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ABSTRACT: We measured the reaction kinetics of the electrochemical reduction of CO2 to
formate on Pd/C and evaluated several proposed mechanisms, by comparing model-
described and observed rates of formation of HCOO− and H2 as a function of several
parameters (pH2

, pCO2
, and potential). An α-/β-hydride mechanism, based on an α-hydride

phase active for CO2 reduction and a β-hydride Pd-phase active for hydrogen evolution,
described the experimental data of our and other laboratories reported in the literature
satisfactorily. After parametrization, using a data set including only H2, this mechanism also
predicted the outcome of D2 isotope labeling experiments correctly. Analyses of the results indicate that the α-/β-hydride ratio and
hydride formation rate are key factors affecting the formate production rate and the selectivity, thereby identifying areas for further
(spectroscopic) studies and mechanism validation.
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Carbon-based chemicals and materials shaped our modern
society and will most likely continue to fulfill many roles

therein.1,2 The key to improve sustainability is finding
alternative carbon sources to traditional fossil resources.3,4 A
potential renewable source of carbon is naturogenic carbon
dioxide, which can be converted to chemical building blocks
via electrochemical reduction.5−7 Research interest in electro-
chemical reduction of CO2 has skyrocketed, as evidenced by
the more than 1300 publications on the subject in 2019 in
comparison to ∼350 in 2014 and ∼100 in 2010. This
enormous volume of research has yielded, among others, the
discovery of novel catalytic materials, increasing current
densities, and identification of tens of parameters that influence
reaction rates.8−10 Despite significant efforts and some
advances, the reaction mechanisms at play for various
electrocatalysts are still uncertain.11,12 More insights into
these reaction mechanisms are highly desired, as this insight
can guide catalyst development and allow rational kinetic
modeling and therewith reactor design.10,12,13

Palladium-based electrocatalysts have received relatively
little attention, even though Pd requires exceptionally low
overpotentials toward the electrochemical reduction of CO2.

14

Even at 0.00 V vs RHE, Pd/C produces formate with hydrogen
as the only side product (0 to −0.20 V vs RHE).14,15

Furthermore, the mechanism of Pd (supported on C)
electrodes in converting CO2 to formate is particularly
intriguing, since electrocatalytic reduction (reaction 1) and
catalytic hydrogenation of CO2 to formate (reaction 3) occur
simultaneously, while also the undesired hydrogen evolution
(reaction 2) takes place.16 Note that the protons consumed
and produced in reactions 1−3 (where A can be H2O, OH

−,
HCO3

−, CO3
2−, or HCOO− and z denotes charge) can be

donated and accepted by various species, depending on the pH
and electrolyte composition. When a potential between 0.0 and
−0.20 V vs RHE is applied, reactions 1 and 2 both occur.14,15

In a pressure range of 0−10 bar of hydrogen, the equilibrium
composition of the catalytic reaction 3 is dependent on the
hydrogen pressure.17

+ + ++ − −VCO HA 2e HCOO Az z
2

1
(1)

+ ++ − V2HA 2e H 2Az z1
2 (2)

+ + +− +VCO H A HCOO HAz z
2 2

1
(3)

Interestingly, in previous work, we observed experimentally
that hydrogen formation could be prevented by increasing the
partial hydrogen pressure,18 an effect that occurred well below
the equilibrium pressure of H2 (reaction 2) as calculated via
Nernst’s law. We did not observe any significant changes in the
rate to formate and consequently observed decreasing current
as a function of the partial pressure of hydrogen. Around the
same time, others reported data that showed different trends:
an increased formate production rate and increased current as
a function of the increasing partial pressure of hydrogen.19,20

The reported values for rate and selectivity on the Pd/C-
catalyzed reduction of CO2 can vary significantly between
sources. For example, on Pd/C catalysts, reported Faradaic
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efficiencies toward formate at −0.20 vs RHE vary from 10% to
98%.14,21,22 This issue is not limited to Pd/C but is a common
problem in electrochemical processes, due to multistep
procedures for catalyst and electrode preparation and the
high sensitivity of electrochemistry toward minor impurities.23

Preparing Pd/C electrodes introduces a multitude of variables,
including (i) the type of Pd/C catalyst used, (ii) the
composition of the catalyst ink, (iii) the application procedure
of the catalyst ink, (iv) the drying procedure of the catalyst ink,
and so on.24−28 With strict preparation procedures, we were
able to minimize the effect of these variables (section 1 and
Figure S2 in the Supporting Information). Trends in reaction
rates were consistent between electrodes, while variations in
absolute values of reaction rates between electrodes were still
observed. Through data normalization per electrode, trends
were isolated, which provided the handle for evaluating the
reaction mechanism.
The majority of mechanistic insight regarding the electro-

chemical reduction of carbon dioxide is obtained through
density functional theory (DFT) simulations and/or measure-
ments of the Tafel slope.11,12 Those valuable results have led to
significant advances, but they oftentimes require additional
experimental proof to be fully validated.12,29 Operando
spectroscopic observations of reaction intermediates and
concentration transients at interfaces have contributed to
understanding the effect of surface modifications of electrodes
on performance, but conclusions regarding mechanisms on the

bases of these methodologies need to be drawn with
caution.30−32

We study the mechanism of electrochemical conversion of
CO2 over Pd/C electrodes by comparing trends in observed
reaction rates with postulated meachnisms, a method widely
practiced in reaction engineering (of catalytic reactions) and
applicable without specialized equipment.33 This method
consists of (i) postulating plausible reaction mechanisms
based on (literature) observations and theory, (ii) kinetic
modeling of those mechanisms including parametrization, and
(iii) a comparison of experimentally observed trends with
description of these trends by the parametrized models. The
last step identifies invalid mechanisms as those that cannot
describe (all) the measured trends.
Intrinsic to the method, parametrization of the models yields

a set of many cross-correlated parameters. This a consequence
of the fact that intermediate species are not experimentally
quantified. However, the exact set of parameter values is
irrelevant, as the criterion for dismissal of a mechanism is an
inability to describe the trends. Moreover, with adequate
measurements of intermediate species and products, cross-
correlations can be resolved. The method can dismiss incorrect
mechanisms in an early stage. Therefore, research efforts can
be efficiently focused, streamlining the research process.
In this work, we evaluate various mechanisms by trends in

reaction rates (rHCOO− and rH2
) versus the pressures of

hydrogen (pH2
) and CO2 (pCO2

) and the potential (E). A

Figure 1. Representation of three classes of reaction schemes.

Table 1. Experimental Trends and Trends as Described by the Various Reaction Schemesa

aArrows and dashes denote upward, downward, or no trend. Green indicates a correct model description and red indicates an incorrect model
description. The table shows the model description that yielded the highest amount of trends described correctly.
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mechanism with two distinct hydride phases of Pd, i.e. an α-
hydride and β-hydride phase, appears to explain all of the data
presented in this study and available data in the literature. A
model based on the α-/β-hydride mechanisms, regressed to a
data set containing only H2, correctly predicts the results of
experiments with an isotopically labeled gas phase (D2).
Thereby we show that a focus on trends can yield mechanistic
insights, even from seemingly contradictory data.

■ RESULTS AND DISCUSSION

Various reaction mechanisms were conceived in this study and
sorted into three classes (see Figure 1), on the basis of
interaction between reaction paths. The first class consists of
mechanisms with no interaction among reactions 1−3 through
adsorbed intermediates. This means that all reactions can be
described with independent rate equations (left graph, Figure
1). In the second class of mechanisms, all reaction paths share
one common adsorbed intermediate (Pd−H). In the last class,
formate and hydrogen production do not occur via a common
adsorbed intermediate but occur on two different phases of Pd
(the α- and β-phases, giving α-Pd−H and β-Pd−H
intermediates). Within a class, the trends described by the
three models (increasing, decreasing, or constant) are
summarized in Table 1 and compared to experimental trends.
Note that a decrease in E corresponds to a more negative
potential and thus an increased driving force for the cathodic
electrochemical reactions. Here a more detailed description of
each class and model follows, with a specific focus on the effect

of pH2
on rHCOO− and rH2

, namely a decrease in rH2
without a

change in rHCOO− when pH2
is increased.

Mechanisms Based on Fully Separate Reaction Paths.
Mechanisms that have fully separated paths are potentially the
simplest. They share the basic assumption that all reactions
occur in parallel, without interaction between intermediates.
Such mechanisms could occur when only part of the catalyst is
electrochemically active, due to a lack of electrical contact or
different active sites being involved in each reaction. Regardless
of the exact mechanism, without a common intermediate, there
are two possibilities via which an increasing pH2

results in a

decrease in rH2
, either when it promotes hydrogen

consumption for hydrogenation of CO2 to formate (reaction
3) or when it suppresses hydrogen evolution (reaction 2). The
former must be accompanied by increasing formate produc-
tion, given the stoichiometry of reaction 3, which is not
observed. Suppression of reaction 2 would result in a decrease
in rH2

as a function of pH2
, while rHCOO− is kept constant.

However, thermodynamic calculations show that 49 bar of
hydrogen pressure is needed to suppress hydrogen evolution
under the experimental conditions, whereas measurements
show that 4 bar is sufficient (Figure 2A). Additionally, in the
absence of CO2 and bicarbonate, no significant effect of the
hydrogen pressure on the current is observed between 0 and 6
bar (Figure S4). Consequently, given only reactions 1−3, there
should be at least some form of interaction between reaction
intermediates to explain the experimental trends.

Figure 2. (A−C) Formate and hydrogen production during electrochemical CO2 reduction in 1 M KHCO3. Lines indicate model results. Solid
lines indicate HCOO− and dashed lines H2. (A) ptotal = 7 bar, pCO2

= 1 bar, and E = −0.05 V vs RHE normalized versus rHCOO− at 0 bar of H2. (B)

ptotal = 7 bar, pH2
= 0 bar, and E = −0.10 V vs RHE, normalized versus rHCOO− at 0 bar of CO2. (C) ptotal = 1 bar and pCO2

= 1 bar, normalized versus
rHCOO− at 0.0 V vs RHE. (D−F) Values of θi corresponding to (A−C).
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Mechanisms with a Common Intermediate. Palladium
is known to easily form palladium hydride (Pd−Hx, 0 < x < 1)
in aqueous solution, when a cathodic potential is applied or the
metal is contacted with (dissolved) hydrogen.34,35 Recent
insight suggests that also electrochemical reduction of CO2
occurs over a palladium hydride phase.14,15 Therefore, hydride
could be a common intermediate, coupling both reaction
paths, shown in Scheme 1.

The reaction mechanism in Scheme 1 can exhibit various
responses of rHCOO− and rH2

to pH2
and pCO2

, depending on how
CO2 is adsorbed (either on the Pd atom or reactively with the
H of Pd−H) and how hydrogen evolution occurs (via the
Heyrovsky or Tafel reaction). In general, we can state that
when rH2

decreases as a function of pH2
, the HAz+1 reduction

rate must decrease and/or rHCOO− must increase, to maintain a
quasi-steady-state occupation of Pd sites. Our measurements
showed a constant rHCOO− with varying pH2

. Therefore, the
HAz+1 reduction rate must decrease. However, as is evident
from Scheme 1, that requires a change in the Pd−H coverage
of the surface, which in turn would affect rHCOO−. In Scheme 1,
with Pd−H as common intermediate, no single reaction can be
influenced independently of the others. Therefore, we need to
consider a mechanism with distinct intermediates for each
product that does incorporate interaction between those
intermediates, however.
The α-/β-Hydride Mechanism. Palladium is a unique

metal in hydrogenation chemistry. While all platinum-group
metals readily adsorb hydrogen onto their surface, palladium
also forms a bulk hydride that includes a relatively large
amount of hydrogen atoms. Those atoms are mobile within the
palladium and even led to the development of metal
membranes for hydrogen purification.36,37 Within a palladium
(nano)particle the hydride can move over the surface as well as
through the bulk.37,38 We hypothesize that this mobility of H
within a Pd particle is key to understanding the observed
behaviors in electrochemical applications. The mobility of the
hydride allows different active sites to interact.
In the presence of hydrogen or under cathodic potential in

water, palladium shows at least two distinct hydride
phases:15,34 α-hydride, in which hydrogen is covalently
bound to palladium in the ratio Pd−Hx (x < 0.03 at 303 K),
and β-hydride, in which hydrogen forms metallic bonds with
palladium in the ratio Pd−Hy (y > 0.6).39 Depending on the
conditions, both hydride phases may coexist.15,39 Research on
electrochemical reduction of CO2 revealed, on the basis of in
situ X-ray absorption spectroscopy and in situ attenuated total
reflection infrared spectroscopy, that formate was only formed
when α-hydride was present, whereas hydrogen could also be

formed on β-hydride.15 In fact, hydrogen production was most
significant when high β-hydride fractions were present.15

Scheme 2 incorporates both hydride phases into a
mechanism where formate is exclusively formed over the α-

Pd sites and hydrogen transfer between α-Pd and β-Pd sites is
feasible, which is in agreement with the aforementioned
spectroscopic observations. Pd is considered to have two types
of sites, α-sites and β-sites. The α-sites can be empty (α-Pd0),
contain a hydrogen atom (α-Pd−H), or contain a hydrogen +
CO2 intermediate (α-Pd−H−COO), whereas the β-sites can
be empty (β-Pd0) or contain hydrogen (β-Pd−H). Scheme 2
considers all possible reactions that can reasonably occur in the
reversible system. Here Scheme 3 demonstrates the
simplification of Scheme 2 to aid in modeling, and the
corresponding equations and data fitting are described in the
Experimental Section.

We consider the scheme under electrochemical CO2
reduction conditions. Given the mobility of the hydrogen
atoms in palladium, fast exchange of H between α- and β-sites
is likely. Moreover, there is much more β-hydride than α-
hydride. Hence, it is assumed that all hydrogen formation
originates from β-hydride and that all HAz+1 is reduced to β-
hydride and vice versa. Given the electrochemical conditions
and low formate concentration in experiments, we assume that
formate is produced by irreversible electrochemical reduction
of the adsorbed CO2 intermediate. Finally, we assume that
hydrogen evolution only occurs via a combination of two
hydrogen atoms (Tafel step), which is in agreement with the
literature at a mild cathodic potential.40−43

Table 1 shows the modeled trends versus experimentally
observed trends. Current as a function of pH2

is included in
Table 1. The current and rates to H2 and HCOO− are related
via I ∝ rHCOO− + rH2

; hence, the current provides additional

Scheme 1. Reaction Mechanism with Palladium Hydride as
a Common Intermediate

Scheme 2. Reaction Mechanism for the α-/β-Hydride
Modela

aPd surface species are shown on the right-hand side.

Scheme 3. : Simplification of Scheme 2, by Only
Considering the Most Important Reactions
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information when trends in rHCOO− and rH2
oppose each other.

Table 1 demonstrates that the α-/β-hydride model can
correctly describe all trends. Figure 2 provides more detail,
showing that, despite variations inherent to electrode
preparation, a simple model can correctly describe trends in
a convoluted electrochemical reaction system.
Figure 2A shows that the model can correctly describe

constant rHCOO− versus pH2
. The trend is explained by a

constant loading of the α-hydride phase, which does not
change with pH2

(Figure 2D). The model also describes rH2

decreasing with pH2
, which is a result of increased r−3 (Scheme

3). With r−3, the β-hydride loading increases and, in turn, r3
increases and r1 decreases. To a minor extent, r−1 also
increases. The net effect is reduced hydrogen evolution with
increasing pH2

. Note that this does not go against the
thermodynamics, as an electrochemical hydrogen/hydride
oxidation does not occur significantly. The suppression of rH2

is caused by hindering proton reduction (r1) due to an
increased β-hydride loading on the surface.
The trends in Figure 2B again show that the model is correct

in describing an increase in rHCOO− and rH2
with increasing

pCO2
. For rHCOO− the increase is a result of an increased loading

of adsorbed CO2 via r4 (Figure 2E), which is in agreement with
the reaction scheme proposed by Min and Kanan.14 The effect
of pCO2

on rH2
occurs indirectly, as the solution pH drops due

to the acidic nature of dissolved CO2. Therefore, r1 increases
due to increased cH+ (eq 4), which increases the β-Pd−H
loading and increases hydrogen evolution.
Figure 2C shows an increase in rHCOO− and rH2

when the
potential becomes more cathodic, as expected on the basis of
an increased electrochemical driving force. Notably, the
loading of α-Pd−H−COO does not change significantly with
potential; rather, the increase in rHCOO− is due to an increase in
the electrochemical driving force for r5. From Figure 2C, the
model describes a Tafel slope that increases with more
cathodic potential and is between 80 and 160 mV/dec for
potentials between 0 and −0.25 V vs RHE (Figure S5), which
is consistent with the literature.14,15 The model correctly
describes all trends and shows a slight offset versus the

hydrogen production rate. The latter is due to variations
between different electrodes, only normalizing to rHCOO− and
fitting the model to the full data set. Therefore, the best fit
overestimates some values and underestimates others but is
good on average. If the electrode preparation can be controlled
better and therefore the data are less electrode specific, those
deviations should decrease. Most importantly, the trends are
described correctly; hence, experimental observations conform
to Scheme 3.

Predictions with the α-/β-Model. The true value of a
model does not lie in an ability to fit, but rather in an ability to
explain and predict. Therefore, with the kinetic parameter
values fitted in the previous section, the forward reaction for
hydrogen evolution (r3) is predicted using the α-/β-hydride
model. The model predicts an increase in r3 as a consequence
of the β-hydride loading (θβH) increasing with pH2

(overall the
increase in r3 is lower than the increase in r−3, thus decreasing
net hydrogen evolution). This effect, key to explaining the
observed behavior, was verified experimentally through
isotopic labeling of the gas phase.
Deuterium labeling of hydrogen in the gas phase yields three

important insights. First, it yields an estimate of the H/D
fractions of the palladium hydride sites that are active for
hydrogen evolution, which describes the origin of those atoms
(H electrochemically from the electrolyte and D chemically
from gas-phase D2). As expected, Figure 3A shows that the D
fraction in the hydride increases as a function of increasing pD2

.

Second, with increased pD2
, an increased quantity of observed

HD under a cathodic potential proves the combination of
electrochemically formed hydride with chemically formed
hydride (Figure S8), showing that Pd particles are simulta-
neously active in catalysis and electrocatalysis. Third, r3 is
estimated from experimental results and shown in Figure 3B,
together with the model prediction. The α-/β-hydride model
correctly predicts the trend in r3, without being specifically
fitted to that data set, which is a strong argument in favor of
Scheme 2 and its simplified form in Scheme 3.
So far we have explained the data measured in our own

laboratory but will now also consider data provided in the
literature. At −0.10 V vs RHE, Cai et al. observed a 2-fold
increase in rHCOO− without a significant effect on current upon

Figure 3. Results of D2-labeling experiments in 1 M KHCO3 at −0.05 V vs RHE: (A) D and H fractions at the active Pd surface; (B) r3 normalized
versus r3 at 0 bar of D2. The line denotes the model result.
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addition of 0.2 bar pH2
on a Pd/C-based electrocatalyst.19 At

−0.20 V vs RHE they observed a 4-fold increase in rHCOO− and
a 2-fold increase in current. Ryu and Surendranath reported
similar trends under similar conditions, but with only 50 mM
HCO3

− in solution.20 Both publications attribute this to an
electrochemical promotion of the catalysis (EPOC) effect (an
increase in reaction 3). However, chemical reactions alone do
not contribute to the current and hence cannot explain these
experimental results fully.
By a change of one parameter at a time, two conditions were

identified under which the α-/β-hydride model can describe an
increase in both rHCOO− and current with pH2

, as observed by
Cai et al. and Ryu and Surendranath.19,20 First, when the α-/β-
hydride equilibrium favors β-hydride, a mild increase is
observed, as then the α-hydride loading increases with pH2

,
thus increasing rHCOO− (Figure S6). Moreover, the α-/β-
hydride ratio was found to be a key influence on the overall
selectivity, as β-hydride favors hydrogen evolution. We
observed a decrease in current and rH2

but no effect on rHCOO−

over a much broader pH2
range of 0−7 bar. Yet, reaction

mechanisms are likely the same in the works of Cai et al., Ryu
and Surendranath, and our work, as all consider a Pd/C
catalyst. Kinetic constants, including those setting the α-/β-
hydride ratio, may vary, however, due to differences in catalysts
and ink properties. Therefore, the Pd particle size and
morphology and the support, which influence the ratio, are
highly relevant for catalyst optimization.44

Second, when hydride generation is limiting r5, addition of
hydrogen results in increased hydride production via r−3, thus
increasing rHCOO− (Figure S7). The latter corresponds best to
the results by Ryu and Surendranath and Cai et al., meaning
that in their cases HA+ reduction could have been rate limiting
when no exogenous hydrogen was present. This should be
verified under known mass transfer conditions: for example,
using Pd deposited on a rotating-disk electrode. The HA+

reduction rate is strongly influenced by the structure and
composition of the catalyst ink, which therefore could be a
dominant factor in catalyst performance.45 The better fit of our
model to the data of Cai et al. and Ryu and Surendranath, at
−0.20 V in comparison to −0.10 V vs RHE, stems from the
assumption that r5 occurs fully electrochemically, which gains
validity at higher electrochemical driving forces. Moreover, the
α-/β-hydride model may also explain the effect of CO
poisoning, which leads to decreased formate production and
current, thereby increasing the selectivity to hydrogen. This
could be a result of CO blocking the α-Pd sites, leaving the β-
Pd sites mostly unaffected.
This publication demonstrates that a renounced chemical

engineering method to assess plausible reaction mechanisms,
namely modeling and verification of trends based on those
mechanisms, yields valuable insights in an electrochemical
setting. The methodology can be applied with limited
experimental and computational resources and allows inclusion
of various (literature) data sources. The method obviously
does not definitively prove the correctness of a mechanism but
is limited to evaluating whether a mathematical description
based on a mechanism is consistent with experimental
observations. Therefore, it should be evaluated in conjunction
with DFT simulations and spectroscopic studies to definitively
establish a mechanism.

■ CONCLUSION

This work assesses the reaction mechanism of simultaneous
electrochemical reduction and hydrogenation of CO2 in 1 M
KHCO3 on a Pd/C catalyst. Three reactions occur
simultaneously on Pd/C: electrochemical formate production,
electrochemical hydrogen evolution, and chemical hydro-
genation of CO2 to formate. By focusing only on trends, we
modeled plausible literature-inspired mechanisms and eval-
uated them for their ability to describe experimental data. The
α-/β-hydride model, with an α-Pd−H phase that is active for
CO2 reduction and a β-Pd−H phase that is active for
(reversible) hydrogen evolution, can describe all experimental
trends and is consistent with spectroscopic observations in the
literature.15 The mechanism could also correctly describe data
by others19,20 and was able to predict the outcome of isotope-
labeling experiments. On the basis of the mechanism and
model, we could identify the α-/β-Pd−H ratio and hydride
formation rate as key parameters in the catalyst performance
and behavior. The control and understanding of both factors
should advance catalyst performance and increase interlabor-
atory reproducibility.

■ EXPERIMENTAL SECTION

Setup and Analysis. A specialized electrochemical setup
was designed which facilitates experiments at elevated pressure
with an incorporated, stable Ag/AgCl reference electrode. The
electrochemical cell, setup, experimental procedure, and
electrode preparation method are described in detail else-
where.18 In short, experiments were performed in a sandwich-
type electrochemical cell, divided by a cation exchange
membrane. The cathode consisted of a Pd/C catalyst, which
was coated on a titanium plate. A dimensionally stable anode
was used as received to perform the oxygen evolution reaction.
Conditions were such that the external mass transfer of CO2
did not affect the reaction rates.
The cell was operated as a batch cell for the liquid phase, but

the gas phase was continuously refreshed. The catholyte was
continuously sparged with a mixture of up to three gases (CO2,
Ar, H2, and/or D2). Argon was flown continuously through the
anolyte compartment. By introduction of an inert gas (Ar), the
partial pressure of carbon dioxide and hydrogen was varied,
without changing the total pressure. All potentials were
measured versus Ag/AgCl and converted to RHE. The
solution pH was calculated on the basis of the carbonaceous
equilibrium (eqs S8−S11). The gas outlet of the catholyte was
connected to a mass spectrometer (MS) for analysis of the gas
phase. In section 1in the Supporting Information, details on
the materials and methods are provided.
To measure trends in the most consistent manner, all data

points that describe a trend (a single line in a graph) were
evaluated with the same electrode, in random order. All graphs
have been normalized. The rates were measured experimen-
tally and normalized against a data point for the rate to
formate. Model results were normalized against the modeled
rate to formate under the corresponding conditions. The
specific conditions for normalization are described in the figure
captions, but these do not affect the results (section 5 in the
Supporting Information). By normalization, the effect of
variations between electrodes is minimized but remains
significant.

Model Equations and Fitting. The rate equations and
reactions that describe Scheme 3 are presented in Table 2 and
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Table S1. Equations 4−12 describe the reaction rates. In the
Supporting Information, eqs S1 and S2 describe dissolved gas
concentrations, eqs S3−S7 are balances over the sites and
intermediates, and eqs S8−11 describe the equilibrium among
carbon dioxide, bicarbonate, and carbonate, which is used to
calculate the pH of the solution. Given the number of
parameters and the uncertainty in the experimental data, fitting
all rate constants would not yield sensible results. However, by
reasoning from the trends (Table 1 and Figure 2), literature
data, and trial and error, we found a set of parameters that
describes the trends.
The α-hydride phase is formed at lower overpotential and/

or hydrogen pressure in comparison to the β-hydride phase.
Therefore, k2 is set to a higher value than for k−2, which forces
the hydride equilibrium toward α-hydride. Moreover, both
constants have a relatively large value, to create an equilibrium
between α- and β-hydrides. k4, k−4, and k5 are such that CO2
adsorption and electron transfer to adsorbed CO2 control the
formate production rate, thus creating an increase in rHCOO− as
a function of both an increasing pCO2

and increasing cathodic
potential. Finally, the remaining constants must describe an
intermediate loading of the β-hydride phase, allowing both r1
and r−3 to influence the hydrogen evolution rate. k5 is set to a
value of 1 (not fitted), as the model results are later
normalized. Table S2 shows the values of the constants.
Isotopic Labeling of Gas Phase. Gas-phase hydrogen

was labeled with deuterium (D2), whereas the liquid phase
(water) was not. Therefore, in the presence of exogenous D2,
the production rates of H2 and HD can be monitored by mass
spectroscopy (MS). All protium atoms (H) then originate
from the liquid phase, via either electroreduction or isotope
exchange46 (reaction 13). Regardless of the origin of H, the
rates of H2 and HD can be used to estimate the relative
abundance of H and D at the Pd surface, which is active for
hydrogen evolution (eq 14) and the magnitude of r3 (eq 15).
See section 4 in the Supporting Information for a full
derivation.

+ → +H O PdD PdH HDO2 (13)

=
C
C

r

r

2 1
KIE

H
s

D
s

H

HD

2

(14)

= + +r r r
r

r
( )

43 H HD
HD

2

H
2

2 (15)
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■ NOMENCLATURE

Symbol Description (Unit)
Az Anion with charge z
ci Concentration of species i (mol/L])
ci
s surface concentration of species i (mol/dm2)

Table 2. Rate Equations and Reactions Corresponding to Scheme 3

equation description

i
k
jjj y

{
zzz

α
θ= + − − β+r k c k

F
RT

E E( ) exp ( )1 1,a H 1,b
1

1
eq

0 (4)
H+ + e− + Pd → β-PdH

H2O + e− + Pd → β-PdH + OH− (proton reduction to hydride)

i
k
jjjj

y
{
zzzz

α
θ=

−
−− − β‐r k

F
RT

E Eexp
(1 )

( )1 1
1

1
eq

H (5)
β-PdH → H+ + e− + Pd (hydride oxidation)

θ θ= αβ‐r k2 2 H 0 (6) α-Pd + β-PdH → α-PdH + β-Pd (β−α hydrogen transfer)

θ θ= β− − α‐r k2 2 H 0 (7) α-PdH + β-Pd → α-Pd + β-PdH (α−β hydrogen transfer)

θ= β‐r k3 3 H
2

(8) 2β-PdH → H2 + 2Pd (Tafel step)

θ= β− −r k c3 3 H 0
2

2 (9) H2 + 2Pd → 2β-PdH (reverse Tafel step)

θ= α‐r k cC4 4 H O2 (10) α-PdH + CO2 → α-PdHCO2 (reactive CO2 adsorption)

θ=− − α‐r k4 4 HCO2 (11) α-PdHCO2 → α-PdH + CO2 (reactive CO2 desorption)

i
k
jjj y

{
zzz

α
θ= − − α‐r k

F
RT

E Eexp ( )5 5
5

5
eq

HCO2 (12)
α-PdHCO2 + e− → HCOO− (formate formation)
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E applied potential (V vs RHE)
En
eq equilibrium potential for reaction n (V vs RHE)

F Faraday constant (s A/mol)
kn rate constant for reaction n
KIE kinetic isotope effect rate factor
pi Partial pressure of species i (bar)
rn rate of reaction n (μmol/(s g Pd))
R gas constant (J/)K mol))
T temperature (K)
z charge number
αn charge transfer coefficient for reaction n
θi Fractional occupancy of sites with species i
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