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Electrocatalysis of formic acid on palladium and
platinum surfaces: from fundamental mechanisms
to fuel cell applications

Kun Jiang,†a Han-Xuan Zhang,†a Shouzhong Zou*b and Wen-Bin Cai*a

Formic acid as a natural biomass and a CO2 reduction product has attracted considerable interest in

renewable energy exploitation, serving as both a promising candidate for chemical hydrogen storage

material and a direct fuel for low temperature liquid fed fuel cells. In addition to its chemical

dehydrogenation, formic acid oxidation (FAO) is a model reaction in the study of electrocatalysis of C1

molecules and the anode reaction in direct formic acid fuel cells (DFAFCs). Thanks to a deeper

mechanistic understanding of FAO on Pt and Pd surfaces brought about by recent advances in the

fundamental investigations, the ‘‘synthesis-by-design’’ concept has become a mainstream idea to attain

high-performance Pt- and Pd-based nanocatalysts. As a result, a large number of efficient nanocatalysts

have been obtained through different synthesis strategies by tailoring geometric and electronic

structures of the two primary catalytic metals. In this paper, we provide a brief overview of recent

progress in the mechanistic studies of FAO, the synthesis of novel Pd- and Pt-based nanocatalysts as

well as their practical applications in DFAFCs with a focus on discussing studies significantly contributing

to these areas in the past five years.

1. Introduction

Electro-oxidation of formic acid (FA) on Pt and Pd electrodes

has attracted much attention since the 1960s,1–3 mainly due to

its importance in the understanding of the oxidation of methanol

and formaldehyde, as well as the development of direct formic

acid fuel cells (DFAFCs).4,5 DFAFCs possess the advantages of

high power density, fast oxidation kinetics, high theoretical cell

potential and mild fuel crossover.6–9 Nevertheless, large-scale

commercialization of DFAFCs is hindered by challenging issues

such as the low catalytic activity on Pt at low potentials, long-term

instability (or deactivation) of Pd and Pt catalysts, degradation

of carbon supports and the Nafion membrane, and water–CO2

management in the fuel cell stacks. Great efforts are being

contributed to address these problems through various approaches,

such as developing new designs of DFAFCs and screening high

efficiency anode catalysts.

Several review articles on FA electrooxidation have appeared in

the last few years. In these papers,6–9 the focus is mainly on the

applications of different anode catalysts and the corresponding

fuel cell performances. Recently, with the aid of in situ techni-

ques, especially attenuated total reflection surface-enhanced

infrared absorption spectroscopy (ATR-SEIRAS), and density

functional theory calculations, new insights into the FA electro-

oxidation have been obtained. Meanwhile, highly efficient

novel Pt- and Pd-based nanocatalysts have been synthesized.

In this review, by discussing selected publications appeared in the

past five years and our recent efforts in electrochemical spectro-

scopic studies and nanocatalyst synthesis, we intend to present an

overview of how the achievements in the fundamental studies aid

the design of practical nanocatalysts and how the ‘‘synthesis-by-

design’’ concept is realized. New developments in DFAFC stack

design are also summarized from a holistic point of view.

2. The fundamental aspects

The simple dual pathways are widely recognized for the net

decomposition of FA, namely, dehydrogenation (direct pathway),

and dehydration (indirect pathway) as shown in the following

equations:1

Direct pathway:

HCOOH- active intermediate- CO2 + 2H+ + 2eÿ

(electrooxidation) (1)

- CO2 + H2 (self-dehydrogenation) (2)
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Indirect pathway:

HCOOH- COad + H2O (3)

The former pathway may yield CO2 from an active inter-

mediate adsorbed on a metal catalyst surface at the open circuit

potential (OCP) through simple decomposition of FA10 or through

electrooxidation at higher potentials. On the other hand, the latter

pathway leads to CO species strongly adsorbed on the electrode

surface, especially on Pt, and severely blocks the active sites for

the dehydrogenation pathway at low potentials.

In the past decade, fundamental studies of formic acid

oxidation (FAO) on Pt and Pd mainly focused on three aspects:

(i) clarifying the chemical nature of the active intermediate in

the direct pathway, (ii) diminishing CO adsorption on Pt

electrodes and (iii) understanding whether and how COad form

on Pd catalysts. These fundamental investigations yield new

insights into the FAO process on Pt and Pd catalysts which form

the basis of design rules for tailor-made high efficiency catalysts.

In the following we summarize these new findings and discuss

the unresolved issues in understanding the FAO mechanism.

2.1 Reactive intermediate of FAO (controversy over formate)

With regard to the reactive intermediate of FA oxidation on Pt

electrodes, it has been long assumed that a carboxylic acid

species adsorbed via the carbon atom (–COOH)11,12 is the rate-

determining intermediate for the direct pathway until Osawa’s

group first successfully detected the adsorbed formate (HCOO)

by ATR-SEIRAS13 on a chemically deposited Pt film electrode.

Recently, formate was also clearly identified on Pd electrodes by

the same group using the same technique at sufficiently high

potentials.14

Although the detection of formate may largely exclude other

carboxylic species as the reactive intermediate, the role of

formate in the direct pathway remains controversial. Osawa’s

group initially proposed that this species is involved in the rate

determining step based on detailed in situ electrochemical ATR-

SEIRAS investigations, which means the oxidation of FA to CO2

via adsorbed formate on Pt electrodes.15–17 They suggested that

the oxidation current of FA through the direct pathway may be

described by the following equation:

i / ÿ
dyformate

dt
¼ kyformate 1ÿ yCO ÿ 2yformateð Þ (4)

where i is the current, k is the rate constant, and yformate and

yCO are coverages of formate and CO (including COL and COB),

respectively. This equation implies that formate adsorbs

on the Pt surface in the bridge-bonded way and its oxidation

relies on the presence of adjacent vacant sites for C–H bond

scissoring.

More recently, Cuesta et al.18,19 claimed that the adsorbed

formate is the key intermediate in both the dehydrogenation

and dehydration pathways and bimolecular decomposition of

adjacent adsorbed formate with a subsequent electron transfer

contributes to the oxidation current in the dehydrogenation

pathway on Pt and Au, suggesting that no free metal site is

necessary for formate oxidation. In addition to spectral evidence,

Grozovski et al.20 demonstrated that the current for FA oxida-

tion is directly proportional to the formate coverage on Pt single

crystal electrodes by comparing the charge for adsorbed formate

and the recorded oxidation current.

The assignment of formate as a reactive intermediate was

disputed by Chen et al.21–25 who studied FAO on Pt electrodes

using the same technique but coupled with a thin-layer electro-

chemical flow cell. The flow cell configuration facilitates the

quantitative analysis of the IR signal of adsorbates in the

electrocatalytic reactions under well-defined mass-transport

conditions. Based on their results, Chen et al. argued that

formate is a spectator rather than a reactive intermediate and

proposed a so-called ‘‘three pathway’’ mechanism for FA oxida-

tion. By using simultaneous ATR-SEIRAS and cyclic voltammetry,

Okamoto et al. further excluded the possibility of bridge-bonded

formate (HCOOB) as the reactive intermediate by carefully

analyzing the effect of the scan rate on potential dependent

formate band intensity and oxidation current.26 This argument

was to some extent supported by the DFT calculations of Neurock

et al.27 who suggest that the adsorbed formate is relatively stable

while an experimentally undetectable *COOH intermediate is the

active intermediate.

On the other hand, Wang et al.28 reported DFT calculations

of FA oxidation on the Pt(111)/H2O interface with a continuum

solvation model and showed that formate is neither a reactive

intermediate nor a spectator for FA oxidation, but a template

that promotes the adsorption of FA in a CH-down configu-

ration, which is a reactive precursor leading to CO2. Gao et al.

suggested a dual-path mechanism involving a formate pathway

via the HCOOB* intermediate and a direct pathway from

HCOOH* via a highly transient COO* intermediate by first

principle simulations.29,30 In a newly modified mechanism

proposed by Osawa’s group, formate ions rather than formic

acid molecules are oxidized via a weakly adsorbed formate

precursor,31–33 and both the adsorbed OH species and HCOOB

can suppress HCOOÿ oxidation by blocking active surface sites.

Most recently, Chen’s group proposed that the oxidative adsorp-

tion of formic acid is the rate-determining step and that the

reactive intermediate in the direct pathway is ascribed to the

corresponding unspecified Xÿ species, based on a potential oscil-

lation modeling on the Pt electrode.34 Summarized in Fig. 1 are

typical mechanisms proposed.

The mechanism of formic acid oxidation is far from settled, in

particular, the chemical nature of the reactive intermediate. The

assumption that adsorbed –COOH is the reactive intermediate

lacks spectral evidence.12,27 While a weakly-adsorbed HCOOH

precursor can explain a kinetic isotope effect for HCOOH and

DCOOH oxidation to CO2,
21 a weakly adsorbed HCOOÿ precursor

can explain a pH dependence of oxidation current.31 However,

the former is difficult to explain the pH dependence because the

concentration of formic acid decreases with an increase in the

solution pH. Vice versa, the latter is hard to explain the kinetic

isotope effect given that the rate-determining step is the adsorp-

tion of HCOOÿ.

A recent trend in discussing the mechanism of formic acid

electro-oxidation involves dual species collaboration. For example,
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Herrero et al.35,36 explained the pH and anion (sulfate, perchlorate

or acetate) effects on FAO at the Pt(111) electrode by combining the

formate template model28 and mechanism IV. Brimaud et al.37

investigated in detail the influence of electrolyte pH, electrode

surface structure, and anion adsorption on FA oxidation on Au and

Pt electrodes. Distinct differences in the reaction behavior on Pt

and Au were observed, as well as in the structural sensitivity and

anion effects. They suggested that a dimer-like species probably

comprising HCOOH (or HCOOad) and HCOOÿ is the reactive

intermediate in the dehydrogenation pathway, rather than a single

species such as COOH, HCOOB or HCOOÿ. The collaborative effect

of HCOOH and weakly adsorbed HCOOÿ seems extendable to

explain self-dehydrogenation of formic acid on carbon supported

Pd and B-doped Pd catalysts in a formic acid–formate solution.38

2.2 Poisoning intermediate CO

CO formation on three-contiguous Pt sites. Through IR spectro-

scopic investigations of FA oxidation on Pt electrodes,39,40

adsorbed CO (COad) is identified as the major poisoning

species formed through the dehydration pathway. Such COad

can be removed only at high applied potentials, leading to a

significantly suppressed dehydrogenation pathway and low

catalytic activity at lower potentials. Because the dehydrogena-

tion pathway is highly desired for the best utilization of the

chemical energy stored in FA, many efforts have been made to

promote this pathway.

On Pt electrodes, it is widely accepted that the ‘‘ensemble

effect’’ or ‘‘third-body effect’’ plays an important role in improving

the FA oxidation performance, which has been extensively

reviewed by Markovic and Ross.41 The concept of the ‘‘ensemble

effect’’ was initially borrowed from the hydrocarbon catalysis on

Bi modified Pt surfaces,42 referred to the effect that a reaction

requiring a large ensemble of surface active sites can be sup-

pressed by diluting the active sites with a second inert metal, the

so-called ‘‘third-body’’. Thus, in the case of FA dehydration on Pt

electrodes, the determination of the smallest number of surface

Fig. 1 Proposed dehydrogenation pathways of FA oxidation in the literature. p* refers to the empty metal surface sites required for the reaction.
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‘‘ensemble’’ Pt atoms and their geometric arrangement

required for this reaction may help to channel the FA oxidation

route to the direct pathway by fabricating a surface unfavorable

for COad formation. Combining cyclic voltammetry (CV), FT-IR

spectroscopy and differential electrochemical mass spectro-

metry, Cuesta et al.43 reported that COad is almost inhibited

on a cyanide-modified Pt(111) during FA oxidation and the

corresponding electro-oxidation reaction proceeds exclusively

through the dehydrogenation pathway (shown in Fig. 2). Because

cyanide adsorption on Pt(111) forms a hexagonally packed

structure which contains six –CN groups adsorbed atop of six

Pt atoms surrounding a free Pt atom, their results suggest that

COad formation due to the dehydration pathway would require

the presence of at least three contiguous Pt atoms. This con-

clusion also coincides with the DFT calculations by Neurock

et al.,27 which suggest that the direct pathway appears to occur

over just one or two Pt atoms while the indirect path requires

a significantly greater ensemble size and defect sites. The

enhanced FA oxidation catalytic activity and suppressed COad

coverage were also confirmed on the Sb44,45 or Bi46 modified Pt

single crystal electrodes, respectively.

Interestingly, this ensemble effect has been recently challenged

by Grozovski et al.47 with electrochemical studies on a series of

Pt single crystal electrodes. They suggested that no COad would

form on a perfect Pt(111) electrode and the observed COad comes

from the defect sites. When the Pt(111) surface is modified with

cyanide, the defects are blocked and consequently, no poison is

detected.

Recently, we applied high sensitivity in situ EC-SEIRAS

together with a DFT calculation to investigate the mechanism

of FA electro-oxidation on a Sb-modified Pt polycrystalline

electrode48 and provide some new insights into the role of

adatoms on Pt surfaces. Our results show that the FA oxidation

current is not correlated with the formate coverage, and the

Sb-modification decreases the CO coverage significantly. On

the basis of the periodic DFT calculations, the catalytic role of

Sb adatoms can be rationalized as a promoter for the adsorp-

tion of the CH-down configuration but an inhibitor for the

adsorption of the O-down configuration of formic acid, facili-

tating the complete oxidation of FA to CO2 (Fig. 3). In addition,

Sb modification lowers the CO adsorption energy, and helps to

mitigate the CO poisoning effect on Pt. The decreased COad

coverage during FA oxidation was also demonstrated on Au

cluster-modified Pt monolayers on a nanoporous-gold electrode

by ATR-SEIRAS measurements.49

Fig. 2 (a) The ball model of the cyanide-modified Pt(111) electrode (black

balls correspond to Pt atoms, and white balls correspond to linearly chemi-

sorbed –CN groups). (b) Cyclic voltammograms of a cyanide-modified Pt(111)

electrode in 0.1 M HClO4 + 1 mM HCOOH (solid line) and 0.1 M HClO4 +

0.2 M HCOOH (dashed line) and (c) the corresponding FTIR spectra at

increasing potentials obtained in the first solution (reprinted with permission

from ref. 43. Copyright 2009, American Chemical Society).

Fig. 3 Cyclic voltammograms of unmodified Pt (a) and Sb-modified Pt (b) electrodes in 0.5 M H2SO4 + 0.1 M HCOOH solution recorded at 10 mV sÿ1

and the integrated intensities of COL, COB, and formate selected from the corresponding time-resolved SEIRAS spectra recorded simultaneously with the

CVs. The CH-down (c) and O-down (d) configurations of HCOOH adsorption on Pt(111) (reprinted with permission from ref. 48. Copyright 2010,

American Chemical Society).
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CO formation from CO2 reduction on Pd surfaces (deactiva-

tion of Pd surfaces). It has been widely recognized that the

dehydration pathway of FA oxidation is not much favored on

the Pd-based electrode surfaces and the absence of CO poisoning

leads to a much higher initial catalytic activity on Pd at lower

potentials as compared to that on Pt surfaces.3 Recently, a DFT

calculation also confirmed CO2 as the dominant product for FA

decomposition on Pd(111) surfaces.50 In 2004, Masel’s group51

first explored the use of Pd black as an alternative anode catalyst

for DFAFCs and demonstrated significant performance enhance-

ments. Further investigations reveal that the deactivation during

FA oxidation is a severe obstacle of Pd catalysts for their practical

applications.6,7 Hence much efforts have been paid to disclose

the nature of the deactivation process.

Diverse proposals have been put forward to explain the

deactivation during (electro)chemical dehydrogenation of FA

on Pd surfaces such as the aggregation of Pd nanoparticles52

and surface blocking by the CO2 bubbles.53 Other than these

physical inhibitions, another important suggestion points to

the accumulation of inactive (poisoning or spectator) inter-

mediates on surfaces. In 1988, Solis et al.54 studied FAO on

Pd electrodes with on-line mass spectroscopy and suggested the

presence of strongly adsorbed residues at a small coverage. By

using electrochemical impedance spectroscopy (EIS), Uhm

et al.55 and Jung et al.52 further confirmed the presence of the

strongly adsorbed residue. Recently, anodic stripping measure-

ments52,56,57 on carbon supported Pd nanoparticles that were

pre-polarized in a concentrated FA solution for hours and then

transferred to a HClO4 solution revealed the presence of

so-called ‘‘COad-like residues’’ on Pd surfaces. It was also

reported that the existence of Pd–O(H) species58 or the applica-

tion of a positive potential treatment52,59,60 to the Pd electrode

may facilitate the removal of such ‘‘CO-like’’ species and hence

recover the performance of a DFAFC.

In contrast, COad was not detected on ultrathin Pd overlayer(s)

on Pt61 or Au62 electrodes in the electrooxidation of FA at varying

potentials with external IRAS and ATR-SEIRAS, respectively.

Neither was it identified on Pd(111) in a highly concentrated

FA solution.63 In a recent ATR-SEIRAS study,14 by using a

chemically deposited Pd film on the Si prism as the working

electrode in a 25 mM FA solution, Miyake et al. detected very

weak COad peaks around 1730 cmÿ1 at relatively low oxidation

potentials while even weaker peaks around 1830 cmÿ1 appeared

as the potential was scanned to higher values. However, such an

assignment may be compromised due to the possible over-

lapping of the nCQO vibration band (at ca. 1720 cmÿ1) of

interfacial FA.62 Moreover, the chemically deposited Pd electrode

was easily broken and peeled off from the Si prism with increasing

hydrogen absorption, limiting its working electrode potential to

be positive of 0.2 V (RHE).

Recently, we applied in situ ATR-SEIRAS combined with thin

layer flow cell configurations to study the decomposition of

HCOOH on Pd surfaces over a potential range of practical relevance

to the hydrogen production (i.e., at open circuit potential) and

fuel cell anode operation.64 For the first time solid spectral

evidence of COad formation with the clear vibrational bands

located at ca. 1850 cmÿ1 was obtained. These CO species can be

ascribed to the triple-bonded CO on Pd surfaces with a relatively

low coverage (increased with increasing time and decreasing

potential). A careful investigation of the effects of mass transport,

concentration of FA and supporting electrolyte, electrode potential,

and the control measurement on CO2 reduction enables us to find

that the COad coverage depends on the surface CO2 concentration

and the electrode potential, and propose that the COad may

primarily originate from the reduction of the dehydro-

genation product CO2 as illustrated in Fig. 4. This conclusion

is further supported by a recent electrochemical study on

Au@Pd electrodes65 with different Pd overlayer thicknesses,

which shows that the increasing FA oxidation rate accelerates

COad poisoning due to CO2 reduction.

We further extended the ATR-IR spectroscopic technique to

study the surface poisoning species on the state-of-the-art

commercial Pd black catalyst in FA solutions with much higher

concentrations (B5 M) under different potential settings

mimicking to some extent the practical DFAFC operation

conditions.66 COad was also clearly confirmed as a surface

poisoning species with its vibrational frequencies located over

B1848 to 2050 cmÿ1, suggesting a much higher CO coverage in

the concentrated FA solution. This finding is in good agree-

ment with the previous electrochemical measurements52,67 and

demonstrates the capability of the ATR-SEIRAS technique to

study practical catalysts. These results provide a molecular level

insight into the deactivation of the Pd electrodes during FA

Fig. 4 Evolution of the IR peak intensities related to the near-surface CO2

product and interfacial FA molecules in the solution phase as well as the

adsorbed COT species on Pd surfaces recorded at the OCP in 0.1 M HClO4 +

0.5 M FA collected in a regular unrestricted ATR cell (a) and a thin layer flow

cell (b). (c) Reaction scheme fromHCOOH to COad on a Pd surface including

the reduction of the dehydrogenation product CO2 (reprinted with permis-

sion from ref. 64. Copyright 2011, American Chemical Society).

PCCP Perspective



This journal is© the Owner Societies 2014 Phys. Chem. Chem. Phys., 2014, 16, 20360--20376 | 20365

oxidation and highlight the critical importance of anti-CO

poisoning and CO2 management when Pd-based catalysts are

designed and used for practical applications.

3. Catalysts for electrooxidation of
formic acid

Parallel to the mechanism study of the FA electrooxidation on

Pt- and Pd-based surfaces, many novel nanocatalysts with higher

catalytic activity, durability and lower cost have also emerged.

Attempts have been made to tailor the electronic properties and

construct the optimal catalytic structure using the ‘‘synthesis-by-

design’’ concept.

3.1 The main principles of ‘‘synthesis-by-design’’

‘‘Third-body’’ effect. As mentioned above, the most effective

way to channel the FAO pathway on Pt electrodes to the

dehydrogenation path is to form a surface unfavorable to COad

formation through the ‘‘third-body’’ effect by modifying the Pt

surface with a second metal. In the catalyst design, the ‘‘third-

body’’ ad-atoms such as Sb, Pb and Bi formed by irreversible

adsorption or underpotential deposition (UPD) are effective for

creating discontinuing Pt sites and thus hinder the CO forma-

tion (i.e., the indirect pathway).7,68–72 Successes have also been

achieved by alloying Pt with other metals, such as Au,73–76 Ag,77

Fe78,79 and Cu.80 In 1980s, Watanabe et al.69 reported that FA

oxidation was enhanced by three orders of magnitude on Pt

electrodes by ad-atoms of the Vth group metals. However, an

agreement on the optimal coverage of the ad-atoms on Pt

electrodes has not been reached, probably due to different

surface Pt sites, ad-atoms and modification methods applied

in the previous reports. By introducing these concepts to the

fabrication of nanomaterials, high efficiency Pt-based nano-

catalysts can be obtained as summarized in Section 3.3.

Electronic effect. When pure Pt or Pd is alloyed or modified

with a second metal, the change in the surface atomic environ-

ment is inevitably accompanied by the change in their valence

electronic structure. A particularly useful model to illustrate

such a variation in the electronic structure of transition metal

surfaces is the so-called d-band theory, which is widely used in

heterogeneous catalysis (including electrocatalysis).81 As extensively

reviewed by Demirci,82 Nørskov and co-workers83–85 pioneered in

using the d-band center (ed) shift as the simplest descriptor to

indicate the variation of electronic structure and binding energies

of surface poisoning and reactive intermediates on catalyst

surfaces, and explain the corresponding changes in the catalytic

reactivity.

Briefly, the position of ed is controlled by the shape of the

d-band and the number of filled electrons. ed is affected by the

inter-atomic distance of the metals.83,86 When Pt or Pd is

modified with a second metal with a larger lattice constant,

the parent metal is under tensile strain and its d-orbital overlap

decreases, which results in a narrower d-band and an up-shifted ed,

as shown in Fig. 5a (left). Conversely, if the second metal has

a smaller lattice constant than Pt or Pd, the overlap of the

d-orbital of Pt or Pd increases. As a result, the d-band becomes

broader and the d-band center decreases (Fig. 5a, right). These

effects are termed the strain effect. By tuning the d-band center

of the pseudomorphic Pd monolayer on various single crystal

electrodes with different lattice constants, Kibler et al.87 experi-

mentally testified the correlation between the d-band center

position and the catalytic activity towards FA electrooxidation.

They disclosed a nearly linear relationship between the binding

energy (i.e. the oxidation peak potential) of adsorbed hydrogen

and the calculated shift of the d-band center of the Pd overlayer

on different single crystal electrodes as shown in Fig. 6a and b.

The best FAO catalytic performance was obtained on the

PdML/Pt(111) and PdML/PtRu(111) electrodes (Fig. 6c). Such an

improvement in the catalytic ability may be attributed to the

facilitation of an intermediate adsorption/desorption balance

during FA oxidation with a suitable down-shift of the Pd d-band

center and corresponding binding energy of the intermediate.

This work provides an interesting way of screening metals

alloyed with Pd or Pt for FA oxidation, and opens an avenue

for the design of novel high efficiency nanocatalysts.

The subtle down-shift of the d-band center can also be caused

by the ligand effect (Fig. 5b). According to Nørskov’s DFT

calculation,82 the d electrons in less noble metals such as Ni,

Co, Fe and Ag tend to transfer to Pt or Pd which consequently

down-shifts the d-band of the latter. This finding provides

some hints for designing new catalysts. Wakisaka et al.88

demonstrated experimentally that when Pt is alloyed with Co

or Ru the electron transfer occurs from the latter to Pt through

the so-called ‘‘ligand effect’’, resulting in a down-shift of the

d-band center of Pt due to the down-shift of the reference level

Fig. 5 Schematic description of the strain effect (a) and the ligand effect

(b) in bimetallic catalysts when an adlayer or an alloyed structure is formed.
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(or the Fermi Level, eF, see Fig. 5b) and a corresponding positive

shift of Pt 4f7/2 core level binding energy in the XPS measure-

ments. It should be pointed out that the strain effect and the

ligand effect are hard to be separated in practical bimetallic

catalysts and the ‘‘net’’ d-band center shift is more important

for designing better catalysts.

Facet-dependent catalytic activity. Facet-dependent electro-

catalysis is another important issue in catalyst design.89 In a

typical cyclic voltammetric test, the FA oxidation current is

greatly inhibited due to the surface blockage by CO during the

positive scan on Pt(110) and Pt(100) electrodes, while the

Pt(111) is not much affected. After CO is oxidized at the high

potentials, the Pt(100) electrode shows the best catalytic activity

toward FAO during the backward scan with the corresponding

peak oxidation current 5–6 times larger than that on Pt(111) and

Pt(110) electrodes.41,47,90,91 However, such a facet-dependent

catalytic activity of Pt has not been extensively applied to the

design of nanocatalysts.

Hoshi et al.92,93 systematically studied the structural effects

of FAO on well-defined Pd single crystal electrodes with low and

high index planes. On the low-index planes of Pd, the maximum

current density of FA oxidation increases in the positive scan as

follows: Pd(110)o Pd(111)o Pd(100). For the high index planes,

the maximum current density increases in the order of Pd(S)-

[n(111)� (111)]o Pd(S)-[n(111)� (100)]o Pd(S)-[n(100)� (110)]o

Pd(S)-[n(100) � (111)] and the Pd(511) (=5(100)-(111)) electrode

possesses the highest catalytic activity among the high index planes

examined. The knowledge learned from these studies on bulk

single crystals can be used to design nanoscopic practical Pd

catalysts. Different preferred facets may be obtained by con-

trolling the shape of nanocrystals.

3.2 Pd-based catalysts

Pd-based alloy catalysts. Various Pd–M catalysts have been

synthesized and they showed attractive performance in the past

few years. The second metal M includes but is not limited to Pt,

Au, Ag, Cu, Ni, Co, Pb, Sn, Fe and Ir, and normally the electronic

effect and strain effect are invoked to account for the activity

enhancement.94–109

Liu et al.99 reported the promotion effect of Au in the PdAu/C

for FA oxidation and the highest activity was obtained when the

ratio of Pd : Au is 3 : 1. Similarly, the PdAu/C alloy nanocatalyst104

synthesized via a simple co-deposition strategy exhibit higher

Pd-specific activities towards FA oxidation compared with the

non-alloy counterparts or unmodified Pd/C catalysts. Pd–Au/C

catalysts with different alloying degrees were also tested,110

in which a higher electrocatalytic activity and stability was in

accordance with a high alloying degree as expected. For a practical

DFAFC, Larsen et al.94 found that alloying foreign metals such as

Au to Pd/C anode catalysts enhanced its performance. Favorable

effects have been also detected by alloying Co,95,96 Sn97,98 or

Ni108,109 with Pd to form nanocatalysts.

Inspired by the ‘‘third-body’’ effect and the d-band center

theory, we synthesized and screened a series of carbon sup-

ported PdxPt1ÿx nanocatalysts in order to pinpoint the optimal

composition for the electrocatalytic oxidation of FA.101 As

shown in Fig. 7, Pd0.9Pt0.1/C has the highest peak current

among all of the tested samples, which can be attributed to

the effective alleviation of CO formation at separated Pt sites,

and the appropriately lowered d-band center of Pd sites for

optimal reactant and intermediate adsorption. Similar results

were also obtained on a series of Pd–Pt nanocatalysts with a Pt

content less than 10%, including the Au@Pd–Pt nanocubes,103

Pd–Pt alloy nanocubes,100 tetrahexahedral Pd–Pt alloy catalysts106

and Pt decorated Pd/C nanoparticles.105 Along this line, ternary

nanoalloys of Pd–Pt–M with a low Pt content, i.e., Pd–Pt–Au/C111

and Pd–Pt–Cu/C112 exhibited more flexibility than binary nano-

alloys in tuning the electronic properties of catalytic surfaces,

and thus provided a more balanced improvement on both the

activity and durability.

In addition to the metallic alloying components, non-metals

such as P and B can also be applied as the additives to Pd

Fig. 6 (a) d-band center shift model of pseudomorphic palladiummonolayers (PdML); (b) linear relationship between the oxidation potential of adsorbed

hydrogen and the calculated d-band center shift of PdML on various single crystal electrodes; (c) the corresponding FAO behavior of the pseudomorphic

PdML electrodes (reprinted with permission from ref. 87. Copyright 2005, Wiley-VCH).
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catalysts to increase their catalytic activity. By using either

NaH2PO2
113 or phosphorus114 as the reductant as well as a

direct P donor, Lu et al. successfully prepared Pd–P metal–

nonmetal alloy nanocatalysts, which show a much better cata-

lytic performance as compared to the pure Pd. Pd–B/C catalysts

(ca. 40 wt% Pd with 6 at% B doping) were also synthesized

through an aqueous process using dimethylamineborane as the

reducing agent38,115 and showed enhanced activity and poison

resistance toward formic acid (self)dehydrogenation.

Modification of Pd surfaces with ad-atoms is an alternative

way to achieve high catalytic activity and high resistance to

poisoning species.116,117 Haan et al.117 found that Sb ad-atoms

can double the rate of FA oxidation on Pd surfaces. The same

group116 further screened the effects of Sb, Sn, and Pb ad-atoms

on Pd black catalysts in the fuel cell operation test, and discovered

that all of these ad-atoms strongly promote FA oxidation and

reduces the amount of CO. The synergetic and electronic effects

were suggested to be responsible for such an enhancement.

Pd nanocrystals. The facet-dependent electrocatalytic activity

towards FA oxidation of the Pd nanocrystals has also been

explored. Jin et al.118 prepared Pd nano-polyhedrons with different

shapes, including truncated cubes, cuboctahedra, truncated

octahedra and octahedra, by controlling the growth of cubic

seeds. As shown in Fig. 8, FA oxidation over these Pd polyhedra

were systematically studied, and a decline in maximum current

density and a negative shift of peak potential were observed

when the area ratio of 100{100} to {111} facets on the surfaces of

a Pd polyhedron decreased. More recently, we presented a simple

one-pot synthesis method to selectively synthesize either Pd

rhombic dodecahedra or cubic NCs of similar sizes.119 By applying

a mild CO-replacement cleaning process to remove the surface

contaminants on the as-prepared Pd NCs, reliable electrochemical

features were obtained and compared. These results revealed that

{100} enclosed Pd nanocubes exhibit a higher catalytic ability

toward FA oxidation.120 Along this line, further improved FAO

performance has been reported on {100} dominant penta-twinned

Pd nanorods.121 Additionally, Meng et al.122 obtained thorn-like

single crystal Pd nanoclusters composed of hexahedral units

along the h220i direction by square wave electrodeposition,

possessing a higher activity toward FAO as compared to the Pd

black catalyst. On the other hand, Shao et al.123 suggested that

steps and defects were more active for FAO than terraces, which

leads to a restricted activity on shape-selective materials as

compared to conventional Pd (around 5 nm) as the former

contained fewer defects and edge sites. Such a divergence thus

calls for more accurate electrochemical catalysis evaluation on

more ‘‘cleaned’’ nanocrystal surfaces.

3.3 Pt-based catalysts

Surface modified Pt-based catalysts. Benefited from the so

called ‘‘third-body effect’’ or ‘‘ensemble effect’’, the dehydration

pathway for FA oxidation and thus the CO poisoning on Pt can

be impeded, leading to a significant enhancement of oxidation

current and a negatively shifted peak potential. Great successes

have already been reached on the state-of-the-art Pt-based

catalysts by the surface modification or alloying strategies.7

As shown in Fig. 9, Kim et al.124 studied FA oxidation on Pt

black catalysts modified by irreversibly adsorbed Bi with cover-

ages controlled from 0.05 to 0.25, and reported a Bi coverage-

dependent catalytic activity. According to their results, the CO

poisoning is almost completely suppressed when the Bi coverage

was more than 0.18 on these electrodes, meanwhile the best cata-

lytic performance was reached. Saez et al.125 tested Bi-modified Pt

electrodes with different Bi coverages in concentrated FA solutions.

Fig. 7 (a) Cyclic voltammograms recorded at 50 mV sÿ1 for PdxPt1ÿx/

C-coated GC electrodes in 0.5 M H2SO4 solution containing 0.5 M FA;

(b) variation of Ep and ip with Pd molar fraction x (reprinted with permission

from ref. 101. Copyright 2010, American Chemical Society).

Fig. 8 Maximum current densities of HCOOH oxidation on Pd polyhedra

enclosed by {111} and {100} facets in different proportions (reproduced

from ref. 118 with permission from The Royal Society of Chemistry).
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The presence of Bi caused a 4–6 fold increase of the electro-

oxidation current as compared to the unmodified Pt electrodes,

and the best performance was obtained with the Bi coverage of

50% in 9 M FA. On the preferential (111) oriented Pt nano-

particles,126 the highest activity was obtained at the Bi coverage

of 0.88. Such a big difference may be due to the different Bi

modification methods, type of Pt electrodes and the concen-

tration of FA solutions. Uhm et al.127 modified Pt with Bi by

the UPD method for practical DFAFC applications, and signifi-

cantly enhanced cell performances including an impressive

long-term durability was achieved with a Pt loading of only

0.5 mg cmÿ2 in an operating fuel cell.

Other III, IV or Vth group metals have also be applied as the

adatoms to modify Pt catalysts. Sun’s group employed the UPD

strategy to fabricate either Bi128 or Au129 adatoms decorated

tetrahexahedral Pt nanocrystals, leading to a drastically enhanced

FAO in comparison with bare Pt nanocrystals. Buso-Rogero

et al.130 reported the promotional effect of Tl-modified Pt

nanoparticles resulting in the inhibition of COads formation

and thus improving the onset potential for the complete formic

acid oxidation to CO2. Lee et al.
131 found the UPD Sb induced a

lower onset potential of FA oxidation and doubled the power

density as compared to the unmodified Pt catalyst. The funda-

mental understanding regarding the beneficial effect of surface

modification on FAO on Pt can be utilized to synthesize efficient

anode catalysts for real fuel cells. Yu et al.132 chemically deposited

different amounts of Pb or Sb on a commercial 40% Pt/C catalyst

and compared the performances of these catalysts in a multi-

anode DFAFC. The maximum catalytic activity was obtained at

Pt :M (M = Pb and Sb) mass ratio of 3 : 1 for both Pt–Pb/C and

Pt–Sb/C. The same group extended this multi-anode approach

to make the comparison of co-deposited PdM/C (M = Bi, Mo,

or V) catalysts and Pb or Sn decorated Pt/C catalysts with

commercial Pd/C, PtRu/C, and Pt/C catalysts, aiming at improv-

ing the activity of Pt-based catalysts or the stability of Pd-based

catalysts.133 Notably in their multi-anode fuel cell screening

tests (shown in Fig. 10), PtPb/C and PtSn/C catalysts showed

significantly higher activities than the commercial Pt/C catalyst,

while the PdBi/C exhibited a higher stability than the commercial

Pd/C catalyst. In order to overcome the complexity of the con-

ventional UPD method that requires the external potential con-

trol, a more facile electroless mimetic underpotential deposition

(MUPD) approach was proposed to realize the submonolayer

deposition of Sb or Pb on Pt surfaces.134,135 The MUPD method

is an all-wet chemical immersion process which involves select-

ing reasonable reductants to adjust the open circuit potential of a

metallic substrate to a suitable UPD potential for the secondmetal

deposition. Compared to UPD, this approach is much easier for

scale-up surface modification of various types of catalysts, in

particular, the existing nanocatalysts in powder form.

Another type of high performance FA oxidation catalysts is

obtained by decorating Pt on other metal surfaces. Kristian

et al.136 deposited submonolayer of Pt on Au nanoparticles and

found markedly improved catalytic activity for FA direct oxida-

tion and suppression of COad poison formation. They further

screened the Pt : Au mole ratio ranging from 1 : 10 to 1 : 2 and

concluded that the specific activity of PtAu/C with a Pt/Au mole

ratio of 1 : 8 was the best.137

Pt-based alloy nanocatalysts. Other than the surface modified

Pt catalysts, Pt based alloy catalysts were also intensively studied

over the past several years. The alloy component includes but is

not limited to Au, Bi, Pb, Sb, Pd, Ru, Sn, Cu, Ag and Fe. Chen

et al.76 prepared a series of Pt–Au/C bimetallic nanocatalysts for

FA electro-oxidation to establish the correlation between the

bimetallic composition and the electrocatalytic activity. The

Pt50Au50/C shows the highest performance with a mass-specific

activity eight times higher than that of Pt/C. Such an optimal

molar ratio for Pt:Au was also confirmed by other groups on

Pt–Au nanocatalysts supported on either carbon black,73–75

carbon nanofibers138 or carbon nanotubes.139 Furthermore, the

randomly arranged PtPb140 and Pt3Pb,
141 the intermetallic PtPb

alloy,142,143 and the PtBi alloy with low amounts of Bi (Pt : Bi

molar ratio is 11 : 1)144 were also reported to exhibit enhanced

catalytic activity and excellent CO tolerance for FA oxidation.

Pt–Ru and Pt–Sn alloy catalysts have been recognized as the

most effective anode catalysts for direct methanol fuel cells.145,146

They show good catalytic activities for FA oxidation as well. Chen

et al.147 prepared and screened a series of carbon-supported

bimetallic Pt–Ru catalysts with a high degree of alloying and

different Pt/Ru atomic ratios for FA oxidation and demonstrated

the importance of these two factors in the catalytic performance.

Fig. 9 Stripping voltammograms of adsorbed CO and catalytic poison

species on Pt black coated electrodes modified by irreversibly adsorbed

Bi with different coverages [(a) 0, (b) 0.05, (c) 0.08, (d) 0.13, (e) 0.18 and

(f) 0.25] in 0.5 M H2SO4 solution (reproduced from ref. 124 with permission

from Elsevier).
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The effectiveness of adding Ru to Pt catalysts for enhancing

FAO was also examined on the Pt–Ru alloys with different

nanostructures148,149 or synthesis methods.150,151 In addition,

Ag,77,152 Fe78,79 and Cu80,153 were also shown as promising

candidates to prepare Pt-based alloy catalysts for FA oxidation.

Notably, the less noble component such as Cu80 could be

dealloyed intentionally to form a Pt enriched skin structure

that may further benefit the FA oxidation.

3.4 Other morphological controls of the nanocatalysts

The aforementioned approaches to synthesize the Pt- and

Pd-based catalysts mainly focus on tailoring the catalytic pro-

perties by tuning the electronic structure and the surface

atomic arrangement. Besides the shape, other morphological

factors including the size, dispersion and hollow or core–shell

structure play also a significant role in enhancing FAO catalytic

activity and durability. In the following, we summarized efforts

made in this direction.

Mazumder et al.154,155 reported a facile synthesis method to

prepare 4.5 nm Pd nanocatalysts with a fairly good size disper-

sion (Fig. 11a) through the reduction of Pd(acac)2 with oleylamine

and borane tributylamine complex as the stabilizers. These Pd

nanocatalysts subsequently cleaned with acetic acid to remove

the surface capping agents showed an attractive durability for

FAO with no obvious degradation even after 1500 voltammetric

cycles under ambient conditions (Fig. 11b–d). Obviously, the

uniform size distribution of the nanocatalysts provides much

better resistance to the so-called ‘‘Ostwald Ripening’’ or metal

dissolution during the FA oxidation and thus enhances the

durability.

In contrast to the preparation approaches using organic

solvents,154,156 the impregnation methods in aqueous solutions

may be more favorable because of the easy removal of surface

organic residues. Zhang et al.157 reported the preparation of Pd/C

catalysts with NH4F andH3BO3 as the stabilizers, and demonstrated

the effectiveness of applying EDTA as the capping agent and a

thermal annealing treatment at 120 1C for achieving a better

catalytic activity.158 Similarly, Wang et al.159 synthesized ultrafine

2.1 nm Pd/C with uniform size by using CyDTA as an alternative

capping agent. Moreover, stabilizing agent-free methods160,161

using NH3 as the complex and NaBH4 as the reducing agent have

been used to prepare Pd/C catalysts.

Hollow structures have a very high surface to bulk atomic

ratio and can effectively increase the catalyst mass activity.

Ge et al.162 reported a controllable synthesis method to prepare

either hollow nanospheres or solid nanoparticles with the

solution pH below 9 or higher than 10, respectively, by using

Fig. 10 Electrocatalytic performance screening of Pd–M and Pt–M catalysts in a multi-anode direct formic acid fuel cell (reproduced from ref. 133 with

permission from Springer).

Fig. 11 TEM images of 4.5 nm Pd/C catalyst before (a) and after the

stability test (b). (c) Specific activity of FA oxidation of the catalyst shown

in (a) and the commercial Pd/C catalyst. (d) Specific activity of FAO of the

4.5 nm Pd/C before and after the stability test (reprinted with permission

from ref. 154. Copyright 2009, American Chemical Society).
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Co nanoparticles as a sacrificial template. These nanostructures

showed enhanced catalytic activity towards FA oxidation. Co

nanoparticles were applied to prepare a polypyrrole-modified

carbon-supported Pd hollow catalysts for FA oxidation as well.163

Similar galvanic replacement reaction was also employed to synthe-

size Pd–Pb/C hollow nanospheres with a larger electrochemical

active surface area.164 Ag@Pd core–shell nanotubes were prepared

from a galvanic replacement reaction between Ag nanowires and a

Pd(II) precursor solution.165 The increase of the number of surface

active Pd sites and the modified Pd electronic structure by Ag were

proposed to be responsible for the improvement of electrocatalytic

activity and durability for FA oxidation.

Despite the above successes, one concern is the surface

cleanness of these as-prepared nanocatalysts. Organic solvents

and various surfactants with strong specific interaction with

the catalysts are used to control the size and dispersion of the

catalyst particles. Despite the post-synthesis cleaning, some of

these species remain adsorbed on the catalyst surfaces. In most

cases, the impact of these organic solvents and surfactants on

the catalytic activity is largely ignored. We believe that more

attention needs to be paid to the surface cleanness, because the

relevant electrochemical processes may be extremely sensitive to the

surface contaminations. The influence of the residual surfactants on

the catalytic activity has recently been reported.166 A future

challenge would be developing methods to obtain clean catalyst

surfaces so that the intrinsic activity of the catalysts can be

reliably obtained.

3.5 Catalyst supports

As substitutes to the normally used Vulcan XC-72s carbon

black, ordered mesoporous carbon (OMC), carbon nanotubes

(MWCNTs), graphene and graphene oxide (GO) have been

employed as supports of nanocatalysts for FA oxidation because

of their large surface area, good thermal and chemical stability

as well as great electrical conductivity.

One of the largest obstacles to apply these novel supports is

the inefficient binding sites on the innate materials. Great

efforts have been put on the development of proper pretreat-

ments to functionalize the supports for better attachment of

the metal nanoparticles. Nazar et al.167 introduced an effective

sulfur-coating strategy onto OMC to trap the metal precursors,

leading to a high dispersion of Pt/Pd-based nanocrystallites

as well as a tunable size control from 1.5 nm to 3 nm. They

also point out that 3 nm intermetallic Pt–Bi nanocrystals

embedded in OMC-S exhibits the best electrocatalytic FAO

performance among their tested samples. Bai et al.168 reported a

novel method to functionalize MWCNTs with 1,10-phenanthroline

(phen-MWCNTs) to immobilize Pd nanoparticles, which pre-

serves the integrity and electronic structure of MWCNTs and

meanwhile provides highly effective functional groups on the

MWCNT surfaces (shown in Fig. 12). Yang et al.169 prepared

Pd catalysts supported on MWCNTs pretreated in a mixture

of sulfuric and 4-aminobenzene sulfonic acid, and demon-

strated an enhanced FAO activity due to the improved water-

solubility and dispersion of MWCNTs. Zheng et al.170 recently

synthesized highly dispersed Pd catalysts on phosphonate

functionalized MWCNTs, leading to an enhanced FAO perfor-

mance than the un-phosphonated counterpart. Moreover,

the immobilization of metal nanoparticles on CNT has been

realized by conducting the synthesis in glutamate solutions,171

or by a simple two-stage polyol method172 followed by H2–Ar

annealing.173

In recent years, graphene has received increasing attention

as 2D supports for loading metal nanocatalysts in fuel cell appli-

cations due to its extremely high surface area (B2600 m2 gÿ1)

and high electrical conductivity (105–106 S mÿ1).174,175 Rao

et al.176 prepared graphene-supported Pt–Au alloy nano-

particles by an ethylene glycol reduction method. The high

electrocatalytic performance of the as-prepared Pt–Au/graphene

was attributed to the intrinsic high degree of graphitization

of graphene and the enhanced metal–support interaction.

Bong et al.177 synthesized 80 wt% Pd/graphene nanosheet with

good dispersion by a colloidal method using potassium triethyl-

borohydride as a reducing agent and tetraoctylammonium

bromide N(Oct)4Br as a surfactant in THF solutions. Yang

et al.178 supported Pd nanoparticles on graphene nanosheet–

MWCNT composites by a microwave-assisted polyol process.

The optimal electrocatalytic activity and stability for FA oxida-

tion was achieved when the mass ratio of GO to MWCNTs

is 5 : 1.

So far, great achievements have been attained in the past

few years in the design and development of efficient Pd and

Pt-based nanocatalysts toward FA oxidation by tuning their

electronic structure, surface atomic arrangements, geometric

structure as well as catalyst supports. However, there are plenty

of rooms for further improvement of these catalysts in terms of

increasing the durability and lowering the noble metal content

for practical fuel cell applications.

Fig. 12 (a) Scheme of the formation mechanism of the Pd/phen-MWCNT

catalyst. (b, c) TEM images of the synthesized Pd/phen-MWCNT catalysts

(reproduced from ref. 167 with permission from Elsevier).
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4. Progress in practical DFAFCs

As stated in the outset, DFAFCs are promising alternative power

sources. They possess a higher electromotive force (EMF = 1.45 V)

than the more commonly discussed direct methanol fuel cells

(DMFCs, EMF = 1.21 V) and hydrogen fuel cells (EMF = 1.23 V).

In addition, formic acid is more convenient to store than H2 gas.

As compared to DMFCs, though the theoretical volume energy

density of formic acid (1725 W h Lÿ1) is ca. 1/3 of that for

methanol (4780 W h Lÿ1), the fuel crossover flux through the

proton exchange membrane is much smaller in DFAFCs. Thus

they can be operated at a much higher concentration of 10 to

15 M and provide a practically higher output cell energy density,

considering that 1–3 M methanol is usually used in DMFCs.

Furthermore, in contrast to the sluggish methanol oxidation

kinetics, the FA oxidation is quite facile, leading to a much higher

practical output power. Nevertheless, the performance of practical

DFAFCs with Pt or Pt–Ru179 catalysts in earlier studies was not as

satisfactory as the H2–O2 PEM fuel cells, until Masel’s group180,181

reported a maximum power density of 248–336 mW cmÿ2 at 22 1C

with Pd black as the anode catalyst and 3–12 M FA as the fuel.

They also demonstrated a passive miniature air breathing DFAFC

with 2 cm� 2.4 cm� 1.4 cm in size producing a power density up

to 33 mW cmÿ2 under ambient conditions.51

As mentioned in the above sections, the mechanistic study of

FAO on Pd and Pt surfacesmay shed light on the rational synthesis

of novel and efficient Pd- and Pt-based electrocatalysts, and thus

push forward the practical progress of DFAFCs. Most recently,

by applying carbon supported Pd–Ni2P as the anode catalysts,

Chang et al.182 reported the DFAFCs with a maximum power

density of 550 mW cmÿ2 with 3 M FA at 30 1C. Furthermore,

a 30 W DFAFC hybrid power system for a laptop computer was

also developed, which can operate under a substantial comput-

ing load for 2.5 h using only a 280 mL tank of 50 wt% FA fuel.179

In order to achieve a higher utilization of noble metal catalyst

and an easier accessibility of both reactants and electrons to

active sites, Wang et al. developed a ultra-thin layer structured

anode consisting of one atomic layer Pt183 or Bi@Pt184 supported

on nanoporous gold (NPG), see Fig. 13. They also prepared a

DFAFC stack with 10 unit cells (each cell has an area of 6� 8 cm2)

using NPG–Pt–Bi catalysts as anodes and Pt/C as cathodes, and

achieved a maximum power density of 40.9 W at a current of

12.9 A together with little voltage variation for each individual cell

around 0.5 V.184 Successes were also achieved in the design and

fabrication of medium-scale DFAFC stacks to act as the power

sources of portable devices.185 Liao’s group have done a series of

work on the improvement of fuel cell structures for the miniature

DFAFCs, including the air breathing compact cell,186 twin-cell187

and 4-cell stack structures,188 among which a maximum power

density of 56.6 mW cmÿ2 was achieved for a 4-cell stack.

Notably, to address the power supply to a microfluidic chip,

membrane-free microfluidic fuel cells have been developed,

which exploit the laminar flow that occurs in liquids flowing at

low Reynolds number (Re) to eliminate convective mixing of

anodic and cathodic fuels.189,190 Recently, Ma et al. reported

a formic acid microfluidic fuel cell system with anode and

cathode electrodes made from Pd/C and Pt/MWCNT catalysts,

and a maximum power density of 23 mW cmÿ2 with 5 M HCOOH

Fig. 13 (a) Schematic illustration of membrane electrode assembly structures of nanoporous gold supported PtBi (NPG-PtBi) catalysts and (b, c) the

corresponding 10-cell stack performance recorded at room temperature, with 3 M FA as the fuel (10 mLminÿ1 flow) and dry air as the oxidant (2 L minÿ1 flow).

Reproduced from ref. 183 with permission from The Royal Society of Chemistry and ref. 184 with permission from Springer.
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as the fuel was achieved.191 Zhu et al. demonstrated an air-breathing

microfluidic fuel cell with an array of graphite cylinder anodes with

a Pd catalyst, leading to confined CO2 bubbles within the anode

arrays which are removed periodically.192

Some other efforts have been made to further raise the power

density and prolong the durability of the practical DFAFCs by

optimizing the FA concentrations,193 catalysts layer structures194–198

as well as the Nafion membrane preparation methods.199–201 Baik

et al.202 investigated the performance of DFAFCs consisting of

membrane electrode assembly (MEA) prepared by different catalyst

coating methods. As compared to the direct painting and air

spraying, the MEAs made by a dual mode spraying method

showed the best performance as high as 240 mW cmÿ2 at 5 M

FA, mainly owing to the uniform particle distribution and the

small particle size of the catalysts prepared through this method.

The effects of mass transport and conductivity of the catalyst

layer203 on DFAFC performance were also studied with PtRu/C

as the anode catalyst. The increase of cell resistance caused by

the membrane dehydration was pointed out as the most

responsible for decreasing the overall cell performance and

the plain carbon paper was suggested as the support to load

catalysts to facilitate such mass transport. Besides, Cai et al.204

reported the MEA fabrication by decal method instead of

traditional hot pressing can result in a better triple phase

boundary and a lower FA crossover.

In terms of the influence of Nafion, Kang et al.199 found that

Nafion ionomer aggregation within the anode catalytic layer

plays an important role on the utilization of the catalysts

through the XPS and EIS investigations. They proposed that a

simple heat pretreatment method200 may decrease the particle

size of Nafion ionomers and congregation formed from Nafion

ionomer and Pd nanoparticles, hence enhance the DFAFC perfor-

mance. Morgan et al.201 suggested that a DFAFC with the anode

loading of 30 wt% Nafion showed the best stability among three

different Nafion loadings, which showed the minimum loss

of the electrochemical active surface area of the catalyst after

600 potential cycles between 0.02 V and 1.2 V (vs. RHE).

5. Concluding remarks and outlook

Thanks to a deeper mechanistic understanding of formic acid

oxidation on Pt and Pd surfaces brought about by the fundamental

studies with spectroscopic, single crystal and computational techni-

ques, various high-performance Pt and Pd-based nanocatalysts

have been attained using the ‘‘synthesis-by-design’’ concept by

subtle control of the electronic and geometric structures of metal

nanoparticles as well as the catalyst supports. Progresses have also

been made in the development of miniature direct formic acid fuel

cells and the corresponding operation conditions.

Despite these successes, many opportunities and challenges

remain for future investigations in either the fundamental and

practical aspects. In our humble opinion, the following key

issues are to be addressed: (1) further understanding on the

reaction mechanism, especially the chemical nature of the reac-

tive intermediate of formic acid oxidation and its adsorption

mode on Pt and Pd electrodes; (2) the relationship between the

binding energy of the reactive intermediate and the corre-

sponding formic acid oxidation activity; (3) tailoring the selec-

tivity and activity of electrocatalysis of formic acid oxidation by

manipulating electronic and geometric structures; (4) synthesis

of nanocatalysts with multi-components and defined facet

orientations; (5) studying structural stability and evolution of

nanocatalysts during the electrochemical process and (6) develop-

ment of practical direct formic acid fuel cells with full utilization

of nanocatalysts by optimizing the membrane electrode assembly

design. Along with the investigation of aforementioned problems,

we also believe that the boom in research methodology including

in situ spectroscopies and density functional theory calculations

would promote the developments in electrocatalysis and proton

exchange membrane fuel cells.
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