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en partial pressure suppresses and
reverses hydrogen evolution during Pd catalysed
electrolysis of CO2†

Martijn J. W. Blom, ab Wim P. M. van Swaaij,a Guido Mul b

and Sascha R. A. Kersten *a
Electrochemical reduction of CO2 on a Pd/C cathode produces

formate and hydrogen at low overpotentials. We report on an inno-

vative, effective approach to prevent hydrogen formation. By applying

4 bar partial hydrogen pressure, hydrogen evolution can be fully

avoided at �0.05 V vs. RHE and 1 bar partial CO2 pressure.
Electrochemical conversion of CO2 to commodity chemicals
using renewable electricity could be a key enabling technology
for decoupling the chemical industry from fossil resources.1–3

Formate salts (M+ HCO2
�) and formic acid are relatively high

value CO2 reduction products, which can attain the roles of
energy storage medium or C1 building block.4–6 The current
industrial practice for the production of formic acid and
formate is based on the conversion of fossil-based CO at 45 bar
and 80 �C.7 Direct electrochemical reduction of CO2 to formate
with renewable electricity could be a sustainable single-reactor
alternative to the traditional route. However, the economic
feasibility of such a process is largely determined by the over-
potential and faradaic efficiency to formate (FE).4,8

Electrochemical conversion of CO2 to formate at near zero
overpotential is only observed on Pd based electrocatalysts and
the enzyme formate dehydrogenase and its derivatives,9–11

making Pd based catalysts especially relevant for heteroge-
neous, energy efficient electrocatalysis. When operated at less
than 0.25 V overpotential, Pd based electrocatalysts produce
mainly HCOO� (reaction 1) with H2 as a byproduct (reaction
2).12 Since Pd is an excellent hydrogen evolution catalyst and H2

and HCOO� are both formed via palladium hydride as an
intermediate, suppressing hydrogen evolution is chal-
lenging.10,13 Many recent publications try to minimize hydrogen
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evolution by changing the nature of the catalyst via alloying (88–
100% FE),14,15 doping (70% FE)16 or (nano)structuring (50–97%
FE).17,18 Here we report on an alternative approach, which
utilizes the reversible Pd-catalysed hydrogenation of CO2 (ref. 19
and 20) (reaction 3).

CO2 + H2O + 2e� % HCOO� + OH� (1)

2H2O + 2e� % H2 + 2OH� (2)

CO2 + OH� + H2 % HCOO� + H2O (3)

Generally, electrochemical setups for the electrochemical
reduction of CO2 continuously sparge fresh CO2 through the
catholyte, as is good practice, to avoid mass transfer limitations
by undersaturation of the bulk electrolyte.21–23 However, CO2

sparging also strips any formed H2 from solution and pulls
reaction 2 towards more hydrogen production. In contrast, in
the absence of applied potential, Pd/C catalyses hydrogenation
of CO2 dissolved in aqueous solution at elevated hydrogen
partial pressure (pH2

).20 Moreover, at electrochemical CO2

reduction conditions, reactions 2 and 3 were observed to occur
simultaneously on Pd/C.24,25 The rate of reaction 3 increases
with pH2

,20 whereas the rate of reaction 2 decreases with pH2
, but

the latter is mostly governed by the applied potential.26 If, at
a certain potential and pH2

, the rates of reaction 2 and 3 are
equal, net hydrogen production is zero. In a continuous reactor
(without gaseous CO2 reduction products), those conditions
correspond to an operating point where no external hydrogen
supply is required and net no hydrogen is produced. Here, we
systematically investigate the kinetics of combined chemical
hydrogenation of CO2 and electrochemical reduction of CO2

with the aim to control the undesired net production of
hydrogen and thus selectivity to formate. (We refer to selectivity
instead of faraday efficiency, as the latter only concerns elec-
trochemical reactions and selectivity concerns chemical reac-
tions as well.) We decided to communicate our observations as
such, without a complete understanding of the underlying
Sustainable Energy Fuels, 2020, 4, 4459–4463 | 4459
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Fig. 2 Hydrogen production during electrochemical CO2 reduction in
1 M KHCO3 sparged with a mixture of CO2, Ar and H2. ptotal ¼ 7 bar,
pCO2

is 1 bar or 3 bar and the applied potential is�0.05 V or�0.10 V vs.
RHE.
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phenomena yet, to make the ndings available to the commu-
nity for further exploration of its opportunities.

To study the effect of pH2
on the hydrogen evolution rate

accurately, the electrochemical potential should be kept
constant. Therefore, a reactor that can be pressurized and
includes a stable (Ag/AgCl) reference electrode (RE) (Fig. 1), was
developed, inspired by a geometry designed by Cave et al.27 The
reactor contains a cation exchange membrane (CMI-7000) to
divide the catholyte zone from the anolyte zone, and prevent
product oxidation at the dimensionally stable anode. Both
catholyte and anolyte are 1 M KHCO3. A control system is in
place to keep both compartments at equal pressure, but sepa-
rated, thus eliminating trans-membrane pressure drop and gas
mixing (ESI Section S1.3†). The reference electrode is kept at the
same pressure as the reactor, to eliminate any convective
transport between the reference electrode and reactor, thereby
maintaining a stable reference potential. During experiments,
excess hydrogen, CO2, and argon are continuously sparged
through the catholyte, to have accurate control over the gas
phase composition. The reactor facilitates measurements in the
kinetically limited regime over a wide (partial) pressure range,
whilst maintaining accurate potential control (ESI Section
S1.4†).

Electrochemical reduction of CO2 was performed on Pd/C
coated titanium plate electrodes (ESI Section S1.2†). Each
experiment took 60 minutes and formate was quantied by
HPLC aerwards. Consequently, the hydrogen production was
calculated by the difference from the accumulative charge and
production of formate. A more detailed description of the
experimental methods including error analysis is provided in
the ESI in Section S1.†

The effect of hydrogen partial pressure on the net production
of hydrogen was studied under three different conditions: at
�0.05 V vs. RHE and pCO2

¼ 1 bar, at�0.10 V vs. RHE and pCO2
¼

1 bar, and at �0.05 V vs. RHE and pCO2
¼ 3 bar, respectively.

Under all conditions, the total pressure was maintained at 7 bar
Fig. 1 Schematic representation of electrochemical cell. (A) Expanded v

4460 | Sustainable Energy Fuels, 2020, 4, 4459–4463
and H2/Ar partial pressures were varied. Thereby, the effect of
pH2

is studied, with minimal bias from changes in ow, mixing
(induced by gas bubbles) and CO2 concentration.

The results, presented in Fig. 2, show that under all condi-
tions the average overall hydrogen production rate is signi-
cantly decreased by increasing the partial pressure of hydrogen.
The effect is most pronounced at �0.05 V vs. RHE and partial
CO2 pressure (pCO2

) of 1 bar. At high enough pH2
, overall

hydrogen production can be prevented and can even become
negative, implying hydrogen consumption, which must be via
reaction 3. A higher cathodic potential (�0.10 V vs. RHE) results
in a higher average rate to H2. This is a result of the increased
electrochemical driving force for hydrogen evolution. At higher
CO2 partial pressure the rate to H2 also increases, presumably
due to kinetic effects induced by an increased acidity of the
iew of electrochemical cell. (B) Schematic of operating cell.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Reaction scheme for combined chemical and electrochemical
reduction of CO2 to formate.
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electrolyte.26 When pCO2
is increased from 1 to 3 bar, the proton

concentration also increases threefold (ESI Section S1.9†) and
a rst order dependence of hydrogen evolution rate on the
concentration of protons26 agrees with the threefold increase of
hydrogen production at pH2

¼ 0 bar (Fig. 2). Extrapolation of the
data indicates that also at more cathodic potential and at higher
CO2 partial pressure, an operating point exists where overall
hydrogen production equals zero.

The hydrogen partial pressure does not signicantly inu-
ence the average rate to formate (Fig. 3 and ESI Section S1.6†).
This was observed for applied potentials of �0.05 V and�0.10 V
vs. RHE, and at higher CO2 partial pressure of 3 bar. The average
rate to formate increases atmore negative cathodic potential and
is similar to values reported in literature (6–52 mmole s�1 g�1 Pd)
at comparable conditions.10,16 Furthermore, the rate to formate
increases linearly with increased partial pressure of CO2, which
is a continuation of the trend observed at partial pressures of
CO2 below 1 bar, described by a rst order dependence of the
kinetics to HCOO� on the concentration of CO2.10

Fig. 4 shows an overview of the reactions that are relevant for
the overall conversion of CO2 and H2O into formate and OH�.
Recent literature suggests an electro-hydrogenation mechanism
for electrochemical formate production on Pd, wherein palla-
dium hydride is the active catalyst phase.10,12 This is also the
active catalyst phase for hydrogen evolution.13 In the absence of
hydrogen in the feed, the hydride phase must be generated via
electro-reduction of water (r1 in Fig. 4). Under the applied
potential (<�0.05 V vs. RHE) hydrogen production is thermo-
dynamically possible and occurs according to reaction r1 + r2.
When pH2

in the reactor is raised, overall hydrogen production
decreases. That is due to chemical hydrogenation (r�2 + r3 + r4),
as the applied hydrogen pressure is far below the equilibrium
pressure for electrochemical hydrogen evolution (49 bar at
�0.05 V vs. RHE, based on Nernst's law).
Fig. 3 Formate production during electrochemical CO2 reduction in
1 M KHCO3 sparged with a mixture of CO2, Ar and H2. ptotal ¼ 7 bar,
pCO2

is 1 bar or 3 bar and the applied potential is�0.05 V or�0.10 V vs.
RHE. Average of data sets plotted as guide to the eye.

This journal is © The Royal Society of Chemistry 2020
Palladium hydride formation from molecular hydrogen (r�2)
likely occurs via dissociation or electro-adsorption (Heyrovsky
reaction) on Pd. Hydride formation from molecular hydrogen
increases with increasing pH2

due to the increased H2 concen-
tration in the aqueous phase. When r2 ¼ r�2, hydrogen
production is fully suppressed and the overall rate of formation
(r2 � r�2) equals zero. Such a point is observed in Fig. 2 at
�0.05 V vs. RHE, 1 bar CO2 partial pressure and at approxi-
mately 4 bar H2 partial pressure. Nearly all electrons added to
the system are then used to produce formate, which would
correspond to a faraday efficiency of approximately 100%. Since
net production of H2 does not occur and the formate production
is independent of pH2

(Fig. 3), the total current decreased as
a function of pH2

. When pH2
is increased further to 6 bar, r�2

exceeds r2, resulting in net hydrogen consumption. This indi-
cates that overall, all electrons added to the system are used to
make formate and even more formate is produced via chemical
hydrogenation of CO2. Consequently, the hydrogen partial
pressure can be used to control the net hydrogen production/
consumption rate and thus the selectivity to formate.

At potentials less cathodic than �0.25 V vs. RHE, formate
and hydrogen are the only signicant products for electro-
chemical CO2 reduction using Pd. Palladium hydride formation
(r1) is a relatively fast process,28,29 and no effect of the hydrogen
partial pressure on the rate to formate was observed (Fig. 3).
Therefore, the rate to formate seems not limited by hydride
formation (r1 + r2) at the applied electrochemical conditions and
r3 or r4 is likely the rate-limiting step for formate production,
which is in agreement with recent literature.10 A yet unresolved
question is the content of the Pd–H phase (Pd/H ratio) and the
content of the Pd–HCO2 intermediate, and the relative size of r1
over r�2. We presently evaluate the mechanism and the rate
limiting step by using isotopic labelling of H2 (feeding D2).
Furthermore, we investigate why the rate to formate is unaf-
fected by pH2

under electrochemical conditions and hypothesize
this is due to a fully loaded Pd–H phase resulting from the
cathodic potential. Finally, we assess the apparent activation
energy for H2 and HCOO� formation under electrochemical and
chemical conditions.
Conclusions

We developed an electrochemical CO2 reduction cell that oper-
ates at elevated pressure and can still employ a cation exchange
Sustainable Energy Fuels, 2020, 4, 4459–4463 | 4461
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membrane and reference electrode. Using this cell, we show that
presence of H2 in the gas phase suppresses hydrogen evolution
on a Pd/C catalyst, likely induced by chemical formation of a Pd–
H phase and consecutive hydrogenation of CO2. This novel
approach provides an alternative to the common practice of
increasing the selectivity by changing the catalyst structure or
composition. Under electrochemical CO2 reduction conditions
of 1 bar CO2 partial pressure and �0.05 V vs. RHE, 4 bar H2

pressure is sufficient to completely eliminate net H2 evolution,
and a further increase to 6 bar results in net H2 consumption.
Therefore, by allowing a natural accumulation of electrochemi-
cally produced hydrogen, either via gas cap or recycle, the
selectivity to formate can be controlled. This opens the possi-
bility to use other parameters (pCO2

, potential, temperature, etc.)
to optimize the reaction rate, possibly creating the conditions for
simultaneous high selectivity and conversion, as required for
commercial implementation.
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