
Electrochemical CO2 reduction to formic acid on a Pd-based formic
acid oxidation catalyst
Kortlever, R.; Balemans, C.; Kwon, Y.; Koper, M.T.M.

Citation
Kortlever, R., Balemans, C., Kwon, Y., & Koper, M. T. M. (2015). Electrochemical CO2
reduction to formic acid on a Pd-based formic acid oxidation catalyst. Catalysis Today, 244,
58-62. doi:10.1016/j.cattod.2014.08.001
 
Version: Publisher's Version
License: Licensed under Article 25fa Copyright Act/Law (Amendment Taverne)
Downloaded from: https://hdl.handle.net/1887/3196741
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:4
https://hdl.handle.net/1887/3196741


E
a

R
L

a

A
R
R
A
A

K
E
C
P
F

1

t
s
r
t
f
t
i
h
a
t

d
f
m
S
u
(
e
a
[

h
0

Catalysis Today 244 (2015) 58–62

Contents lists available at ScienceDirect

Catalysis Today

j o ur na l ho me page: www.elsev ier .com/ locate /ca t tod

lectrochemical  CO2 reduction  to  formic  acid  on  a  Pd-based  formic
cid  oxidation  catalyst

uud  Kortlever,  Collin  Balemans,  Youngkook  Kwon,  Marc  T.M.  Koper ∗

eiden Institute of Chemistry, Leiden University, P.O. Box 9502, 2300 RA Leiden, The Netherlands

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 7 May  2014
eceived in revised form 26 July 2014
ccepted 6 August 2014
vailable online 5 September 2014

a  b  s  t  r  a  c  t

The  electrochemical  reduction  of  CO2 is  a reaction  of  much  current  interest  as  a possible  reaction  for
energy  storage.  In  this  paper,  we show  that  on electrodeposited  palladium  on platinum,  a good  formic
acid  oxidation  catalyst,  the  onset  potential  for  CO2 reduction  to formic  acid  is  dramatically  reduced  in
comparison  to  bulk  palladium.  Two  different  reaction  pathways  are  observed;  a pathway  at  low  overpo-
eywords:
lectrocatalysis
O2 reduction
alladium-platinum catalysts
ormic acid

tential  in  which  formic  acid  is  produced  from  either  direct  bicarbonate  reduction  or  from  the reduction
of  CO2 generated  from  bicarbonate  near  the surface,  and  a pathway  at more  negative  potentials  where
formic  acid  is  produced  from  direct  CO2 reduction.  Furthermore,  we  show  that  reversible  formic  acid  oxi-
dation and  CO2 reduction  is  possible  on  this  catalyst,  although  unfortunately  the  processes  are  hindered
by  poisoning  of the  catalyst,  most  likely by CO.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The electrochemical reduction of CO2 has attracted much atten-
ion in the last decades, since it is a potential process for energy
torage and production of synthetic fuels [1,2]. When coupled to
enewable energy sources, the utilization of CO2 by electroreduc-
ion to fuels could not only have the advantage of replacing fossil
uel-based energy sources, but also lowering CO2 emissions into
he atmosphere. However, at the moment the main problems that
nhibit electrochemical CO2 reduction from being applied are the
igh overpotentials and the poor product selectivity [3]. Therefore,

 key challenge in present research is the development of catalysts
hat efficiently and selectively reduce CO2 to useful products.

One of these useful products is formic acid, since it can be used
irectly as a building block for fine chemicals and as a fuel in direct
ormic acid fuel cells (DFAFCs) [4,5]. Formate and formic acid are the

ain products in CO2 reduction on poor metals, such as Pb, Hg, Tl, In,
n, Cd and Bi. Unfortunately, these materials are generally not very
seful for applications since they require very negative potentials
∼−2.0 V vs. SCE) to achieve good selectivities [3,6]. Some recent
fforts have decreased the overpotentials needed to produce formic

cid on these catalysts, but the overpotentials are still significant
7].

∗ Corresponding author. Fax: +31 071 527 4451.
E-mail address: m.koper@chem.leidenuniv.nl (M.T.M. Koper).

ttp://dx.doi.org/10.1016/j.cattod.2014.08.001
920-5861/© 2014 Elsevier B.V. All rights reserved.
In biological systems, formate dehydrogenase enzymes show
efficient reduction of CO2 to formic acid at low overpotentials. Arm-
strong and Hirst have recently discussed how these redox enzymes
can reversibly catalyze reaction (1) [8]:

HCOOH � CO2 + 2H+ + 2e− (1)

but there is no fundamental reason why inorganic metallic cata-
lysts could not do the same, since “reversible electrocatalysts” are
expected to exist for two-electron transfer reactions [9]. Metal-
lic catalysts that are very active for formic acid oxidation are
mostly palladium- or platinum-based catalysts [5,10]. These mate-
rials experience some difficulties however in the electrochemical
reduction of CO2. Platinum, for instance, reduces CO2 to adsorbed
CO, which then blocks the platinum surface [3,11]. Moreover, both
palladium and platinum are very good catalysts for the hydrogen
evolution reaction (HER), which occurs as a side reaction simulta-
neously with CO2 reduction and thus lowers the faradaic efficiency
towards useful products made from CO2. Interestingly, Sánchez-
Sánchez et al. recently reported that by modifying platinum single
crystal electrodes with adsorbed adatoms the activity of the elec-
trodes towards CO2 reduction can be enhanced [12].

In this paper we report the formulation of a palladium-based
catalyst system that is able to produce formic acid from CO2 with
a low overpotential. This catalyst is based on the idea that for a

two-electron transfer reaction such as reaction 1 reversible cata-
lysts must exist; this implies that catalysts that are very active for
the electrochemical oxidation of formic acid should also be active
for the reverse electrochemical reduction of CO2 to formic acid.

dx.doi.org/10.1016/j.cattod.2014.08.001
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2014.08.001&domain=pdf
mailto:m.koper@chem.leidenuniv.nl
dx.doi.org/10.1016/j.cattod.2014.08.001
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herefore, our catalyst is not only able to reduce CO2 at low poten-
ials but is also able to oxidize formic acid, thus showing reversible
atalytic behavior.

. Experimental

All electrochemical experiments were carried out in an
lectrochemical cell using a three-electrode assembly at room tem-
erature. The cell and all other glassware were first cleaned by
oiling in a 1:1 mixture of concentrated sulfuric and nitric acid
nd were cleaned before every experiment by boiling in ultra pure
ater (Millipore MilliQ gradient A10 system, 18.2 M� cm). A coiled

old wire was used as counter electrode. All potentials are reported
ersus the reversible hydrogen electrode (RHE) as reference elec-
rode in a separate compartment filled with the same electrolyte,
t the same pH as the electrolyte in the electrochemical cell.

Cylindrical polycrystalline platinum and palladium electrodes
99.9% Pd and 99.99% Pt, purchased at Mateck GmbH) with a diam-
ter of 5 mm  embedded in teflon were used as working electrode.
rior to every experiment the working electrode was polished
echanically to a mirrorlike finish using alumina pastes. After this,

he electrode was sonicated in ultra pure water. Cyclic voltam-
ograms at a scan rate of 50 mV  s−1 were recorded on an Ivium
06075 potentiostat.

Electrolytes were made from ultra pure water and high purity
eagents (Merck Suprapur, Sigma–Aldrich TraceSelect). Before each
xperiment the electrolytes were first purged with Argon (Air Prod-
cts, 5.7) for 15 min  to remove air from the solution, after which
hey were purged with CO2 (Linde, 4.5) for at least 30 min  to satu-
ate the solutions.

Online Electrochemical Mass Spectrometry (OLEMS) was used
o detect gaseous products of the reactions. The products were col-
ected with a small hydrophobic tip which was positioned close
about 10 �m)  to the electrode with the aid of a camera [13]. The
ip was constructed as a porous Teflon cylinder with a diameter of
.5 mm and an average pore size of 10–14 �m in a Kel-F holder.
he tip is connected to a mass spectrometer with a PEEK capillary.
efore use the tip was cleaned in a solution of 0.2 M K2Cr2O7 in 2 M
2SO4 and rinsed thoroughly with Millipore water. A secondary
lectron multiplier (SEM) voltage of 2400 V was used for detection
n a Balzers Quadrupole mass spectrometer, except for hydrogen
m/z = 2) where a SEM voltage of 1200 V was used. The products
ere measured while changing the potential of the electrode from

.0 V to −1.5 V, unless mentioned otherwise, and back at 1 mV  s−1.
Products dissolved in the electrolyte were detected using online

igh Performance Liquid Chromatography (HPLC) [14]. While
hanging the potential from 0.0 V to the required potential, sam-
les were collected with an open tip positioned close (∼10 �m)  to
he electrode. Sampling was done at a rate of 60 �L min−1 and each
ample had a volume of 60 �L. Since the potential was  changed
t 1 mV  s−1, each sample contained the products averaged over a
otential change of 60 mV.  After voltammetry, these samples were
nalyzed by HPLC (Prominence HPLC, Shimadzu; Aminex HPX 87-H
olumn, Biorad).

. Results and discussion

We  first describe CO2 reduction on unmodified palladium and
latinum electrodes. Platinum shows no difference between a blank
yclic voltammogram with argon and a voltammogram with CO2 in
olution. However, this was not the case with palladium (see Fig. 1).

he cyclic voltammogram with CO2 in solution shows a decrease
n reduction current compared to the blank voltammogram. This is
n indication that palladium is active for the reduction of CO2, as
s already well known [15,16]. In accordance with earlier reports
day 244 (2015) 58–62 59

[15,16], formic acid was  observed as the dominant soluble product
at very negative potentials. Interestingly, the production of formic
acid on a palladium electrode turns out to be very pH dependent
since the onset potential for formic acid production on palladium
at pH 6.7 is −1.2 V vs. RHE, while at pH 2 it is −0.35 V vs. RHE (see
Fig. 1). Furthermore, at pH 2 formic acid is only produced between
−0.35 V and −0.95 V vs. RHE with a peak at −0.75 V vs. RHE, while
at pH 6.7 formic acid production increases from −1.2 V vs. RHE to
lower potentials. Hydrogen and traces of methane and ethylene
were detected as gaseous products in a pH 2 electrolyte (>−1.2 V
vs. RHE) (see Fig. S1).

Baldauf and Kolb showed that the deposition of palladium on a
platinum electrode yields a surface that is highly active for formic
acid oxidation [17]. To study this combination for CO2 reduction,
palladium was  electrodeposited on a polycrystalline platinum elec-
trode, using a modification of the deposition method of Baldauf
and Kolb, by depositing palladium onto platinum from a 0.1 M
H2SO4 + 0.1 mM PdCl2 solution at +0.27 V vs. SCE for a period of
60s.

The structure of these layers was  imaged with scanning electron
microscopy (SEM) (see Fig. S3), showing that palladium completely
covers the platinum substrate. The palladium structures are mostly
triangular shaped, suggesting a preferential (111) configuration.
Some defects are observed, mostly holes in the deposition layer
(black dots in the SEM images), but the concentration of these
defects on the surface is low, so that we do not expect that these
defects will play a major role in the catalytic properties of the
material. The palladium layers show a roughened nanostructured
surface, making it impossible to determine the exact thickness of
the palladium overlayers on platinum, since this will vary along
the electrode surface. However, from the coulombic charge of the
palladium deposition, which was typically between 6 and 6.5 mC,
an average palladium thickness of 65–75 monolayers of palladium
was estimated. Copper UPD measurements showed that the surface
area increased 1.15 times compared to the bare Pt electrode.

The Pd-Pt electrode was characterized by blank voltammetry
in 0.5 M H2SO4 and compared with platinum and palladium (see
Fig. 2). In the voltammograms with Pd-Pt electrode very sharp
peaks for hydrogen oxidation and hydrogen reduction are seen
between 0.05 V and 0.1 V vs. RHE (Fig. 2a). These peaks in the
voltammetry have been seen before for Pd-Pt alloys with both pal-
ladium and platinum at the surface. [18] This would imply that
before or during the voltammetry platinum has migrated towards
the surface, thus partially covering the surface. The oxide forma-
tion and reduction peaks of the Pd-Pt electrode are similar to Pd,
suggesting the existence of a Pd layer on the surface, whereas the
absence of a hydrogen absorption current in the hydrogen region
suggests that the Pd layer must be thin. Since the voltammograms
are very similar to voltammograms seen for Pd-Pt alloys and since
there is no hydrogen absorption current in the hydrogen region, we
hypothesize that we  have formed a surface alloy of palladium and
platinum.

Cyclic voltammograms were recorded of CO2 reduction on the
Pd-Pt electrode in a pH 6.7 phosphate buffer (see Fig. 3). A clear
decrease in current can be seen in the CO2 reduction scan com-
pared to a blank scan in an argon atmosphere (Fig. 3a). This is an
indication that the Pd-Pt electrode interacts with CO2. Furthermore,
a reduction peak between −0.1 V and −0.6 V vs. RHE is seen in the
presence of CO2 that is not seen in the blank scan (Fig. 3b), which is
likely due to CO2 reduction. This peak is no longer observed in the
second scan (Fig. 3b) suggesting that a poison may have formed on
the surface.
When the upper potential of the voltammogram is changed from
0 V vs. RHE to 1.0 V vs. RHE a stripping peak around 0.8 V vs. RHE is
seen (See Fig. S4). This peak is most likely the stripping of CO from
the electrode surface. After this stripping, the reduction peak is
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Fig. 1. (a) Cyclic voltammograms of a palladium electrode in a phosphate buffer at pH 6.7 (0.1 M H3PO4/0.1 M KH2PO4) at a scan rate of 50 mV/s in the presence of CO2

(blue) and in the presence of argon (green) and formation of formic acid detected with online HPLC using a phosphate buffer at pH 2 (0.1 M H3PO4/0.1 M KH2PO4) saturated
with  CO2, (b) cyclic voltammograms of a palladium electrode in a phosphate buffer at pH 6.7 (0.1 M KH2PO4/0.1 M K2HPO4) at a scan rate of 50 mV/s in the presence of CO2

(blue) and in the presence of argon (green) and formation of formic acid detected with online HPLC using a phosphate buffer at pH 6.7 (0.1 M KH2PO4/0.1 M K2HPO4). (For
interpretation of the references to color in this figure legend, the reader is referred to the web  version of the article.)

Fig. 2. (a) Cyclic voltammogram of a Pd-Pt electrode in a 0.5 M H2SO4 electrolyte
starting at 0.05 V vs. RHE, inset starting at 0.1 V vs. RHE, both at a scan rate of 20 mV/s,
(b)  comparison of voltammograms of Pd-Pt (green stripe), platinum (blue dots) and
p
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Fig. 3. (a) Cyclic voltammograms of a Pd-Pt electrode in a phosphate buffer at pH 6.7
(0.1 M KH2PO4/0.1 M K2HPO4) in the presence of argon (green), and in the presence
of  CO2 (blue) at a scan rate of 50 mV/s, (b) cyclic voltammogram of a Pd-Pt electrode
alladium (red dots and stripes) in a 0.5 M H2SO4 electrolyte at a scan rate of 20 mV/s.
For interpretation of the references to color in this figure legend, the reader is
eferred to the web  version of the article.)
ecovered and seen in all the subsequent scans that go up to 1.0 V vs.
HE. These observations suggest that adsorbed CO is formed during
he reduction peak in the first scan shown in Fig. 3a, poisoning the
lectrode surface.
in  a phosphate buffer at pH 6.7 (0.1 M KH2PO4/0.1 M K2HPO4) in the presence of CO2

at a scan rate of 50 mV/s. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)
OLEMS analysis of the volatile products that were formed during
CO2 reduction on the Pd-Pt electrode showed mainly hydrogen (Fig.
S2). Unfortunately, our system is not able to follow the production
of CO in solution, since CO2 also fragments into CO in the mass
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3PO4/0.1 M KH2PO4) saturated with CO2; (b) formation of formic acid in a pH 6.
ormic acid in a 0.5 M KHCO3 electrolyte without CO2.

pectrometer. Some traces of methane and ethylene were observed
t very negative potentials at both pH 2 and pH 6.7 as was also found
ith the bulk palladium electrode. Thus, the selectivity of the Pd-

t electrode for volatile products did not change compared to bulk
alladium.

However, the analysis of soluble products formed during CO2
eduction on Pd-Pt showed the formation of formate/formic acid
t very low overpotentials (see Fig. 4). For both electrolytes, at
H 2 and pH 6.7, the onset potential for the reduction of CO2 to
ormic acid was −0.15 V vs. RHE. This is a very significant decrease
ompared with the onset potential of −1.2 V that was  observed
or the bulk palladium electrode at pH 6.7. The production of for-

ate/formic acid in the pH 6.7 phosphate buffer shows a clear
esemblance with the reduction peak observed in the voltammetry
Fig. 3). This indicates that formate/formic acid is the main product
ormed during the reduction peak in the voltammetry. Remarkably,
n a pH 2 electrolyte, the Pd-Pt electrode shows a continuous pro-
uction of formic acid from −0.15 V, while in a pH 6.7 electrolyte
ormic acid production peaked in the low potential region (from
0.15 V to −0.7 V vs. RHE), whereas at potentials below −0.9 V
s. RHE the production of formic acid was seen to increase again
Fig. 4b).

In comparison to recently reported catalysts for the reduc-
ion of CO2 to formic acid our catalyst shows a considerably
ower overpotential; a Sn/SnOx reported by Chen et al. [19]
tarted producing formic acid at −0.5 V vs. RHE and reached 40%
aradaic efficiency at −0.7 V vs. RHE with CO accounting for the
emaining 60%, Zhang et al. [7] showed that the production of
ormic acid on SnO2 nanocrystals on carbon black started at −1.0 V
s. SCE and reached a maximum of 86.2% faradaic efficiency for
ormic acid at −1.8 V vs. SCE, and an homogeneous iridium pin-
er catalyst reported by Kang et al. [20] had an onset potential
f approximately −1.0 V vs. NHE for the production of formic
cid.

Since palladium is known to be able to reduce bicarbonate
HCO3

−) [21], the ability of the Pd-Pt electrode to reduce bicarbon-
te was also tested. In this case, the phosphate buffer was  replaced
y a bicarbonate buffer solution and no CO2 was  purged through
he electrolyte. The results of the reduction of bicarbonate shown
n Fig. 4c show a striking similarity to the reduction of CO2 on the
d-Pt electrode at pH 6.7 shown in Fig. 4b. A low potential peak in
he production of formic acid is seen, which agrees very well with

he peak seen for the production of formic acid from CO2 at pH
.7. This reduction peak must be due either to direct bicarbonate
eduction or to the reduction of CO2 generated from HCO3

− due to
he corresponding equilibrium between HCO3

− and CO2 near the
sphate buffer (0.1 M KH2PO4/0.1 M K2HPO4) saturated with CO2; (c) formation of

electrode surface. At more negative potentials, the simultaneous
HER leads to a local increase in pH near the electrode, converting
HCO3

− into CO3
2− which can not be reduced. This is supported

by the observation that direct reduction of carbonate from a
0.5 M K2CO3 electrolyte did not yield any formate. Under CO2 purg-
ing conditions (Fig. 4b), CO2 is still reduced at these potentials either
because CO2 conversion into HCO3

−/CO3
2− is slow or because the

solution is locally saturated with HCO3
−/CO3

2−.
The different catalytic properties of Pd-Pt compared to Pd can

be due to an electronic or geometric effect that the platinum sub-
strate has on the palladium layers covering it. It is known that
Pd-Pt slows down CO poisoning during formic acid oxidation [17].
In addition, we believe that an additional important effect of the
thin-layer palladium is to suppress hydrogen absorption (in com-
parison with bulk palladium), and this may  have an effect on its
reduction properties.

Finally, we show that the formic acid oxidation and CO2 reduc-
tion can occur reversibly on the Pd-Pt electrode, similar to formate
dehydrogenase enzymes (FDH). The results are shown in Fig. 5. To
avoid oscillations in the formic acid oxidation part of the cyclic
voltammogram the concentration of the phosphate buffer in the
electrolyte was  raised [17]. Fig. 5a shows that formic acid oxida-
tion (between 0.2 V and 1.0 V vs. RHE) and CO2 reduction (between
−0.05 V and −0.35 V vs. RHE) are observed when both formate and
CO2 are present in a pH 6.7 phosphate buffer electrolyte. Notice
again that the peak potential of CO2 reduction coincides with the
peak in production of formic acid seen earlier in Fig. 4b. Fig. 5c and
d shows the detection of CO2 in the positive potential range and
the formation of formic acid in the negative potential range. This is
thus a clear indication that this catalyst is able to perform both CO2
reduction and formic acid oxidation. When the electrolyte was  not
purged with CO2, the peak related to CO2 reduction was only seen
after the oxidation of formic acid. This indicates that the CO2 that
was formed from formic acid oxidation was reduced back to formic
acid.

To demonstrate reversible interconversion between carbon
dioxide and formate/formic acid, 20 consecutive cyclic voltam-
mograms were made in the region around the equilibrium potential
(−0.2 V to 0.4 V vs. RHE) (Fig. 5b). Although the reversibility shown
in Fig. 5b is certainly not as perfect as for the H2/H+ couple on
platinum, it is comparable to the voltammetry for the CO2/HCOO-
couple on FDH shown by Reda et al. [22]. The activity decreases

during these 20 voltammograms, again indicating that the catalyst
is poisoned by adsorbed CO formed in the potential window around
the reversible potential. Also note that there is simultaneous evo-
lution of hydrogen during CO2 reduction.
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Fig. 5. (a) Cyclic voltammogram of formic acid oxidation and CO2 reduction in a pH
6.7  phosphate buffer (0.2 M NaH2PO4/0.2 M Na2HPO4) with 25 mM NaHCOO on a
Pd-Pt electrode at a scan rate of 50 mV/s in the presence of CO2, (b) 20 consecutive
cyclic voltammograms at 50 mV/s of formic acid oxidation and CO2 reduction in
the  same electrolyte in the reversibility region, the onset potentials for formic acid
o
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[
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[
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[
[

[
[

1–6.
[21] M.  Spichiger-Ulmann, J. Augustynski, J. Chem. Soc. Faraday Trans. 81 (1985)
xidation and CO2 reduction as well as the theorethical equilibrium potential (Eeq)
re shown, (c) formation of CO2 and H2 as detected with OLEMS, (d) formation of
ormic acid as detected with online HPLC.

. Conclusions
In conclusion, in this paper we demonstrated the reversible cata-
yst principle, namely that catalysts that are active for the oxidation
f formic acid should also be active for the reduction of CO2 to

[

oday 244 (2015) 58–62

formic acid. Such a catalyst was developed by electrodepositing
palladium on a polycrystalline platinum substrate. This catalyst is
able to reduce CO2 to formic acid starting from −0.05 V vs. RHE at
pH 6.7, compared to an onset potential for the reduction of CO2 to
formic acid of −1.2 V vs. RHE for a bare palladium electrode at the
same pH. The Pd-Pt electrode is also able to reduce bicarbonate as
well as to reversibly convert CO2 into formic acid and vice versa. The
main challenge in the further development of such a “reversible”
metallic catalyst for CO2 reduction is to avoid CO poisoning and to
suppress concomitant H2 evolution.
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