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ABSTRACT: Electrochemical reduction of CO, to formate
(HCO,™) powered by renewable electricity is a possible
carbon-negative alternative to synthesizing formate from fossil
fuels. This process is energetically inefficient because >1 V of
overpotential is required for CO, reduction to HCO,™ on the
metals currently used as cathodic catalysts. Pd reduces CO, to
HCO,™ with no overpotential, but this activity has previously
been limited to low synthesis rates and plagued by an
unidentified deactivation pathway. Here we show that Pd
nanoparticles dispersed on a carbon support reach high mass

8 2s8m KHCO, %HCO,” mAmg,"

(major product) —0.1V under CO, 99 70
'g HCO,~ . 6 -0.15V underN, 87 50
Q i HCO,” p:
= H*, 2e~ [ 5
(%) €O,/ CO,+OH" <41
c - De- =
5 P2 =
% 'C‘O(mmor product, inhibitor) 2r

oxidative co ol .

0O, removal 2 0 50 100 150
Time (min)

activities (50—80 mA HCO,~ synthesis per mg Pd) when driven by less than 200 mV of overpotential in aqueous bicarbonate
solutions. Electrokinetic measurements are consistent with a mechanism in which the rate-determining step is the addition of
electrochemically generated surface adsorbed hydrogen to CO, (i.e., electrohydrogenation). The electrodes deactivate over the
course of several hours because of a minor pathway that forms CO. Activity is recovered, however, by removing CO with brief air

exposure.

B INTRODUCTION

Converting CO, and H,O into commodity chemicals using
renewable energy could significantly reduce CO, emissions by
replacing existing fossil fuel—based syntheses.' > Formic acid
(HCO,H) and formate salts (M" HCO,") are relatively high-
value commodity chemicals that are currently synthesized from
CO that is produced by steam reforming natural gas. A possible
replacement for this route is to convert CO, into HCO,™ by
hydrogenation or electrochemical reduction in the presence of
a base. While several effective CO, hydrogenation catalysts have
been developed,*™® this approach requires a separate step that
produces H, using renewable energy in order to synthesize
HCO,™ with a net consumption of CO,. Moreover, most
hydrogenation catalysts need high H, pressures (>40 bar) to
achieve acceptable rates. Electrochemical reduction of CO, to
HCO,” (eq 1) could be powered directly by renewable
electricity and avoids handling H,.” The main challenge for this
approach is to reduce CO, at high rates with a minimum
amount of overpotential in order to minimize the energy
requirement.'®”'* The equilibrium potential for the CO,/
HCO,™ couple at pH 7 is approximately 0 V vs the reversible
hydrogen electrode (RHE; all potentials are given with respect
to this reference)."® Early studies showed that p-block metals
including Sn and Pb selectively reduce CO, to HCO,™ in
aqueous solutions at potentials <—1 V (>1 V of absolute
overpotential)."*"'® More recently, researchers have developed
nanostructured electrodes,'’ composite materials,”® molecular
electrocatalysts,">*"** and N-doped carbon electrode materi-
als® that reduce CO, to HCO,™ in water. These studies have
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opened new avenues of research, but the overpotentials
required (>0.8 V) are still too large for practical use.

CO, + 2¢~ + HCO,” —» HCO,” + CO,*~ (1)

Pd is typically considered to be an inefficient CO,
electroreduction catalyst that produces CO as the major
carbon-containing product. Studies of Pd foil electrodes in
CO,-saturated aqueous HCO;™ solution reported 5 mA cm™>
current density with 10—30% Faraday efficiency (FE) for CO
and 0—3% FE for HCO,™ at —0.8 to —1.0 V."*~'® The rest of
the current under these conditions corresponds to H, evolution
and hydrogen absorption into the Pd lattice. In contrast with
these results, two earlier studies unmasked an alternative
pathway in which Pd selectively reduces CO, to HCO,™ at
minimal overpotential but only at low current densities. An
electrode comprised of Pd nanoparticles imbedded in a
conductive polymer produced HCO,™ with up to 85% FE
and a maximum geometric current density of 100 yA cm™ at 0
V in HCO;™ solution."> Attempts to increase the current
density by applying overpotential resulted in exclusive H*
reduction. An electrochemically deposited Pd electrode with a
much higher Pd loading produced HCO,™ with 95% FE and a
maximum current density of 300 4A cm™ at 0 V.** A recent
study of Pd—Pt electrodes demonstrated HCO,™ formation at
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Figure 1. SEM characterization and electrochemical surface area (ECSA) measurements of Pd/C electrodes before and after electrolysis in CO,-
saturated 0.5 M NaHCO;. SEM images: (a) before; (b) after 3 h at —0.25 V vs RHE; (c) after 3 h at —0.35 V. All scale bars are 50 nm. ECSA
measurements before and after 3 h of electrolysis: (d) at —0.25 V; (e) at —0.35 V. Cyclic voltammetry was performed in 0.5 M H,SO, with a scan

rate of 50 mV/s.

potentials close to 0 V, although the efliciency was not
determined.”

Despite the attraction of reducing CO, at minimal
overpotential, Pd has not been pursued as a catalyst for
electrochemical HCO,™ synthesis. Because of its cost, the use
of Pd would require electrodes with high mass activities, high
current densities, and long lifetimes. The maximum current
densities for HCO,™ synthesis achieved with the nanoparticle
and electrodeposited Pd electrodes described above are far
below the CO, mass transport limits for solution phase
electrolyses. The inability to achieve higher HCO,™ synthesis
rates with larger overpotentials on these electrodes, combined
with the radically different product distribution at high
overpotential on Pd foil, suggest that Pd loses the ability to
reduce CO, to HCO,™ beyond a narrow potential range around
0 V. One subsequent study of Pd in gas diffusion electrodes,
which provide much higher concentrations of CO, at the
catalyst surface, reported 70% FE for HCO,™ and 18 mA cm™>
geometric current density with an unspecified mass loading, but
only for electrolyses lasting 4 min,*® Determining what is
necessary to drive CO, reduction to HCO,™ at high rates on Pd
and elucidating the cause(s) of deactivation could open the
possibility of using this material for scalable electrochemical
HCO,™ synthesis with unprecedented energetic efficiency.

Here we show that CO, reduction to HCO,™ proceeds at
high mass activity and high current density on Pd nanoparticle
electrodes when driven by small overpotentials and that
deactivation of this catalysis is caused by CO poisoning. With
less than 200 mV of overpotential, Pd on carbon (Pd/C)
electrodes reduce CO, to HCO,™ at up to 80 mA per mg Pd
averaged over 3 h in both CO,-saturated and N,-saturated
HCOj;™ solutions. CO is formed as a minor product at a
potential-dependent rate and binds tightly to the Pd surface to
inhibit electrocatalytic activity at low overpotential. Brief
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exposure to air removes CO to restore activity. Our results
provide a foundation for developing practical Pd-based catalysts
for energetically efficient electrochemical HCO,™ synthesis.

B RESULTS

To determine whether Pd is capable of reducing CO, to
HCO,™ with high mass activity, we evaluated the catalytic
activity of 10 wt% Pd on C (Pd/C). Scanning electron
microscopy (SEM) indicated that this material is composed of
Pd nanoparticles with ~5 nm diameters dispersed on ~100 nm
carbon particles (Figure la). Electrodes were prepared by
depositing 0.5 mg cm ™2 of the Pd/C onto Ti substrates, which
corresponds to a Pd loading of SO ug cm™ (see Supporting
Information (SI) and Figure S2). The electrocatalytic activity
and electrokinetics of CO, reduction were evaluated by
performing constant-potential electrolyses in CO,- or N,-
saturated aqueous HCO;™ solutions at ambient temperature.
The saturating gas was continuously sparged through the
catholyte at S mL min~" and fed into the sample loop of a gas
chromatograph to quantify the gas-phase products at 15—20
min intervals. HCO,™ was quantified by NMR analysis at the
end of the electrolyses (Figure S9). Independently prepared
electrodes evaluated under identical conditions exhibited
variability of <15% for the current density and <S percentage
points for the Faradaic efficiencies.

The activity of Pd/C was first assessed in CO,-saturated 0.5
M NaHCO; (pH 7.2) at selected potentials between —0.05 and
—0.35 V (ca. 50—350 mV of overpotential for HCO,~
production). The total geometric current density (j,) at the
beginning of the electrolyses ranged from 0.9 mA cm™ at
—0.05 Vto 6.5 mA cm™* at —0.35 V (Figure 2a). In all cases, ji
declined as the electrolysis proceeded. The rate of decline was
slow at —0.05 V, but it increased as the potential was made
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Figure 2. CO, reduction activity of Pd/C electrodes in three different electrolytes. (a,c,e) Total geometric current density (j,) vs time and the mass
activity for HCO,™ synthesis averaged over 3 h. (b,d,f) HCO,™ Faraday efficiency vs time. Electrolyses were performed in CO,-saturated 0.5 M
NaHCO; (ab); CO,-saturated 2.8 M KHCO; (c,d); and N,-saturated 2.8 M KHCOj (e,f). The mass activities were determined by quantifying the
HCO,™ at the end of the electrolyses using NMR. The HCO,~ Faraday efficiencies vs time were calculated by subtracting the H, Faraday efficiency

(determined by periodic GC analysis) from the total efficiency.

more cathodic. At —0.25 V, ~45% of the initial j,,, was lost over
3 h, while at —0.35 V, ~85% was lost. At —0.05 to —0.25 V, the
average FE for HCO,™ over 3 h was 86—94% and H, was the
only other detectable product. The average mass activity (mA
HCO,™ production per mg Pd) over 3 h was 10 mA mg™" at
—0.05 V and increased to S0 mA mg~' at —0.25 V (Table S1).
The corresponding partial current densities for HCO,~
synthesis (jommate) Were 0.5 mA cm™ and 2.5 mA cm™ The
FE for HCO,™ slowly decreased over the course of each
electrolysis (Figure 2b). For the electrolysis at —0.35 V, the
average FE for HCO,” during the first 2 h was 88%,
corresponding to an average mass activity of 69 mA mg_1
and an average jgmae Of 3.45 mA cm™ Trace amounts of CO
were detected as j,, decreased to <40% of its initial value
(Figure S3).

Electrolysis under identical conditions with Pd foil electrodes
produced no HCO,™ after 12 h at —0.05 or —0.25 V (Figure
S§7). Over the time scale of several hours, hydrogen absorption
accounts for essentially all of the current on Pd foil because of
its low surface area to mass ratio (see Discussion). Ti foil itself

and carbon powder were also incapable of CO, reduction to
HCO,™, producing <1% of the current density observed for
the Pd/C electrodes (see SI and Figure S2).

To determine if the activity could be improved at higher
[HCO;7], a second set of electrolyses was performed in CO,-
saturated 2.8 M KHCO; solution. (KHCO; has higher
solubility compared to NaHCO;). Significantly higher rates
and FE for HCO,™ synthesis were obtained in this electrolyte
compared to CO,-saturated 0.5 M NaHCO; (Figure 2c,d). At
—0.05 to —0.15 V, the initial j,, values were 2.4 to 7 mA cm 2,
which corresponded to initial mass activities of 48 to 140 mA
mg~". The FE was nearly quantitative for the first hour and still
>95% after 3 h. The activities declined at a potential dependent
rate, with 20% lost over 3 h at —0.05 V and 70% lost over 3 h at
—0.15 V. When averaged over the entire 3 h of electrolysis,
mass activities at —0.0S to —0.15 V were 44 to 83 mA mg_l,
corresponding to jgmate values of 2.2 to 4.15 mA cm™ At —0.2
V, the activity declined precipitously after ~S50 min of
electrolysis. Prior to this decline, however, jg..e Was 10 mA
cm™? and the mass activity reached 188 mA mg™.
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Figure 3. Electrokinetics of CO, reduction to HCO,™ on Pd/C electrodes. jimae is the partial current density for HCO,™ production. (a) Tafel plot
(Iog(jormate) Vs E) in CO,-saturated 2.8 M KHCO3. (b) jrmmate vs [HCO; 7] in N,-saturated KHCO; at —0.15 V. () jommate V8 [CO5”"]/[HCO;™] in
N,-saturated 0.94 M KHCOj; at —0.15 V. (d) jgmate V8 [HCO; 7] in CO,-saturated KHCO; at —0.15 V. jgo,. Values were averaged over S min of
bulk electrolysis in (a), and averaged over 1 h of bulk electrolysis in (b,c,d). The pH values of the solutions (blue) were measured. The

corresponding [CO,] values (red) were calculated from egs 2 and 3.

To see if high mass activities could be achieved in the
absence of gaseous CO,, a series of electrolyses were performed
with Pd/C electrodes in N,-saturated 2.8 M KHCOj;. Although
it was lower than in CO,-saturated 2.8 M KHCO,, the activity
for HCO,™ synthesis was still substantial in the N,-saturated
electrolyte. The FE for HCO,™ was >95% over 3 h at —0.05 V,
while larger amounts of H, were produced at more negative
potentials. The mass activities averaged over 3 h were 17, 48, 44
mA mg~" at —0.0S, —0.15, —0.25 V, respectively. The relatively
high activity for HCO,™ synthesis in N,-saturated HCO;~
arises from reduction of CO, that is in equilibrium with
HCO;™ (see below).

To probe the mechanism of CO, reduction with Pd/C, the
electrokinetic parameters were measured by performing
additional constant-potential electrolyses. The electrochemical
equation (eq 1) indicates that the rate could depend on the
potential, [CO,], [HCO;~], and pH. The potential dependence
was measured while holding the other three variables constant
by performing electrolyses in CO,-saturated 2.8 M KHCO;.
The Tafel plot (10g(jeormae) Vs potential) exhibited an
approximate slope of 150 mV dec™ from —0.05 to —0.1 V
and 370 mV dec™" at larger overpotentials (Figure 3a). The 150
mV dec”! slope is similar to values that were previously
measured for an electrochemically deposited Pd electrode at
potentials close to 0 vs RHE.>* As discussed below, this value is
consistent with an electrohydrogenation mechanism with a
rate-limiting chemical reaction involving adsorbed hydrogen,
assuming a Temkin isotherm for the surface hydrogen coverage
(6).>* The 370 mV dec™! slope at larger overpotentials, where
Jformate Decomes nearly independent of potential, is likely the
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result of saturation of @y, as well as possibly CO poisoning and
mass transport limitations.

The [CO,], [HCO;~], and pH cannot be varied
independently because they are related by the following
equilibria (eq 2 and eq 3):

CO, + H,0 5 HCO;” + H"  pK,, = 6.35 (25°C)

)
HCO,” 5 CO,”” + H* pK,, = 10.33 (25°C) 3)
To determine the dependences on these variables, jem.e Was

measured at a constant potential of —0.15 V vs RHE over a
series of experiments in which the concentration(s) of the
carbon species were varied. First, electrolyses were performed
in N,-saturated KHCO; electrolyte with different HCO5~
concentrations. Under N, saturation with freshly prepared
electrolytes, the pH is 8.5 over a wide range of [HCO; ], but
[CO,] increases in proportion to [HCO; ] because of the
equilibrium in eq 2. As seen in Figure 3b, jemae increased
linearly as [HCO;~] was increased from 0.5 to 1.8 M, which
corresponds to increasing [CO,] from 2.1 to 5.4 mM (Figure
3b). (To calculate [CO,], activity coefficients were taken from
Roy et al, see SI for more details)*” This result demonstrates
that jemae has an approximately first-order dependence on
either HCO;™ or CO,. The fact that jg,m.. approaches a
limiting value of 10 mA cm™ at large overpotential (Figure 3a)
indicates that the reduction substrate is most likely CO, instead
of HCO;™, and therefore the reaction is first-order in CO,.
Much higher limiting current densities would be expected if
HCO;™ were the substrate because it is present in high
concentration.
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Figure 4. CO poisoning and recovery of activity with Pd/C. (a) Relative current density vs time for an electrolysis at —0.25 V in CO,-saturated 0.5
M NaHCOj; with CO added at a rate of 0.5 mL min~" as beginning at £ = 900 s. At t = 2000 s, the electrode was exposed to air and transferred to a
new CO-free electrolyte, and electrolysis was restarted at —0.25 V. (b) Relative current density vs time for a series of 1 h electrolyses at —0.25 V in
CO,-saturated 0.5 M NaHCOj; with a single Pd/C electrode. The electrode was exposed to air and transferred to a fresh electrolyte each time. The
average Faraday efliciency for HCO,™ was 95% in the first electrolysis and 90% in each of the subsequent electrolyses.

Next, electrolyses were performed under N, with [KHCO;]
held constant at 0.94 M and different amounts of K,CO; added
to the electrolyte to change [CO,] and pH. (Increasing
[CO,*7] at constant [HCO;~] decreases [CO,] and increases
the pH.) As the [CO;*"]/[HCO;™] ratio was changed from
0.01 to 0.5, which decreases [CO,] from 3.4 to 0.13 mM, jormace
decreased from 1.7 to 0.2 mA cm™> (Figure 3c). This result
provides further support for substrate being CO, instead of
HCO;™. However, the dependence on [CO,] is weaker in
Figure 3c compared to Figure 3b. Since the pH is also changing
in Figure 3c, this result suggests that increasing the pH at
constant potential vs RHE has a positive effect on jg,., Which
mitigates the decrease in jg . that results from decreasing
[CO,]. To further test the effect of pH, electrolyses were
performed in CO,-saturated KHCO; electrolyte with different
concentrations of HCO;~. Under CO, saturation, [CO,] is
fixed at 33 mM, but the pH increases as [HCO,™] is increased.
As the pH was increased from 7.2 to 8.2 by adding HCO;",
jrormate increased from 2.6 to 6 mA cm™> (Figure 3d), which is
consistent with the pH effect deduced from the data in Figure
3c. This effect likely arises from a pH dependence of 6y at
constant potential vs RHE (see Discussion).

The activity of Pd/C shown in Figures 2 and 3 significantly
exceeds all other known materials under comparable conditions
(see Discussion). This catalysis is limited, however, by a
deactivation process that occurs at a potential-dependent rate.
To determine the cause(s) of deactivation, we first assessed
whether electrolysis caused morphological changes to the Pd
nanoparticles. Electrodes were analyzed by SEM after 3 h of
electrolysis at —0.25 or —0.35 V in CO,-saturated 0.5 M
NaHCO;. A small increase in the average size of the Pd
nanoparticles was evident after electrolysis at —0.25 V,
(Figurelb) while significantly larger Pd aggregates were
observed after electrolysis at —0.35 V (Figurelc). The changes
in Pd surface area were estimated by comparing the size of the
surface oxide reduction wave in cyclic voltammagrams obtained
before and after electrolysis (Figure 1d, e).® The Pd
electrochemical surface area (ECSA) measured for an unused
2 cm? Pd/C electrode was approximately S0 cm” (correspond-
ing to a roughness factor of 25). The ECSA was reduced by 30
and 50% after 3 h of electrolysis at —0.25 and —0.35 V,
respectively. These results demonstrate that the Pd nano-
particles sinter on the carbon support under CO, reduction
conditions. However, the reduction in surface area does not
account for all of the loss of HCO,™ production activity during
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electrolysis with Pd/C electrodes, which implicates a second
cause of deactivation.

Because trace CO was observed after most of the activity was
lost at —0.35 V (Figure S3), we hypothesized that CO is
formed as a minor product of CO, reduction and inhibits
HCO,™ formation as it accumulates on the Pd nanoparticle
surfaces. CO, reduction has been proposed to be the source of
CO poisoning on Pd electrodes used as catalysts for HCO,H
electrooxidation.””* CO poisoning was also implicated in the
deactivation of the recently reported Pd—Pt catalyst for CO,
reduction.”® To test whether the formation of CO deactivates
CO, reduction to HCO,” on Pd nanoparticles, we first
determined whether CO is an inhibitor by deliberately adding it
to the electrolyte. Electrolysis was started with a fresh Pd/C
electrode at —0.25 V in CO,-saturated 0.5 M NaHCOj; as
described above. After 15 min, a flow of CO was added to the
electrolyte at a rate of 0.5 mL min™". ji declined to <10% of its
initial value within 20 min of the start of CO addition (Figure
4a), indicating that CO is a potent inhibitor of all electro-
reduction activity at this potential. CO is typically removed
from Pd surfaces by oxidation.>"** At ambient temperature, O,
adsorbs dissociatively on Pd surfaces®>** and the adsorbed
oxygen reacts with CO to form CO,.** To see if air oxidation is
sufficient to remove CO and restore CO, reduction activity, the
electrode was briefly exposed to air and transferred to a new
CO,-saturated HCO;™ electrolyte. Upon restarting electrolysis
at —0.25 'V, ji recovered to 75% of its initial value and the FE
for HCO,™ was >95%.

If CO formation deactivates CO, reduction on Pd/C, the
results above indicate that exposing the electrode to air will
restore activity. To test for this recovery, we performed a series
of 1 h electrolyses in CO,-saturated 0.5 M NaHCO; electrolyte
at —0.25 V with a single Pd/C electrode (Figure 4b). After each
electrolysis, the electrode was briefly exposed to air and
transferred to a fresh electrolyte before starting the subsequent
electrolysis. The use of a fresh electrolyte ensured that CO did
not accumulate in the cell over the course of the experiment.
During the first electrolysis, ji., declined by 30% from its initial
value. Exposure to air resulted in partial recovery of ji.
Thereafter, each exposure to air completely restored the j,, lost
in the preceding electrolysis. The average FE for HCO,™ was
95% in the first electrolysis and ~90% for each of the remaining
electrolyses. Thus, exposure to air repeatedly restored activity
for CO, reduction to HCO, . The activity loss in the first
electrolysis that was not recovered likely reflects the loss of
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surface area due to nanoparticle sintering (see above). Activity
lost during electrolysis in N,-saturated 2.8 M KHCO; was
similarly recovered by air exposure (Figure S5), demonstrating
that CO poisoning causes deactivation under these conditions
as well.

To assess the stability of Pd/C electrodes in the absence of
CO formation, electrolyses were performed at —0.25 V in N,-
saturated Na,COj; solution. Unlike HCO;, there is no
significant rate of CO, formation from CO,>~, which precludes
CO, reduction and the formation of CO in this electrolyte. As
expected, H, was the only observed reduction product. jg,
declined by only 35% over the first 8 h of electrolysis and then
stabilized (Figure S6). In contrast, ji., declined by 90% over 8 h
of electrolysis in CO,-saturated NaHCOj; without air exposure
to remove CO. The 35% loss of activity for Pd/C in Na,COj;
electrolyte is consistent with loss of surface area due to
sintering that occurs regardless of which reduction reaction

takes place.

B DISCUSSION

Electrochemical reduction of CO, to HCO,  near the
equilibrium potential is exclusive to Pd and the enzyme
formate dehydrogenase.3’6’3'7 Our results show that modest
overpotentials drive this reaction to high rates with dispersed
Pd nanoparticles on a carbon support. With a Pd mass loading
of only 50 ug cm™2, Pd/C electrodes reach geometric current
densities as high as 10 mA cm™ of HCO,™ synthesis at —0.2 V
vs RHE, corresponding to specific (Pd surface area-normalized)
current density of 400 4A cm™ Under comparable conditions,
other catalysts require at least 700 mV of additional
overpotential to reach similar activity. This large disparity
most likely reflects a fundamental difference in the mechanism
of CO, reduction to HCO, . On most materials, the reaction
requires electron transfer to CO,, which imposes a large
overpotential. On Pd, the data presented here and in previous
studies'>** support an electrohydrogenation mechanism in
which CO, is converted to HCO,™ by electrochemically
generated PdH.

Pd nanoparticles catalyze chemical hydrogenation of
HCO;7/CO, to HCO,™ at ambient temperature with 1 atm
H,, which is the equivalent of 0 vs RHE.*® In these studies, Pd/
C attained initial hydrogenation turnover frequencies as high as
20 nmol of HCO,™ synthesized per cm” of Pd per h, which is
the equivalent of a specific current density of 1 A cm™ for
electrochemical HCO,™ synthesis. On an electrode, when Pd is
held at potentials <0 V vs RHE, its equilibrium state is a f-
phase PdH (PdHx where x ~ 0.7).>’ The surface hydride on
this material should reduce CO, in the same way as surface
hydride generated by reaction of Pd nanoparticles with H,.
Under electrochemical conditions, the reaction is accelerated
relative to chemical hydrogenation with 1 atm H, by applying
overpotential to increase 6y (see below). Since the Pd
nanoparticles in Pd/C have a high surface area-to-mass ratio,
the transition from Pd into -PdH requires only tens of seconds
and CO, reduction to HCO,™ becomes the dominant process
thereafter. For Pd foil, the surface area-to-mass ratio is
approximately 0.02 cm® mg™' and H absorption to generate
PdH requires many hours. As a result, no significant HCO,~
production is seen for Pd foil in this time period.

The electrokinetic measurements in Figure 3 support a rate
law given by eq 4:

j = k[CO,Jexp(—aEF/RT) 4)
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where k is a potential-independent rate constant and « is the
transfer coefficient and E is the potential vs RHE. At potentials
ranging from —0.05 to —0.1 V vs RHE, « is approximately 0.4,
which corresponds to a Tafel slope of 150 mV dec'. As
described previously by Podlovchenko et al,, a Tafel slope near
118 mV dec™ (a = 0.5) is consistent with a mechanism that
involves rate-limiting addition of electrochemically adsorbed
hydrogen to the substrate.”* Such a mechanism for CO,
reduction with Pd nanoparticles is shown in Scheme 1.

Scheme 1. Electrohydrogenation Mechanism for CO,
Reduction on Pd/C

HCO, Co»
+e” CO, +e-
Pa— -H — -~HCO,—— > HCO,
e
HCO,- COo~
equilibrium rate-limiting step

Reversible hydrogen adsorption results a steady-state @ on
the nanoparticles, which are in the form of PdH. The rate-
determining addition of surface hydrogen to CO, forms
adsorbed CO,H, which is subsequently rapidly reduced by
one ¢~ to form HCO,™. (Alternatively, CO,H could be rapidly
hydrogenated and then deprotonated to form HCO,".) On Pd,
hydrogen adsorption follows a Temkin isotherm,** meaning
that the adsorption energy is linearly dependent on 6y in the
range of intermediate coverage. With Temkin adsorption, the
mechanism in Scheme 1 predicts the rate law in eq 5.

j = ko[CO,]0nexp(Sgby) ©)

where k, is a potential-independent constant, /3 is the symmetry
factor and g is the dimensionless surface heterogeneity
factor.** The term exp(fgfu) accounts for the dependence
of the activation barrier on @y for a reaction step that consumes
surface hydrogen. The Temkin isotherm is given by eq 6, where
E is the potential with respect to RHE and K, is the adsorption
constant.*"*

exp(gfy) = K,exp(—EF/RT) (6)

Substituting for exp(gfy) and neglecting the pre-exponential
Oy, eq S is simplified to eq 7:

j= koKoﬁ[C()z]eXP(_ﬂEF/RT) (7)

which corresponds to eq 4 with k = kK’ and a = B. If # = 0.5,
as is often assumed, a Tafel slope of 118 mV dec™' would be
obtained. The observed 150 mV dec™" Tafel slope may indicate
that # deviates from 0.5 for this reaction. At potentials <—0.1'V,
the Tafel slope increases substantially (Figure 3a). This change
likely indicates that @y is saturated, in which case eq 6 no longer
holds. In addition, mass transport limitations in the cell and CO
poisoning may also be contributing to the apparent electro-
kinetics at this point.

The data in Figure 3c,d also indicate that, at constant
potential vs RHE, ji . increases by approximately a factor of
2—3 per pH unit. This effect could arise from a pH dependence
of the hydrogen adsorption thermodynamics. To maintain the
same potential vs RHE at different pH values, the potential with
respect to a pH independent reference such as Ag/AgCl must
be adjusted by —59 mV per pH unit. This added potential
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could increase @y by increasing the adsorption constant Ky,
leading to the observed rate increase.

We note that the rate expression in eq 4 is also consistent
with the canonical mechanism for CO, reduction in which the
reaction is rate-limited by an initial electron transfer to CO,.
While it cannot be ruled out based on the kinetics, this
mechanism is very unlikely given the extremely low over-
potentials required and the ability of Pd to chemically
hydrogenate CO, as described above. Reduction of CO, by
electrohydrogenation suggests that manipulation of the hydro-
gen adsorption energy on Pd may be a fruitful avenue for
further improving the catalytic rate.

Pd/C has a relatively high rate of HCO,™ synthesis in freshly
prepared N,-saturated electrolytes with high [HCO;™] because
there is an appreciable [CO,] from the equilibrium with
HCO;". However, sustaining this activity over a long
electrolysis in N,-saturated solution would be problematic
because accumulation of CO;*~ would increase the pH and
decrease [CO,]. Using a combination of CO, saturation and
high [HCO;™] is optimal for HCO,™ synthesis with Pd/C
because it maximizes pH while maintaining a high [CO,].

Our results illuminate the chemical challenges that must be
addressed to make the use of Pd practical for HCO,™ synthesis.
Foremost is the poisoning by CO that forms as a minor CO,
reduction product. CO inhibits all electroreduction activity at
the potential range studied here. A promising strategy to solve
this problem is to alloy Pd with another metal and thereby
weaken the CO binding affinity.**~*” Alloying may also reduce
the rate of CO formation. Alternatively, Pd catalysts could be
reactivated in situ by brief oxidative treatment. The other major
challenge is to reduce nanoparticle sintering to preserve high
mass activity over long electrolyses. This will likely require
strengthening the nanoparticle-support interaction by changing
the surface chemistry of carbon or using an alternative support
such as a conductive metal oxide.

The inhibition of electrocatalytic activity by CO at low
overpotential on Pd contrasts with the steady-state CO,
reduction to CO at high overpotential.">~'® At high over-
potential, Pd has a high surface coverage of CO and steady-
state CO, reduction to CO under these conditions may occur
on a low density of sites that have weaker affinity for CO.
Transition from HCO,™ production to CO production occurs
when the surface is covered by CO and the overpotential is
sufficiently high to sustain CO, reduction at these sites.

The maximum geometric current density for CO, reduction
in the electrochemical cells used here is limited to ~10 mA
cm™?. Significantly higher geometric current densities require
thick catalyst layers in electrochemical cells that have a gas
diffusion electrode or a flowing electrolyte. Numerous reports
have described cells engineered for high current density CO,
reduction to HCO,™ using non-Pd cathodes.”**™>* State-of-
the-art flow cell electrolyzers with cathodes comprised of 3
mm-—thick granular Sn layers were reported to have 120 mA
cm™ with 80% FE for HCO,™ at a cell voltage of 3.4 V and a
high flow rate of pure CO, through the electrolyte.’® Given
their high mass activity, we anticipate that dispersing Pd (alloy)
nanoparticles on thicker, porous supports and using a flowing
electrolyte will enable synthetically useful geometric current
densities at much lower cell voltages while maintaining high Pd
mass activities.

Approximately 600 000 tons of HCO,H and HCO,™ salts are
produced annually. While this scale is a relatively small carbon
footprint, replacing even a portion of the current synthesis with
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a CO, conversion process would provide a foundation for other
CO, recycling efforts. Moreover, bioengineering™ or new
synthetic methodologies could make HCO,H/HCO,” a
feedstock for the synthesis of multicarbon products, increasing
the demand for this compound. Energetically eflicient
reduction of CO, to HCO,™ is essential for a scalable synthesis.
We have shown that Pd is a promising candidate for an
electrochemical process that meets this requirement.

B CONCLUSION

In summary, Pd/C catalyzes the reduction of CO, into HCO,~
with high mass activity and near quantitative Faraday efficiency
at low overpotential in both CO,- and N,-saturated HCO;~
solutions. The electrokinetic data support an electrohydroge-
nation mechanism whereby CO, is reduced by an electro-
chemically generated Pd hydride surface. This mechanism
avoids the high-overpotential electron transfer steps typically
required for electrochemical CO, reduction. Pd nanoparticles
deactivate at a potential-dependent rate due to the formation of
CO in a minor pathway. The CO poisons HCO,™ synthesis at
low overpotential, but CO can be removed by brief air exposure
to restore activity.
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