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A B S T R A C T

Lead cathodes show decreasing Faradaic Efficiency (FE) in electrochemical conversion of CO2 to formate, fa-
voring hydrogen, within minutes of operation in KHCO3 electrolyte at −1 to −1.3 V vs RHE. Periodic anodic
polarization (pulsed electrochemistry) is demonstrated to result in a high time-averaged FE towards formate.
Specifically, an anodic polarization time of 0.1–1 s is sufficient to obtain a Pb-surface providing an averaged
formate FE of 30–50%, when the cathodic polarization time is limited to a few seconds. A Pourbaix diagram and
Raman spectra are provided, which show that PbCO3 is formed on the surface of the cathode in KHCO3 elec-
trolyte at anodic potential (0.05 V vs RHE), which compound is likely inducing the high FE towards formate. Our
method thus provides a means to operate Pb electrodes in electrochemical CO2 reduction with high stability, at a
low energy penalty.

1. Introduction

Electrochemical reduction of CO2 (ERC) in HCO3- solutions to form
higher energy molecules can help mitigate the intermittent nature of
renewable energy sources, whilst providing a sustainable source of
carbon-containing chemicals and energy carriers [1]. For the purpose of
reversible energy storage, formate (HCOO-) is one of the most inter-
esting products, as it is stable, non-toxic and non-corrosive, and formate
can be converted to electricity using a direct formate fuel cell [2,3]. The
economic viability of the technology for the ERC to HCOO- (reaction 1)
depends highly on capital expenditure (CAPEX), the Faraday efficiency
(FE) to formate (Eq. (2)) and partial current density to formate (iformate)
(Eq. (3)) [4].

+ + → +
− − − −CO HCO e HCOO CO22 3 3

2 (1)

Most heterogeneous electrocatalysts for ERC to formate contain Pb,
Pd, Sn, In, Hg, Zn or Bi [5–8]. One of the major challenges identified for
the scale-up of CO2 electro-reduction is activity degradation of non-
noble metal catalysts [9]. Pb cathodes have been reported to show an
initial FE as high as 97 % [10]. However, the maximum FE and cor-
responding iformate for Pb cathodes is largely dependent on the nature of
the electrolyte used, the applied electrochemical reactor, and reaction
time after which product concentrations were determined [5], as illu-
strated in Table 1.

Increasing the temporal stability of Pb electrocatalysts is needed for

economic viability. In a recent publication by Lee and Kanan, the pre-
paration method of Pb cathodes is shown to have a drastic effect on
electrode activity [13]. Lead cathodes made by reduction of PbO2

provide an initial FE to formate of 95 % in N2 saturated 1M KHCO3,
whereas regular Pb foil only showed a FE of 5 % under similar condi-
tions. The authors hypothesize that the difference is due to a thin lead
oxide (hydroxide) layer, passivating the electrode for H2 evolution, but
allowing reactivity for ERC to formate. Pb0 sites thus likely induce
hydrogen evolution [13]. Lee and Kanan show a decline in iformate over
a period of 4 h, possibly explained by the metastable nature of the ac-
tive Pb(oxide) species [13]. In situ (re)generation of the active species
should prevent the decline in iformate.

Changes in oxidation state of as-prepared electrodes in electro-
chemical reduction of CO2 have also been previously reported for Cu-
oxide-derived electrodes, which is thought by some researchers to in-
duce electrode deactivation for ERC [16,17]. Interestingly, periodic
anodic polarization of Cu diminished such deactivation, extending the
lifetime of copper electrodes for high FE in ERC [16,17]. To the best of
our knowledge, the effect of periodic anodic polarization on the per-
formance of Pb-electrodes has not been previously studied.

Here we aim at a low CAPEX alternative to high-performance noble
metal electrocatalysts, by using a Pb cathode that does not require
extensive preparation, nor high purity electrolyte. We show that the
activity of Pb electrodes can be maintained for at least 16 h by periodic
anodic polarization, whereas regularly operated Pb electrodes show
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almost no activity after 16 h. The origin of this phenomenon will be
discussed on the basis of in situ Raman spectroscopy and the Pourbaix
diagram of Pb in carbonate solutions.

2. Materials and methods

All electrochemical experiments were conducted in a three-elec-
trode, divided electrochemical cell at ambient temperature. Both the
anolyte and catholyte were 1M KHCO3 (99.7 %, Sigma Aldrich) in
Milli-Q water. Prior to experiments, the electrolyte was sparged with
0.3 bar partial CO2 pressure in Ar for 30min. During experiments,
0.3 bar partial CO2 pressure in Ar was supplied as a gas cap above the
solution at atmospheric pressure, resulting in a constant pH of the so-
lution of 8.4. This mimics a situation where all CO2 is supplied from
bicarbonate via the carbonaceous equilibrium reactions, as the equili-
brium pressure of CO2 in contact with KHCO3 is 0.3 bar at pH 8.35. The
constant pH before and after the experiment indicates that CO2 sa-
turation was sufficient. The catholyte and anolyte volumes were 30ml
and approximately 3ml, respectively. The catholyte was stirred con-
tinuously. The short time experiments in Fig. 2 are conducted in a
different but similar cell that has higher electrode area to volume ratio.
That is needed to build up a high enough formate concentration for
accurate detection within the short experimental time. The cell and
method are described in the supporting information.

A fresh Pb foil working electrode of 0.81 cm2 (99.8 %, Alfa Aesar),
was consecutively rinsed in 70 % HNO3 (Sigma Aldrich), Milli-Q water
and wiped with paper, prior to each experiment. The counter electrode
was a Pt mesh (Alfa Aesar), and the membrane, which separates the
catholyte and anolyte, was an AMI-7001S anion exchange membrane
(Membranes International Inc.). The authors are aware of recent con-
cerns regarding Pt dissolution from the anode [18]. Additional test with
a graphite counter electrode (see supporting information) showed no
significant effect of Pt dissolution. A Ag/AgCl reference electrode (3M
NaCl, ProSense) was used and potentials are reported relative to the
reversible hydrogen electrode (RHE). Electrochemical experiments
were controlled using a Versastat 3 potentioSTAT (Princeton Applied
Research).

ERC was performed for 16 h, to obtain sufficiently high formic acid
concentration in solution to be detected by HPLC after the experiment.
The pulsed experiments (periodic anodic polarization) were conducted
using repeated square wave potential pulses, as defined in Fig. 1. Per
wave, the anodic and cathodic polarization time are defined as tanodic
and tcathodic respectively. The period of the wave is denoted as λ and is
reported in seconds. The total number of waves (cycles) per experiment
(N) is equal to ⋅hours

λ
16 3600 .

During the pulsed experiments, especially at high frequency, (re-
versible) transient processes occurring at the switching of potential can
attribute significantly to the total current. Therefore, the FE is defined
based on the net charge flow Qnet (the sum of oxidative and reductive

charge flow), Eq. (2). In Eq. (2), n denotes the molar amount of formate
formed (analyzed using HPLC with RID, Agilent Technologies. Hi-Plex
H column at 65 °C, using 5mM H2SO4 eluent at 0.6 mL/min.), S the
exposed working electrode area and F the Faraday constant. Formate
can only be formed electrochemically during cathodic polarization,
hence iformate is calculated based on the total cathodic polarization time,
via Eq. (3).

=
− ⋅ ⋅

⋅FE n F
Q
2 100%

net (2)

=
− ⋅ ⋅

⋅ ⋅

i n F
S N t

2
formate

cathodic (3)

To determine proper operation of the membrane, in several ex-
periments a small initial amount of formate was added to the cathodic
electrolyte (1 mM KHCOO, Potassium Formate, Sigma Aldrich). If for-
mate would transfer across the membrane, this would then be evident
as loss of formate. Fortunately, ‘leaking’ membranes have not been
observed in the present study. Error bars presented show the mea-
surement error introduced by the uncertainty in HPLC analysis, elec-
trolyte volume (evaporation) and charge flow, which is further de-
scribed in the supporting information.

Raman spectroscopy was conducted in a homemade electrochemical
flow-cell that allowed a Raman probe to be inserted. The Raman
spectroscope was an Avantes Sensline AvaSpec-HSC-TEC using a laser
wavelength of 785 nm at a laser power of 1A. A Pb working electrode
was used in combination with a Pt counter electrode and Pt wire as
pseudo-reference electrode. Prior to experiments, the Pt wire was ca-
librated versus the Ag/AgCl reference electrode. The electrolyte used
was 0.1M KHCO3, as in 1M KHCO3 the HCO3-(aq) peak overlapped with
some of the other features.

3. Results and discussion

The performance of Pb electrodes under continuous cathodic po-
larization is shown in Fig. 2. The formate specific current density in-
creases monotonically with increasingly negative potential. The FE
shows a maximum of 26 % at −1.2 V vs RHE. Fig. 2C illustrates the
effect of deactivation at −1.1 V vs RHE. The FE to formate decreases
from 50 % after 150 s to 14 % after 1800s. This trend is in agreement
with the results of Köleli et al. who observed a decline in average ac-
tivity from -0.71mA/cm2 and 90 % FE to −0.24mA/cm2 and 30 % FE,
respectively, when the experimental times of 0.5 h and 2 h were com-
pared [11]. The 16 h experimental time employed in the remainder of
this study results in less than 3 % Faraday efficiency for all potentials
measured (−0.8 to −1.3 V vs RHE) in continuous cathodic polarization
experiments (Fig. S1). Evidently, under operating conditions, Pb cath-
odes lose a significant part of their activity for ERC to formate within
30min.

To survey the effects of periodic anodic polarization, symmetric
square waves were applied to the cathode, over a wide frequency range.
The experiments were performed in duplo, showing good reproduci-
bility. Fig. 3 shows iformate and FE for cycles of cathodic and anodic
potentials of −1.1 V and +0.05 V (slightly anodic of the open circuit
voltage) vs RHE, respectively. For very high frequency waves
(λ=0.002 s), there is no significant positive effect, and formate pro-
duction is low. It is reasonable to assume that non-faradaic startup
processes e.g. double layer formation, dominate in the high frequency
regime. Formate production could be inhibited by fast re-oxidation of
intermediates. At lower frequency, there is a significant increase in
iformate and FE using periodic anodic polarization, as compared to
chrono-amperometry measurements at constant potential (Fig. S2). A
time-averaged FE of ∼50 % was obtained with λ=0.02 s and 0.2 s,
while increasing λ to 10 s, results in a lower FE of approximately 30 %.
Periodic anodic polarization at λ≥ 0.02 s maintains average electrode
activity for at least 16 h, by regenerating the electrode activity during

Table 1
Selection of literature results on maximum reported FE, and corresponding cell
parameters for electrochemical reduction of CO2 on Pb cathodes at 18 °C–25 °C
and 1 bar CO2 pressure. Note that potential is reported versus Ag/AgCl, as pH
was not always available for conversion to potential versus RHE. The reversible
half-reaction potential for ERC to formate under 1 atm. CO2 in 1M KHCO3 is
−0.72 V vs Ag/AgCl.

Potential Electrolyte iformate FE Reactor Time Ref
V vs Ag/AgCl mA/cm2 % min

−1.46 0.5 M KHCO3 −0.71 90 Fixed bed 30 [11]
−1.46 0.5 M KHCO3 −0.24 30 Fixed bed 120 [11]
−1.56 0.5 M NaHCO3 62 Filter-press 120–240 [12]
−1.61 0.5 M NaHCO3 −0.06 55 H-cell [13]
−1.84 0.1 M KHCO3 −4.87 97 H-cell [10]
−2.00 −30 65 zero gap [14]
−2.16 0.05M KHCO3 10 H-cell [15]
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the anodic polarization.
To investigate the effect of the anodic polarization time (tanodic) on

the FE to formate in ERC, tanodic was varied between 0 and 5 s, adjusting
tcathodic between 95 and 100 s, to maintain a total cycle time of 100 s.
Cathodic and anodic potentials of −1.1 V and +0.1 V vs RHE, respec-
tively, were again applied. Fig. 4 shows a clear increase of iformate with
increasing anodic polarization time. However, a clear trend in FE is not
observed, suggesting the anodic treatment of the electrode might also
favor hydrogen evolution rates, for example due to roughening of the
electrode surface during an experiment. Although not as high as ob-
served for combination of short anodic and cathodic pulses, the FE is
significantly improved as compared to chrono-amperometry measure-
ments of 16 h. With increasing tanodic, anodic processes become more
pronounced, as observed from the anodic to cathodic charge ratio in
Fig. 4C. For the applied conditions, the anodic charge does not con-
stitute more than 5 % of the total charge. Fig. 4D shows that for very
low anodic charge (Qanodic= 0.09C at tanodic = 0.1 s) there is sig-
nificant charge used for formation of formate (Qformate= 5.2 C). The
relatively small anodic charge compared to the cathodic charge to
formate, indicates that a catalyst activation/regeneration process oc-
curs during anodic polarization. The process does not reach completion
within the 5 s of anodic polarization, as the activity does not reach a
plateau value, but keeps increasing (Fig. 4a). However, as little as 0.1 s
anodic polarization every 100 s is sufficient to significantly enhance to
average activity of the Pb electrode.

The cathodic polarization time was varied at constant anodic po-
larization time of 5 s, to study how long the regenerative effect of
anodic polarization lasts. Fig. 5A and B show that iformate and the FE
rapidly fall-off from values of −0.37mA/cm2 and 35 % at tcathodic of
5−10 s, to values of −0.09mA/cm2 and 2–3% at tcathodic > 200 s. The
anodic charge and charge ratio increase linearly with

λ
1 (Fig. 5C), which

indicates that the anodic charge per cycle is not influenced by tcathodic
and that Qanodic scales with the number of cycles. Fig. 5D shows a
maximum in Qformate vs Qanodic. At short tcathodic (5 s), Qanodic is highest,
but Qcathodic has surpassed its peak value (data points on left hand side

of Fig. 5D). The peak indicates that tcathodic ≤5 s is too short to utilize
the activation effect fully. Concluding the results of Figs. 3, 4 and 5, an
anodic polarization time of 0.2−1 s appears sufficient to obtain a Pb-
surface with high FE towards formate, while the cathodic polarization
time should be maintained small, and can be optimized for highest
time-averaged iformate.

During the anodic polarization of the Pb electrode a relatively small
positive current was observed (Figs. 4, 5, S4 and S5), indicating an
oxidation process. The applied anodic potential is insufficient for
oxygen evolution, hence the current can either be attributed to for-
mate/hydrogen oxidation and/or Pb oxidation. A CV study (Supporting
information) showed no significant HCOO- oxidation peaks. Lee and
Kanan attributed the improved activity for ERC to formate of oxide
derived Pb to the presence of PbOX species [13]. Following the same

Fig. 1. Definition of applied potential waveform in pulsed experiments; these were repeated to a total electrochemical experiment of 16 h.

Fig. 2. The performance of a Pb cathode in CO2 reduction in 1M KHCO3 catholyte. A) Partial current density to formate (30min experimental time). B) Faraday
efficiency to formate after 30min (30min experimental time). C) Faraday efficiency to formate at −1.1 V vs RHE.

Fig. 3. Effect of symmetric waves (tanodic = tcathodic) on partial current density
to formate (left-axis) and Faraday efficiency to formate (right-axis), determined
after 16 h in an electrolyte containing 1M KHCO3 + 1mM KHCOO.
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Fig. 4. Effect of varying tanodic at a total cycle time of 100 s, for 16 h experiments in 1M KHCO3 + 1mM KHCOO. A) Partial current density to formate. B) Faraday
efficiency to formate. C) Ratio between anodic and cathodic charge. D) Charge to formate versus anodic charge.

Fig. 5. Effect of varying tcathodic at constant tanodic (5 s). Concentrations were determined after 16 h in 1M KHCO3 + 1mM KHCOO. A) Partial current density to
formate. B) Faraday efficiency to formate. C) Ratio between anodic and cathodic current. D) Charge to formate versus anodic charge.
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train of thought, we propose that during periodic anodic polarization, a
layer containing oxidized Pb species rapidly forms at the surface of the
Pb electrode, increasing activity for ERC to formate. During the applied
cathodic polarization, the oxidized Pb surface layer decomposes, pre-
sumably at a slower rate than the formation, which is supported by the
fast increase of iformate with tanodic as shown in Fig. 4, and the slower
decrease in iformate with tcathodic, shown in Fig. 5. The metastable nature
of the oxidized Pb surface is only observed in the presence of HCO3- as
indicated by a CV study in Figure S8. Based on Fig. 5, the oxidized Pb
surface created in 5 s, takes approximately 100 s to be fully converted.
The actual iformate at time t, would therefore respond to the applied
potential as shown schematically in Fig. 6.

To identify the relevant oxidized phase of Pb, a Pourbaix diagram,
Fig. 7, was constructed for Pb, using conditions equivalent to the ex-
perimental conditions. The Pourbaix calculations incorporate the bi-
carbonate/carbonate acid-base equilibrium in 1M KHCO3 and relevant
Pb-species (See supporting information). It can be seen that the anodic
polarization of the electrode is thermodynamically sufficient to produce
oxidized Pb-species in the form of PbCO3.

To verify the thermodynamic results, in-situ Raman spectroscopy
was performed in 1M KHCO3 solution on a Pb electrode under anodic

and cathodic polarization. Fig. 8 shows the difference between the re-
spective spectra; for individual spectra, see the Supporting Information.
The observed Raman (difference) peak at 1055 cm-1 can be assigned to
CO3- vibrations of PbCO3 or 2PbCO3·Pb(OH)2 [19,20]. This observa-
tion, combined with the thermodynamic results in Fig. 7, suggests
PbCO3 is formed during the anodic polarization of the electrode, and
that PbCO3 is converted to Pb during cathodic polarization. The ob-
served increased activity for formate production when PbCO3 is pre-
sent, strongly suggest that PbCO3 acts as an active surface for ERC to
formate, different, but similar in oxidation state to the previously sug-
gested PbO-species by Lee and Kanan [13].

During ERC (cathodic polarization), the PbCO3 layer is converted:
consequently, the ERC activity drops and the H2 formation rate rises.
The longer the cathodic polarization time, the lower the average ERC
activity and the higher the average rate of hydrogen evolution.
Therefore, both iformate and FE drop with increasing tcathodic, as shown in
Fig. 5. For very long tcathodic the operation method approaches that of
continuous operation; indeed FE approaches the continuous operation
value of only a few %.

In-situ spectroscopy is a necessity to reveal the active phase, as the
PbCO3 layer is not fully stable when removed from solution, evidenced
by discoloration of the layer after rinsing and drying. By taking dif-
ference Raman spectra recorded under anodic and cathodic polariza-
tion, respectively, the effect of changing polarization is isolated and
confirms the formation of PbCO3. Thereby, this work supports the
theory that Pb2+ species are catalytically active for ERC to formate [13]
and identifies PbCO3 as the active phase.

Anodic regeneration has also been studied for noble metal catalysts.
There, deactivation occurs via CO poisoning and the regeneration me-
chanism is based on anodic CO stripping, a proven method, that is still
used to date [21–24]. The regeneration of Pb electrodes cannot occur
by a CO stripping mechanism, since formation of CO was not observed
for Pb electrodes under ERC conditions [25].

The importance of the surface oxidation state of Pb cathodes shown
in this work agrees with other literature and may explain some of the
observed behavior. Oxygen derived Pb and Pb roughened by oxidation-
reduction cycling both show increased FE compared to polished Pb
[13,26]. This is likely due to increased surface oxidation state, similar
to our periodic anodic polarization effect. We observed PbCO3 forma-
tion in the presence of dissolved oxygen at open circuit potential, albeit
at slow rate. This and the electrode deactivation over time (Fig. 2C)
may explain part of the large variations in FE reported in literature
(Table 1).

The average ERC activity does not increase linearly with anodic

Fig. 6. Simplified representation of A) iformate at time t as function of B) po-
tential at time t.

Fig. 7. Pourbaix diagram, incorporating the carbonate equilibrium (1M total
carbonate concentration), showing thermodynamically stable Pb-compounds.
Dashed lines denote hydrogen and oxygen evolution, respectively. Blue dots
denote cathodic and anodic potential at -1.1 and 0.1 V vs RHE in 1M KHCO3

respectively.

Fig. 8. In-situ Raman difference spectrum between anodically polarized Pb,
minus cathodically polarized Pb at 0.1 and −1.1 V vs RHE, respectively, in
0.1M KHCO3.
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polarization time, but flattens out as shown in Fig. 4A. That indicates
that not all the PbCO3 formed is equally active for ERC, or the forma-
tion rate of PbCO3 is not constant during the anodic polarization. This is
likely due to the effects of porosity, tortuosity and thickness of the
PbCO3 film, resulting in mass transfer limitations. Understanding the
dynamics in composition and the function of the carbonate-film, is
subject of future studies.

With the focus on scale-up to industrial size, the pulsed method
results in a significant increase in activity and stability. The electrodes
can be reactivated without removing them from the reactor and without
changing the electrolyte, which is advantageous in terms of time and
effort needed for reactivation. Moreover, as only little anodic charge is
associated with the reactivation, the energy costs are low. Therefore,
periodic anodic polarization, or pulsed electrochemistry, may be a vi-
able operation method in industrial-size applications and could prove to
be a significant process intensification of ERC.

In that regard, the toxicity of Pb may be an issue if it would exit the
reactor as a Pb2+ contamination in the electrolyte. Fortunately, based
on Fig. 7, Pb2+ is unstable during both anodic and cathodic polariza-
tion. Therefore, the Pb2+ concentration is limited by the PbCO3 solu-
bility (Ksp = 1.5·10-13 L2/mol2 [27]). Recycling of the electrolyte and
wastewater treatment should be sufficient to keep Pb emissions within
acceptable levels [28].

4. Conclusion

Lead cathodes for electrochemical CO2 reduction show high initial
Faraday Efficiency, but decreasing performance with time. We show
that in-situ periodic anodic polarization can significantly increase
average current density to formate and Faraday efficiency. After 16 h of
experimental time at −1.1 V vs RHE a maximum increase from
−0.03mA/cm2 and 0.6 % FE to −0.73mA/cm2 and 48 % FE was
realized by using sub-second periodic anodic polarization.

In-situ Raman spectroscopy and thermodynamic calculations show
that PbCO3 is formed on the surface during the anodic polarization. The
increased CO2 reduction activity is attributed to this PbCO3 layer, in
particular the Pb2+ surface oxidation state, which is in agreement with
literature. Anodic polarization time of only 0.1 s is sufficient to enhance
the ERC activity and further enhancement is achieved by increasing
anodic polarization time. The ERC activity is highest for short cathodic
polarization time, as the ERC activity decreases during cathodic po-
larization. Formate is only produced during cathodic polarization,
therefore an optimum exists between cathodic and anodic polarization.
Our method provides a means to regenerate Pb electrodes for electro-
chemical CO2 reduction without removing them from the reactor or
changing electrolyte and at low energy costs, which is highly relevant
for commercial implementation.
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