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Direct Formic Acid Fuel Cell (DFAFC)

Proton Exchange Membrane Fuel Cell 
(PEMFC)

Anode : H2→2H++2e-

Cathode : 1/2O2+2H++2e-→H2O
Overall reaction : H2+1/2O2 →H2O

DFAFCs are a subcategory of PEMFC where the fuel 
(formic acid) is not reformed, but fed directly to the 
fuel cell.

Anode : HCOOH→CO2+2H++2e-
Cathode : 1/2O2+2H++2e-→H2O

Overall reaction : HCOOH+1/2O2 → CO2+H2O

application : portable devices



Why formic acid oxidation (FAOR)?
Formic acid (HCOOH)
- Liquid state at ambient condition
- Non-toxic, non-corrosive, non-flammable

-high energy density

-easy storage-high H content

H2-PEMFC is limited by the high cost of miniaturized hydrogen containers, the potential 
dangers in the transport and use of hydrogen, and its low gas-phase energy density.
For Direct Methanol Oxidation Fuel Cell (DMFC) liquid methanol has an impressive 
energy density (approximately 4900Wh L−1), but its electrocatalytic oxidation rate is very 
low relative to that of H2. 
-Journal of Power Series 182 (2008) 124-132



Mechanism (HCOOH→CO2+2H++2e-)

Three proposed mechanisms exists for FAOR:
(i) Direct pathway

HCOOH*→COOH*+H++e- →CO2+2H+2e-

(ii) Formate pathway
HCOOH*→HCOO*+H++e- →CO2+2H+2e-

(iii) Indirect pathway
HCOOH*→CO*+H2O→CO2+2H+2e-

(*:adsorbed state)

JACS 132 (2010) 18377-18385

However, the detailed reaction 
intermediates and mechanisms are still 
elusive.



Mechanism (HCOOH→CO2+2H++2e-)

Faraday Discuss 140 (2008) 363-378

Nature 296 (1982) 137-138

Pt(pc) peak I (~0.5V) : direct pathway, poisoning 
intermediates accumulated
peak II (~0.9V) : reaction barrier of second step 
significantly reduced
peak III (~0.6V) : removal of poisoning 
intermediate at high potential (oxidative stripping)

Structure sensitivity :

- smallest poisoning effect on Pt(111)
- overall activity following trend of 

Pt(100)>Pt(110)>Pt(111)
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Pt(pc) peak I (~0.5V) : direct pathway, poisoning 
intermediates accumulated
peak II (~0.9V) : reaction barrier of second step 
significantly reduced
peak III (~0.6V) : removal of poisoning 
intermediate at high potential (oxidative stripping)

Structure sensitivity :

- smallest poisoning effect on Pt(111)
- overall activity following trend of 

Pt(100)>Pt(110)>Pt(111)

Decreasing poisoning effect & overall activity



Limitations in FAOR : Poisoning



Limitations in FAOR : Poisoning
- Poisoning problems with CO intermediate, existing Pt-based electrocatalysts can 
accomplish FA oxidation at extremely positive potentials (without technological interest). 

– The development of direct formic acid fuel cells (DFAFCs) has been impeded by the low 
activity of existing electrocatalysts at desirable oxidation voltage (at low oxidation 
potential).

poisoning & acitivity should be considered simultaneously

Ideal catalyst : working at low potentials, together with an ability to prevent the formation of CO 
and resist the poisoning



Solution : introducing foreign metals

Mn-Pt Nanocubes

- Modifying Pt-Pt distance by 
lattice contraction while 
maintaining the favorable Pt 
electronic properties

- However, still peak current 
achieved at high oxidation 
potential with low activity and 
selectivity.



Solution : introducing foreign metals

- Pt3Pb NCs, Pt3Pb@Pt 
NCs prepared via 
solution phase synthesis  

Ordered intermetallic compounds

- Modulating Pt-Pt distances are expected to 
mitigate CO poisoning, by reducing bridge 
sites and eliminating 3-fold hollow adsorption 
sites.

-immunity to CO poisoning, enhanced current 
density for FAOR, shift in the onset of 
oxidation potential

(J.Am.Chem.Soc. 2004, 126, 4043-4049)



Solution : introducing foreign metals

Increased activity (0.1M sulfuric acid + 0.5M FA) Reduced poisoning

(a) : Pt3Pb gives high activity 
via direct pathway
(b) : type A core-shell 
structure gives highest activity
(c) : type A core-shell 
structure supported on C 
gives highest activity at 
typical anodic working voltage 
(0.3 V), compared to 
commercial catalysts

in-situ infrared reflection 
absorption spectra (IRRAS)
2343cm-1 : asymmetric 
stretch vibration of CO2
2030cm-1 : linear bound CO



Solution : introducing foreign metals

(b) : high activation barrier of formate
pathway for the second 
dehydrogenation step
→ total reaction rate impeded by 
stable formate intermediate 
occupying active surface

(c) : activation barriers decreased
→ total activity of FAOR increase

(d) : activation barriers decreased, 
adsorption energy of HCOOH 
increased (high HCOOH* coverage)

Pt(111) < Pt3Pb(111) < Pt3PbPt(111)

DFT calculation



Solution : introducing foreign metals



Solution : introducing foreign metals

- more active than the commonly used Pt 
catalysts

- direct 2e oxidation leads to less CO 
poisoning/deactivation than Pt catalysts

- enhances the reaction rate of 
limiting step (HCOOH adsorption/ 
dissociation on the Pd surface)

- oxophilic property or transition metals in the 
alloy structure facilitates 2e oxidation of 
HCOOH. 

Pd

M



Solution : introducing foreign metals

-stronger current with 
higher Co content

- positive shift of 
reduction peak

- Peak appears at lower potentials for 
high Co content

- Higher peak current than the elemental 
Pd NPs

→ More rapid HCOOH adsorption and 
activation

more noble 
metal character



Conclusion

• Various catalysts have been developed with no 

poisoning and high activity surpassing Pt black

• Materials with very similar chemical compositions can 

be manipulated by control of nanoscale structures to 

obtain high catalytic activities

• Low-cost catalyst with non noble metal






