, and Cu) and strict
requirements for surface morphology. Researchers have made
long lasting efforts to expand the application of this technology to
a universal electrochemical system. There are mainly two methods
to improve the SERS effect, surface roughening, and “intensity-
borrowing” strategy (introducing external interference into the
system, usually Au relevant system) [140]. By developing various
roughening procedures and optimizing the performance of the
confocal Raman microscope, the SERS effect has been generated
on many transition metals and alloys [92]. Xiao Li and coworkers
conducted an in-situ surface-enhanced Raman spectroscopic
research of FAEO on the surface of spontaneously deposited
platinum on gold. They first detected a surface formate band at ca.
300 cm™ and ascribed that to the adsorbed formate with an
orientation  configuration ~ [141].  Tip-enhanced = Raman
spectroscopy and shell-isolated nanoparticle-enhanced Raman
spectroscopy (SHINERS) are notable advanced SERS techniques
developed by intensity-borrowing strategy. SHINERS technique
invented by Jian Feng Li et al. significantly expanded and
optimized the application of SERS. It can be applied to investigate
the electronic structures of Pd and Pt layers on Au single crystals.
Compared with bulk metals, the interfacial effects of monolayer
Pd or Pt covered Au single crystals can weaken the adsorption of
CO, leading to a higher activity towards the oxidation of methanol
or formic acid [130, 142]. Jing Tang et al. combined SERS and
high-frequency heating technology to investigate how FAEO
varies with temperatures. They found that the intensity of the Pt-C
band drops with an increase in temperature, which indicates that
the oxidative desorption of CO from the Pt surface is more
favorable at higher temperature [131]. However, the combination
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of in-situ SERS and electrochemical system still needs to be
improved, with core issue remain as how to minimize the
influence of mass transport, selectivity, reactivity, reactive site, and
so on, while achieving significant SERS effect [140, 142, 143].
Figure 5(e) is an example of SHINERS information of CO
electrooxidation in 0.1 M HCIO, saturated by CO. By comparing
the detailed fingerprint information, information about the surface
interaction of catalysts with adsorbed CO molecule, the adsorption
of reactive oxygen, and synergistic effects contributing to the
higher catalytic activity can be obtained conveniently [130]. Figure
5(f) presents the time-dependent SERS spectra recorded on
Au@Pt/TCME (thermocouple microelectrode) in 0.5 M H,SO, +
0.05 M HCOOH solution at different temperatures, which
indicates that heating is beneficial to the oxidation and desorption
of CO and the oxidation potential plays a decisive role [131].

3.2 Theoretical calculations and simulations

Ab initio quantum mechanical calculation based on first principles
is becoming more and more popular to offer complementary
information for electrocatalytic system in atomic as well as
electronic structure level. It is still a big challenge to construct a
theoretical calculation simulation system that can effectively
simulate the real electrochemical systems which accounts for the
comprehensive consideration of solvent effects, electrolytes,
applied potentials, and so on.

Nevertheless, some meaningful results have been obtained by
theoretical calculations [144- 149]. Timo Jacob’s team
demonstrated that different theoretical solvent models result in
quite different FAEO mechanism pathways. A constructed model
of water bilayer structure on Pt(111) with two different HCOOH
configurations is shown in Fig.6(a), each HCOOH molecule
couples with two H,O molecule which fits in the H-bonding
network spanning the entire unit cell. Based on the model
with Langmuir —-Hinshelwood mechanism, the minimum
energy pathway (MEP) corresponds to the formate reaction
pathways and the next lowest energy process is a direct
pathway involving the COOH* intermediate, as shown in Fig.
6(a) [101, 102]. Figure 6(b) comes from a work from Hui-Fang
Wang and Zhi-Pan Liu, a continuum solvation model with a
smooth dielectric function implemented in the framework of the
periodic DFT calculations which includes both the first solvation
shell of water and the rest of the water environment represented
by the implicit continuum solvation model. Adsorbed HCOOH-
(H,0), with O-down and CH-down configuration, adsorbed
monodentate and bidentate HCOO-(H,O),, as well as related
transient states were finely constructed. Results indicate that the
presence of adsorbed formate disrupts the H-bonding network of
water at the water/metal interfaces, which further benefits the
adsorption of formic acid in the CH-down configuration by
reducing the solvation energy loss of formic acid moving from the
bulk solution to the metal surface [99]. It is obvious that the
adjacent adsorbed species is essential for determining the reaction
path for FAEO [100]. Figure 6(c) is another example from E.
Herrero’s group. They suggest that the monodentate and the
bidentate adsorption formate are relevant. The C-H cleavage
of monodentate adsorbed formate inside a pocket of
preadsorbed bidentate formate on the Pt(100) surface is
virtually without barrier [104]. The information of the electronic
structure obtained by theoretical calculations is also of great
significance for explanation of the reaction mechanism. Figure
6(d) presents the different charge density for the stable adsorption
configurations of trans-COOH intermediate on Pd-decorated Cu
bimetallic surfaces. The stronger charge transfer between H atom
and the surface indicates that Pd,Cu; and Pd,Cu, are more
favorable for the cleavage of the O-H bond which coincides
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Figure 6 Theoretical calculations and simulations. (a) The lowest energy pathway of Langmuir-Hinshelwood HCOOH oxidation reaction mechanisms with water
bilayer structure on Pt(111) with two different HCOOH configurations. Reproduced with permission from Ref. [101], © American Chemical Society 2010. (b) DFT
optimized structures for key adsorbed states including HCOO,4y and HCOOH,4 with O-down and CH-down configurations and energy analysis of related pathways.
Reproduced with permission from Ref. [99], © American Chemical Society 2009. (c) Adsorbed formate and solvation model, monodentate adsorbed formate inside a
pocket of preadsorbed bidentate formate on the Pt(100) surface. Reproduced with permission from Ref. [104], © The Royal Society of Chemistry 2017. (d) Difference
charge density for the stable adsorption configurations of trans-COOH intermediate on Pd-decorated Cu bimetallic surfaces. Reproduced with permission from Ref.

[150], © Elsevier B.V. 2020.

with the suggested Pd ensemble effect for direct FAEO
mechanism [150].

4 Electrocatalysts for FAEO

Ideal electrocatalysts for FAEO are the foundation of the extensive
application of formic acid based energy system. Same as the
mechanism research, the exploration of advanced catalysts has
never stopped. The ideal electrocatalysts require high
electrocatalytic activity as well as low cost, high stability,
innocuous, and so on. Herein we introduce a few recent
developed catalysts based on some common strategies, and the
strategies are brought together to give enhanced performance
from time to time.

41 Doping

As traditional electrocatalysts for FAEO, platinum and palladium-
based materials are the most extensively studied catalysts. By
introducing new elements and regulating the electronic and
geometry structure of the catalyst, the catalytic performance can
be effectively improved. Doping elements include H [20, 109], B
[151], P [152], Cu [153], Bi [129, 154, 155], Fe [156], Co [157,
158], Sn [159], W, Cr [160], Au [161-163], Ru [164], and so on.
Zhaoxiong Xie’s group reported an improved PdHy
nanocatalyst by simply treating the commercial Pd black with n-
butylamine in solvothermal condition. The structure of as
prepared PdHy was confirmed by high-resolution transmission
electron microscopy (HRTEM) image and powder X-ray
diffraction (PXRD) pattern. The results show that there is an
expansion of Pd lattice and the H:Pd ratio is estimated to be 0.43.
With the study of valence band structure by X-ray photoelectron
spectroscopy (XPS), the structure of the catalyst was confirmed as
B-PdH, ;. Compared with the commercial Pd black, the prepared
PdH,),; exhibited an extraordinarily low peak potential and a high
mass activity as shown in Fig. 7(a). The in-situ ATR-FTIR spectra
in Fig. 7(b) suggest that the FAEO process on this catalyst involves
both dehydrogenation and dehydration pathways. Further
experiments (Fig. 7(c)) in CO electrooxidation indicated that CO
binds to PdHy less strongly than on commercial Pd black, which is
consistent with the d band center theory [20,165,166]. Zewei
Quan’s group reported intermetallic PtSnBi nanoplates with
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controllable compositions, which were fabricated delicately by
sequential complexing-reducing-ordering processes. The as
prepared atomically ordered Pt;;Sn,;Bis, nanoplates show a super
high mass activity of 4,394 mA-mgp" at 0.4 V, which is 6/39/39
times greater than that of PtBi  nanoplates/PtSn
nanoparticles/commercial Pt/C as presented in Fig. 7(d). The great
improvement of ternary composition over binary composition
indicates the synergism of the three component metals. The
atomically ordered structure was confirmed by XRD pattern, TEM
and aberration-corrected high-angle annular dark field scanning
TEM (HAADF-STEM) images, and energy-dispersive X-ray
(EDX) maps. CO-stripping curves of intermetallic PtSnBi
nanoplates show that the peak potentials are positively shifted and
the onset potentials are negatively shifted. They ascribed this
phenomenon to the function of Sn, which can react with H,0 to
form Sn-OH,, at low overpotential, while the high FAOR activity
comes from the enhanced selectivity of direct oxidation of
HCOOH. Furthermore, DFT calculation was carried out, as
shown in Fig. 7(e), the FAOR activity originates mainly from the
optimized direct oxidation pathway through two dehydrogenation
steps (HCOOH to HCOO* and HCOO* to CO,) and the
inhabitation of the dehydration path [159]. Figures 7(f) and 7(g)
are TEM and HAADF-STEM images with corresponding EDX
elemental mappings from a work of Chang Ming Li’s team, where
they synthesized a layered and heterostructured Pd/PdWCr
nanosheet-assembled flower shaped catalyst (L-Pd/PdWCr) based
on a facile wet chemical approach. The prepared catalyst has a
strong and broad anode catalytic peak with a higher peak current
density and a more negative onset potential as illustrated in Fig.
7(h). Based on the Nyquist plots and XPS spectra of Pdy, they
proposed that the superior catalytic activity and stability originated
from the novel architecture and the doped W and Cr, which
results in fast charge transfer rate, enhanced mass transport
channels, promoted dehydrogenation pathway, as well as
enhanced stability [160].

Based on traditional Pt and Pd electrocatalysts, the introduction
of new doping elements can modulate the electronic and geometry
structure of catalytically active sites. As one of the most facile and
common strategies, there is still a lack of regularized and
systematic cognition. Meanwhile the improvement of catalytic
activity is also unsatisfactory.
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Figure7 (a) Positive going scan of formic acid electrooxidation on Pd black and PdHy nanocatalysts with different H contents in 0.25 M HCOOH + 0.5 M H,SO,
(scan rate: 50 mV-s™). (b) In-situ ATR-FTIR spectra of FAEO on PdH,,; in 0.25 M HCOOH + 0.5 M H,SO, solution at different potentials, which were varied from
-0.20 to 0.60 V. (c) CO electrooxidation on Pd black and PdHy nanocatalysts in 0.5 M H,SO, (scan rate: 10 mV-s™). Reproduced with permission from Ref. [20], ©
Elsevier Ltd. 2017. (d) Anodic scan polarization curves of different PtSnBi nanoplates catalysts toward FAOR recorded at a scan rate of 50 mV-s™ in Ar-saturated 0.5 M
H,SO, + 1 M HCOOH electrolyte. (e) DFT calculation of FAEO on different PtSnBi nanoplates including dehydrogenation and dehydration pathways. Reproduced
with permission from Ref. [159], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2019. (f) and (g) TEM and HAADF-STEM images of L-Pd/PdWCr and the
corresponding EDX elemental distribution of Pd, W, and Cr. (h) CV curves of the commercial Pd/C, Pd NSs, L-PdW, and L-Pd/PdWCr in 0.5 M H,SO, + 0.5 M
HCOOH electrolytes. Reproduced with permission from Ref. [160], © Wiley-VCH GmbH 2020.

4.2 Coordination environment control of catalytic center

The metal-support interaction can also significantly affect the
catalytic behavior of the noble catalysts towards FAOR by
electronic structure modulation, among which the metal
oxides and a wide range of carbon-based materials were used
[26,151,167-172]. Juan Wang et al. reported the highly dispersed
Pd nanoparticles (~ 3.6 nm) supported on boron-doped
graphene/graphitic carbon nitride (Pd/BG-CN) three-dimensional
(3D) hybrids as efficient FAEO catalyst. The 3D BG-CN hybrid
was synthesized by a procedure involving sonication, rotary
evaporation, hydrothermal treatment, lyophilization, and thermal
polycondensation. Pd nanoparticles were deposited onto BG-CN
by an impregnation-reduction method. Scanning electron
microscopy (SEM) and HRTEM results in Figs. 8(a) and 8(b)
revealed that the nanosheet surface was covered with small
particles. Based on the XPS survey pattern of the Pd 3d spectra in
Fig. 8(c), Pd/BG-CN had a much higher Pd’ content than that of
prepared Pd/G. Pd nanoparticles were stabilized through their
strong interactions with the B and N heteroatoms. According to
the electrochemical test, Pd/BG-CN exhibited excellent FAEO
activity superior to commercial Pd/C and other reported Pd-based
catalysts (Fig. 8(d)). They ascribe the efficient utilization of active
Pd, the electronic effect and structural contribution of the BG-CN
support [151]. Hyunjoo Lee et al. prepared high load (8 wt.%) Pt
single atom catalyst supported on antimony-doped tin oxide
(Pt1/ATO) by conventional incipient wetness impregnation.
HAADEF-STEM images (Figs. 8(e) and 8(f)) and theoretical
calculation results indicated that the Pt atoms can be stabilized by
substituting the SnSb and SnO, surface array lattice atoms. The
extended X-ray absorption fine structure (EXAFS) results (Fig.
8(g)) confirmed the single-atomically dispersed platinum. The
electronic structure of Pt was evaluated by X-ray absorption near
edge structure (XANES) and XPS, which showed electron transfer
from ATO to Pt. Electrochemical test suggested that Pt1/ATO
exhibited high activity, selectivity, and durability towards FAEO in

direct pathway (Fig. 8(h)). The super high atom utilization results
in an order of magnitude higher mass activity than Pt/C [167].
Yadong Li et al. synthesized efficient Ir;/CN FAEO catalyst by a
general host —guest strategy, where zeolite imidazolate
framework 8 (ZIF-8) was chosen as the host and iridium
acetylacetonate (Ir(acac);) as the guest. The atomic dispersion of
Ir was confirmed by high-resolution HAADF-STEM image and
Fourier-transformed (FT)-EXAFS analysis (Figs. 8(i) and 8(j)).
The average oxidation number of iridium species indicated from
XANES was 2.42, which was consistent with XPS measurement. A
DFT calculation was carried out to investigate the FAOR
mechanism (Fig.8(k)) and a highly reactive FAOR process
through a direct pathway of COOH* without the formation of
poisonous CO was suggested. The Ir-N, coordination structure
was confirmed by DFT calculation and XANES spectrum
simulation. Electrochemical test suggested that Ir,/CN not only
has high activity towards FAEO (Fig. 8(1)), but also shows high
CO resistance. In-situ XAFS measurements presented a trend
where the average oxidation number of iridium decreased with the
increase of current density. It can be ascribed to the electron
transfer from formic acid to iridium during the FAOR [168].

Local coordination environment of catalytic center is directly
related to the activity. With precise control of the coordination
environment of active catalytic center, efficient selectivity and high
activity can be successfully achieved. Although it is still
challengeable to realize accurate synthesis and characterization of
coordination environments.

4.3 Morphology regulation

Optimizing the morphology is also necessary for further
advancing the catalysts, which influences both stability and
efficiency of the catalytic sites. A large number of reports on
catalysts with different morphologies were reported, including
nanoplates [153, 154, 159], nanorods [152, 173], core-shell [156,
171, 174], nanotubes [175], nanocubes (NCs) [176], nanoflowers
[151, 160], nanospines [164], nanostrings [169], nanoframes [177],
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High-resolution HAADF-STEM image of Ir,/CN. (j) FT-EXAFS spectra of Ir,/CN and iridium powder at the iridium L;-edge. (k) DFT calculation of FAEO on Ir,/CN
and related Gibbs free energy diagram. (I) Forward-scan voltammetric curves of Ir;/CN, commercial Pd/C, and commercial Pt/C in 0.5 M H,SO,/0.5 M HCOOH at a
scanning rate of 50 mV-s'. Reproduced with permission from Ref. [168], © Li, Z. et al. 2020.
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and so on [178, 179].

Beatriz Roldan Cuenya’s group synthesized SnO,@Pd NCs (Fig.
9(a)) by hydrothermal method. The quasi in-situ XPS and
operando XAFS characterization revealed that the chemical state
of SnO, and reduced state Pd” had not changed after
electrochemical test. The structure of SnO,@Pd nanocubes was
stabilized by the presence of SnO,. Electrochemical analysis
suggested that the presence of Sn could facilitate the oxidative
removal of CO and enhance the catalytic activity. It was also
confirmed by in-situ FTIR of CO-stripping and FAEO
experiments as shown in Fig.9(b) [176]. Cheng Zhong et al.
prepared palladium membranes with periodically ordered
mesoporosity (POM-Pd) by a lyotropic liquid-crystal (LLC)
templated electrodeposition procedure. To progressively optimize
configuration of microporosity, POM-Pd-20-P01 samples (POM-
Pd-m-P/Nn, m and n are the temperature and potential values,
and P/N are short for positive/negative potential.) with variable
thicknesses were prepared (Fig. 9(c)). The POM-Pd-20-P01
sample delivers a peak gravimetric current density of 3.34 A-mg™
for the FAOR, which is 7.1 and 7.8 times than that of POM-Pd-60-
P01 and Pd/C, respectively (Fig.9(d)). Through the
electrochemical test, they found that the area specific activity
increased nearly linearly with increase in electrochemically active
surface areas (ECSA), regardless of mass loading, which proved
the excellent accessibility of the mesopores as well as the facile
mass transport kinetics. Further comparative tests proved that the
configuration of porosity is of more vitally importance instead of
ESCA. FAEO experiment suggests the direct oxidation
mechanism of HCOOH into CO, without CO intermediate and
the superiority of catalytic activity among the-state-of-the-art Pd-
based catalysts [178]. Lin Jiang et al. prepared 3D Au@Pt-Pd
hemispherical nanostructures (Au@Pt-Pd H-Ss) with both
element distribution and morphological anisotropy (Fig. 9(e))
which exhibit superior electrocatalytic activity and durability for
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methanol, ethanol, and formic acid oxidation reaction. The
random adsorption of BO,” on Au seed surface showed a vital
influence on the formation of anisotropic hemispherical
nanostructure. DFT calculation results suggest that with BO,
decoration, the formation of Pt-Pd atoms on Au seed will be
much more thermodynamically feasible. The superior
electrooxidation activity towards methanol, ethanol, and
formic acid under alkaline conditions was confirmed by a
series of electrochemical tests (Fig. 9(f)). The advanced structure
of Au@Pt-Pd H-Ss results in the improved mass activity, ECSA,
and outstanding stability (Fig. 9(g)) [174].

Rational design of morphology is a necessary condition for
realizing excellent catalysts. The design strategy is focused on large
surface area with abundant active sites, good conductivity, and
mass transfer.

44 Size effect

A large number of studies have now shown that catalyst size
reduction is not only crucial for increasing the metal atom
utilization, but also strongly alters the electronic structure (Fig.
10(a)). Nevertheless, a unified theory that can explain and predict
the catalytic behavior of various sized catalysts (single atoms [167,
168,180], nanoclusters [162,181,182,183], and nanoparticles
[129, 157, 165, 170, 184]) towards different reactions is still in the
exploratory stage [185].

Peng Zhang et al. synthesized a series of PtAu nanoparticles
with tailored surface structures and particle diameters on the order
of 7 nm by a facile colloidal method. They ascribed the superior
FAEO activity to the dehydrogenation pathway selectivity and CO
poisoning resistance of Au decorated single Pt site which was
confirmed by further electrochemical analysis and DFT
calculation (Fig. 10(b)). Cyclic voltammetry (CV) studies showed
that the nanoparticles with low Pt content had superior FAEO
activity  (Fig. 10(c)). Further analysis suggested that the
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Figure 10 (a) Schematic diagram of size effect. Reproduced with permission from Ref. [185], © American Chemical Society 2018. (b) Illustration of CO adsorption
modes on model(111) lattices of pure, few-atom, and single-atom Pt surfaces that shows four different coordination sites (apical, bridging, hexagonal close-packed
hollow, and face-centred cubic hollow) and related CO adsorption energies. (c) Pt mass-normalized anodic sweeps obtained from PtAu nanoparticles and commercial
Pt/C catalysts in an electrolyte that contained 0.1 M HCIO, + 0.1 M HCOOH and the comparation of peak currents. Reproduced with permission from Ref. [184], ©
Duchesne, P. N. et al 2018. (d) Illustration of the fabrication of single Pt atom-doped Au,; (Pt Au,,(SR),5) NCs for FAEO. (e) Potential dependent free energy diagrams
for FAEO on Pt;Au,,’ at the calculated onset potential 0.31 V. Reproduced with permission from Ref. [181], © Elsevier Ltd. 2018. (f) Wavelet transforms for the k*-
weighted EXAFS signals of SA-Rh/CN and reference samples. Comparison between the experimental Rh K-edge XANES spectrum of SA-Rh/CN and the theoretical
spectrum calculated for the depicted structure. (g) Two CO stripping experiment for SA-Rh/CN (in 0.5 M H,SO, CO-saturated aqueous solution and 0.5 M H,SO, +
0.5 M HCOOH aqueous solution/0.5 M H,SO, aqueous N,-saturated solution). (h) Free energy profiles of FAEO via indirect, formate and direct routes on the SA-Rh
site at a constant potential of 0.20 V. Reproduced with permission from Ref. [180], © Xiong, Y. et al, 2020.
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nanoparticles were Pt surface enrichment and the Pt atoms in
Pt;Aug; and Pt,Aug present almost exclusively as single-atom sites
surrounded by atoms of Au [184]. Wei Chen reported single Pt
atom doped Pt;Au,,(SC|,H,;);5 (named as Pt;Au,,) nanoclusters
with significantly enhanced FAEO catalytic activity (Fig. 10(d)).
Successfully ~ prepared  PtjAu,, was confirmed by
ultraviolet-visible (UV-Vis) absorption spectrum and Matrix-
assisted laser desorption ionization-time-of-flight (MALDI-
TOF) mass spectrometry. Electrochemical test results verified
the high activity, stability, and CO tolerance of the catalyst.
DEFT calculation results were consistent with experiments and
suggested a direct pathway of FAEO with COOH* as the
reactive intermediate (Fig.10(e)) [181]. Yadong Li and
coworkers found that single-atom Rh anchored on N-doped
carbon (SA-Rh/CN) exhibited an unexpected catalytic
performance for FAEO. The catalyst was synthesized via a
host -guest strategy. Structure characterization results
suggested the homogeneous distribution of Rh(acac); in ZIF-8
single rhombic dodecahedron. Further EXAFS and XANES
analyses (Fig. 10(f)) confirmed the mononuclear dispersion of the
Rh species with distorted octahedral coordination of four N atoms
and two axial O atoms. Electrochemical test confirmed that the SA-
Rh/CN electrocatalyst exhibits excellent mass activity, 28- and 67-
fold higher than that of state-of-the-art Pd/C and Pt/C. Two
different CO-stripping experiments (Fig. 10(g)) indicated that SA-
Rh/CN can oxidize CO* at a very low potential (0.08 V) and
formic acid was oxidize towards direct dehydrogenation. DFT
calculation results confirmed the conclusions and suggested that
FAEO occurred towards both formate and direct routes (Fig.
10(h)) [180].

Novel kinds of catalysts emerged as single atom, nanoclusters,
and nanoparticles have already been extensively studied. With
their unique electronic structure as well as geometric structure, the
catalytic effect and design strategy are quite different. The main
challenge in the future will focus on the controllable atomic
synthesis and mechanism exploration [186].

5 Conclusion and perspective

As a model reaction of electro-oxidation of small molecules and
an outstanding energy substance, the study of FAEO is of great
significance. In the past decades, considerable progress has been
made in the research towards mechanism and electrocatalysts
design of FAEO. The advances in in-situ and operando
characterization tools, such as ATR-FTIR, DEMS, and SERS, are
the internal driving force to a clearer understanding towards
FAEO. However, because of the complexity of the electrocatalytic
process and electrode interface environment the current in-situ
technologies are still unable to provide full and absolutely correct
information for the mechanistic understanding. Further
development in  high-resolution and ultrafast in-situ
characterization techniques suitable for electrode interface
researches is essential for future study. The strict requirements of
different in-situ characterization methods for experimental
conditions and the limitations of reaction conditions make it
difficult to unify the final interpretation. Further refinement and
improvement of in-situ characterization techniques are necessary
conditions for a clear mechanism explanation. Besides, to reveal
the FAEO mechanism comprehensively and accurately, the
application of multiple technologies including electrochemical
methods, in-situ spectroscopy techniques, theoretical calculations,
and simulations, is necessitated. Considering the differences in
experimental conditions of different in-situ characterization
techniques, and with the supplement of theoretical calculations
and simulation techniques, it is hoped that the closest mechanism
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explanation can be obtained.

The rational catalyst design is also highly important, a
complex combination of factors, including activity, safety,
stability, and cost needs to be considered, in order to fully
push the real world application of the DFAFC. Combining
catalytic material design and catalytic mechanism to adjust
FAEO reaction kinetics and thermodynamic processes is the
universal catalysts design concept. The ideal catalysts require
selective to the FAEO dehydrogenation pathway and tolerant
to CO poisoning species. Most FAEO catalysts design is based
on the optimization of traditional Pt and Pd catalysts,
including doping, loading, and morphology construction. A
regular structure —activity relationships need to be further
explored. Besides, theoretical calculations can not only help
explain the catalytic mechanism, but also help design and
optimize the catalytic system. By constructing and optimizing
theoretical models, including active site design, interface
control, calculation descriptor, excellent catalysts are likely to
be quickly screened out [187]. It is worth mentioning that the
recently developed high-performance single-atom catalysts with
precise design of catalytic sites not only provide novel perspectives
for FAEO catalysis design, but also have extraordinary significance
for the catalyst mechanism exploration. We believe that
opportunities and challenges coexist. Through this review, we
hope to attract more researchers to jointly promote the progress of
FAOR technology in the future.
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