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Abstract

The catalytic reduction of CO2/CO is key to reducing car-
bon footprint and producing the chemical building blocks
needed for society. In this work, we performed a theoret-
ical investigation of the di�erences and similarities of the
CO2/CO catalytic reduction reactions in the gas, aqueous
solution, and aprotic solution. We demonstrate that bind-
ing energy serves as a good descriptor for gaseous and aque-
ous phases and allows categorizing catalysts by reduction
products. The CO vs. O and CO vs. H binding energies for
these phases gives a convenient mapping of catalysts regard-
ing their main product for the CO2/CO reduction reactions.
However, for the aprotic phase, descriptors alone are insuf-
�cient for the mapping. We show that a microkinetic model
(including the CO and H binding energies) allows spanning
and interpreting the reaction space for the aprotic phase.

Introduction

There is a call for turning the fossil based chemical industry
into a sustainable one. A promising solution is the electro-
catalytic production of carbon chemicals powered by elec-
tricity from renewable energy sources.1

Today, the chemical industry produces primary chemi-
cals such as methanol and high-value chemicals from an oil
and gas feedstock. The conversion occurs in gas-phase cat-
alytic reactions. Producing chemicals from syngas mixtures
CO2/CO+H2 is the future. These are the Reverse Water
Gas Shift (RWGS),2 the Fischer�Tropsch (FT) process,3,4

along with methanol (MeOH)5,6 and higher alcohols7 syn-
thesis Let us write these reactions as:

RWGS: CO2 + H2 H2O + CO (1)

FT: nCO + (2n+ 1)H2 CnH2n+2 + nH2O (2)

MeOH: CO + 2 H2 CH3OH (3)

The product selectivity foremost depends on the metal
catalyst and much less on the gas feedstock composition,
ranging from CO+H2 (syngas) to CO2/CO+H2 mixture.
Active metals such as iron (Fe), cobalt (Co), ruthenium
(Ru), and rhodium (Rh) are Fischer�Tropsch catalysts that
can produce long carbon chains. Nickel (Ni) is less active
and produces only methane (CH4), while copper (Cu) in
combination with oxophilic elements (e.g., Zn) can produce
methanol.
The electrochemical CO2/CO reduction reactions can en-

able the sustainable production of fuels and chemicals.8

In the aqueous phase, the electrochemical CO2/CO re-
duction reactions give carbon monoxide (CO), formic acid
(HCOOH), high-value chemicals (e.g., CH4, C2H4), and

competitive hydrogen (H2). Let us write these reactions as:

HER: 2 (H+ + e�) H2 (4)

CO: CO2 + 2 (H+ + e�) CO + H2O (5)

HCOOH: CO2 + 2 (H+ + e�) HCOOH (6)

beyond CO∗: nCO2 + m (H+ + e�)

CnOn�pHm�2p + pH2O (7)

Here ∗ denotes the adsorbed species.
Similar to the gas-phase reductions, the selectivity in the

aqueous phase depends on the metal catalyst. CO is pro-
duced on 11/12th group metals (Ag, Au, Zn) and HCOOH
on p-block metals (Cd, In, Tl), high-value chemicals on Cu
(labeled as �beyond CO∗ products�). At the same time the
competitive hydrogen evolution reaction (HER) takes place
at the active metals (Fe, Ni, Pd, Pt). Note that we write
formic acid as HCOOH although, above pH of 3.75, it is
mainly in the form of HCOO�.
Beyond the reduction reactions in the gaseous and aque-

ous phases, the aprotic non-aqueous electrochemical energy
conversion of CO2/CO should also be considered a promising
method of reducing CO2/CO via renewable energy. On the
one hand, the absence of �easy� protons from H2O in aprotic
solutions prevents the competitive hydrogen evolution re-
action (HER). Even a small admixture of water markedly
enhance the HER kinetics, as demonstrated for Pt.9 In the
other hand, traces of H2O or other proton sources is bene�-
cial for CO2/CO reduction to protonated species, as shown
by the importance of H2O for high-value carbon products
on Cu(100).10 Additionally, the aprotic electrolytes can con-
tain speci�c compounds which have a blocking e�ect on the
catalyst materials, such as the CN functional group in ace-
tonitrile adsorbing on platinum electrodes.11

In the aprotic phase, electrochemical CO2/CO reduction
reactions produce mainly oxalate (C2O

2�
4 which we denote

in the text below as C2O4) and CO.12 For CO production,
which is carried out by protons and electrons in the aqueous
phase, the reaction in the aprotic phase is assumed to occur
through an oxygen species (O�∗ which we denote in the text
below as O∗) or carbonate (CO 2�

3 ):13,14

CO: CO2 + e� CO + O�∗ (8)

CO: 2 CO2 + 2 e� CO + CO 2�
3 (9)

C2O4: 2 CO2 + 2 e� C2O
2�
4 (10)

These aprotic reactions are less studied than both the
aqueous electrochemical and the gas-phase CO2/CO reduc-
tion reactions.
Several examples show that aprotic reduction di�ers from

aqueous one. In the aqueous phase, Cu produces a range

1



of products beyond CO∗. However, in acetonitrile (apro-
tic phase), Figueiredo et al. showed that the main reaction
products from CO2 reduction at Cu are carbonate, bicarbon-
ate, and CO,15 suggesting the carbonate reaction pathway.
More active catalysts such as Fe/Ni sul�des show HER in
aqueous and methanol electrolytes. However, the dominant
HER is limited when changing the solvent/electrolyte.16

We should make a particular note for some electrolytes,
such as methanol, where the behavior of protonation or ac-
cess to protons can be similar to aqueous electrolytes. One
example of this is shown by Ohta et al. for methanol-based
supporting electrolytes on various metal electrodes at am-
bient temperature and pressure.17 Besides controlling the
electrolyte, the reference electrode can also be a challenge,
as in the experiments by Ikeda et al.,12 which was partly
contaminated by Ag/Ag+, as discussed by Tomita et al.18

In summary, we considered two important experimental
conditions that could lead to a wrong conclusion when carry-
ing out the analysis: i) water contamination and ii) electrode
contamination. With this in mind, we investigated whether
there is some relation between the product selectivity and
the metal catalyst. We hypothesized that the CO2/CO re-
duction reaction in the three phases (gaseous, aqueous, and
aprotic) i) involve similar reaction intermediates, and ii) lead
to di�erent products depending on the catalyst and condi-
tions. To investigate this hypothesis, we set out to explore
two scienti�c questions:

� What are the catalytic di�erences and similarities be-
tween the gas, aqueous and aprotic phases for the
CO2/CO reduction reaction?

� How are the aprotic CO2/CO reduction reactions
products determined as a function of condition and
catalyst?

To answer the �rst question, we focus on descriptors rather
than reaction schemes, thus, abstracting away from the com-
plete analysis of numerous pathways. In this way, we give a
combined descriptor view of these reactions for direct com-
parison � to learn about the similarities and di�erences that
dominate the reactions � without discussing the detailed
mechanisms.
Previosly, we have built a classi�cation scheme for the

electrochemical reduction of CO2/CO in the aqueous phase
(see Ref. 19) for comparing metal catalyst performance for
the CO2 reduction reaction. The scheme shows that CO2 re-
duction on di�erent metal surfaces can be divided into four
groups based on the ∆EH∗ and ∆ECO∗ binding energies.
This scheme shows the unique properties of the Cu cata-
lyst compared to the other metals. Cu can bind CO without
having H underpotential deposited, which we consider a pre-
requisite to allowing the reduction of gaseous CO.
In this work, we use the binding energy descriptors, which

could have chemical importance for the reactions in the
di�erent phases: ∆ECO∗, ∆EH∗, ∆EO∗, ∆EOH∗, ∆EC∗,
∆ECOOH∗, ∆EHCOOH∗, along with the work function of the
metals. One may think that these descriptor investigations
needs to be under the assumptions that (a) the catalysts are
a�ected by the environment in a similar way, (b) the trends
in the low coverage regime capture essential features of the
catalyst performance, and (c) the trends observed for given
active facets correlate to those on other facets, including
defects. However, when looking at the correlation between
products and descriptors, you do not need assumptions, as
long as the descriptor used is intrinsically related to the ma-
terial and easy to obtain.

Note that these descriptor investigations are done under
the assumptions that (a) the catalysts are a�ected by the
environment in a similar way, (b) the trends in the low cov-
erage regime capture essential features of the catalyst per-
formance, and (c) the trends observed for given active facets
correlate to those on other facets, including defects.
To answer the second question about the reduction in the

aprotic phase, we built a microkinetic model accounting for
the potential of protons (water) similarly to the experiments
on Sn20 and Pt,18 where the H2O content was varied. We
validated the model on a series of aqueous,21 aprotic,12 and
CO2 pressure experiments.22 Finally, we extrapolated the
model across the ∆ECO∗ vs. ∆EH∗ description found for
aqueous CO2 electroreduction.

Results and discussion

Classi�cation analysis

Figure 1 shows the classi�cation scheme extended to in-
clude the gaseous and aprotic phases. Figures 1a�c present a
cropped periodic table with the main products indicated by
di�erent colors. Below them, Figures 1d�f show the ∆ECO∗

vs. ∆EO∗, ∆ECO∗ vs. ∆EH∗, and ∆ECO∗ vs. ∆EH∗ de-
scriptor plots used for the gas, aqueous and aprotic phases.
These descriptors are chosen since they represent the clearest
grouping of elements according to product (highlighted with
color). In the descriptor plots, the data is displayed with the
BEEF-vdW23,24 error ellipse with respect to the Cu(111)
facet. At the same time, the catalysts without a product
in the above periodic table are left as a black point marker.
The horizontal line depicts the CO binding vs. CO(g) and
the vertical line depicts ∆G = 0 for H∗ 1

2
H2 (which dis-

tinguishes HUPD catalysts, i.e., Under Potential Deposited
hydrogen catalysts).
Figures 1a and 1d focus on the gas-phase, where the most

insightful are the ∆ECO∗ vs. ∆EO∗ descriptors. Other de-
scriptor plots have been tested and are shown in supple-
mentary Figure S1. Note that the ∆EO∗ descriptor for the
gas-phase reactions is known to be important and has previ-
ously been used to describe the NiGa and the CuZn catalyst
system performance for methanol synthesis from CO2.

5

The metal catalyst data in Figures 1a and 1d illustrates
that a Fischer�Tropsch catalyst (red) binds CO∗ and O∗

strongly, indicating that these catalysts can potentially bind
and dissociate CO into C and O on the surface, which then
gets reduced by H2. Ni has moderate CO∗ and O∗ bind-
ing, which we believe allows Ni to reduce or dissociate CO.
However, due to the moderate binding, Ni does not have a
high carbon species coverage, producing only methane (yel-
low). Pd and Pt are given a blue, CO∗ binding color, as
these catalysts bind CO∗ strong and O∗ weak. That means
that they get poisoned by CO∗ due to the poor oxygen bind-
ing energy, which does not allow them to dissociate CO∗ or
getting the carbon o� the active catalyst. For Cu, which
catalyzes methanol (cyan) and higher alcohols formation in
the gaseous phase,7 the CO∗ and O∗ binding is weak but
seems to be enough to bind CO∗. That is given by the fact
that Cu is just below our horizontal line of binding CO∗ vs.
not binding CO∗. However, one should bear in mind that
the chemical potential of CO in a gas-phase experiment can
be varied signi�cantly. These binding properties do not al-
low for the dissociation of CO∗ but instead for protonation
of CO∗ toward the alcohol species, which can also desorb
because of the weak carbon bond.

2



Figure 1: Cropped periodic tables with the main products and descriptor analysis of gaseous (a,d), aqueous (b,e), and aprotic
(c,f) phase for CO2/CO reduction reactions. Colors from the periodic table are used in the descriptor �gure below. For
the gaseous phase, the best visualization is CO∗ vs. O∗, while for the aqueous and aprotic phase, it is CO∗ vs. H∗. Other
visualizations are given in supplementary. Note the oxalate and CO product mixing for the Cd, In, Sn and Hg, Tl, Pb
catalysts for the aprotic phase. Note that Pt catalytic performance is chosen from Tomita et al.,18 since Ikeda et al.12 has
been contaminated by the Ag/Ag+ reference electrode. References used for products 2�6,12,18,19,21.

Figures 1b and 1e present the aqueous phase analysis of
∆ECO∗ vs. ∆EH∗ for the CO2 reduction reaction.19 There
is a group of metals having HUPD, which only produces H2

(red). There are two groups which do not bind CO∗, giving
either CO gas (blue) or formic acid HCOOH (yellow), de-
pending on the H∗ coverage during the reaction. Finally, Cu
stands out as it binds CO and does not have HUPD, giving
a range of di�erent products (green).
Figures 1c and 1f show a puzzling picture of the aprotic

CO2 reduction on the ∆ECO∗ vs. ∆EH∗ descriptors plot.
Other descriptor plots are shown in supplementary Figures
S2�S3; however, it was impossible to �nd a visualization
that allows us to distinguish and give a clear representation
of the CO and oxalate product formation from a descriptor
analysis of the metal catalysts. Even correctly assigning
the main product of the reduction by color in Figure 1c is
challenging, as pointed out in the introduction. In this work,
data by Ikeda et al.12 is used, but for Ni, Pd, Pt, and Cu we
only draw a blue frame around the elements as we believe
these can have been contaminated by the Ag/Ag+ reference
electrode � this suspicion is based on the observation of a
CO (blue) product formation, which is found on Ag. For
Pt, noted by an asterisk, the experiment by Tomita et al.18

is used and gives the oxalate (cyan) product.
In the aprotic phase, the Cd, In, and Sn elements produce

mainly CO, while Hg, Tl, and Pb produce oxalate. That dif-
fers from the aqueous phase, where the p-block metals (Cd,
In, Sn, Hg, Tl, and Pb) catalyze the formic acid formation.
Carrying out analysis of several binding energies and work
functions (see Figure S3) as descriptors for these elements
in the periodic table, the descriptors for these metals are
similar. Hence, the presented descriptor analysis does not
distinguish between the di�erent catalytic materials in the

aprotic phase. Furthermore, the product formation in the
aprotic phase di�ers from the gaseous and aqueous phases.
One example is that Pt and Hg � an active and inactive cat-
alyst � both produce oxalate � albeit with di�erent catalytic
properties.
The di�erence observed between the gaseous, aqueous,

and aprotic phases is that the driving force in the gaseous
phase is given by the pressure di�erence and the temperature
allowing the reaction to overcome the barrier for dissociation
of CO. In contrast, in electrocatalysis, the reaction is driven
by the potential. While the pressure can be varied, partic-
ularly in aprotic solutions, the temperature is typically low
compared to gaseous phase, which limits the dissociation of
molecules.
From the observed similarities, we can see that the carbon

binding energy, in our case the CO∗, is a crucial parameter
across the three di�erent phases of CO2 reduction at the
metal catalyst investigated here.

Microkinetic model

The classi�cation analysis reveals a complicated picture for
the aprotic CO2 reduction. Namely, as can be seen in Fig-
ure 1f, metals grouping does not distinguish between product
formation. To clarify the picture, we formulated a simple mi-
crokinetic model to investigate how the product distribution
varies with the concentration of H2O and CO2, see supple-
mentary information for details. Microkinetic models can be
formulated in various ways, and we consider our model as
extremely simple with multiple assumptions to have a few
parameter where we know exactly what they mean for the
model and do not allow us to "over-�t" our experiments.
In the model, we assume that a charged CO ∗2 reacts with
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CO2 forming the carbonate intermediate and CO as pro-
posed in literature14 (CO reaction 9), whereas coupling two
charged CO ∗2 leads to C2O4. Utilizing these reaction path-
ways for our microkinetic model works well at describing the
change in product distribution when varying the concentra-
tion of H2O and CO2 in the following rate expressions:

rH2 = θ · kH2 · n
2
H2O

· exp

(
−∆EH∗

kBT

)
(11)

rCO = θ · kCO · n2
CO2

· exp

(
−

∆ECO ∗
2

kBT
+

∆ECO∗

kBT

)
(12)

rHCOOH = θ · kHCOOH · nH2O · nCO2 · exp

(
−

∆ECO ∗
2

kBT

)
(13)

rC2O4 = θ2 · kC2O4 · n
2
CO2

· exp

(
−

2∆ECO ∗
2

kBT

)
(14)

1

θ
=

1 + nH2O · exp(−∆EH∗/kBT )
+nCO · exp(−∆ECO∗/kBT )

+nCO2 · exp(−∆ECO ∗
2
/kBT )

(15)

where kH2, kCO, kHCOOH, and kC2O4 are four prefactors to
adjust the absolute rates (these can be considered �tting
parameters) and has the unit of s−1, nH2O and nCO2 is the
concentration, ∆EH∗, ∆ECO ∗

2
and ∆ECO∗ are the respective

binding energies, θ is the number of free sites, and kBT is the
product of the Boltzmann constant and temperature. The
assumptions made in deriving Eqs. 11�14 are given in the
supplementary.
Recently, Rohr et al. formulated a similar microkinetic

model for Pt.13 Their model includes a dissociation step of
CO2 into CO and O∗ (CO reaction i 8). Experimentally, for
gas-phase catalysis, the dissociation reaction of CO2 to CO
and O∗ and the subsequent formation of a carbonate species
was shown on a Cu/Pt(111) system.25 However, at a low
temperature and electrolyte environment, the dissociation
pathway may be challenging. Furthermore, the CO2 dissoci-
ation model is challenged by the CO and C2O4 dependence
on concentration found by Gennaro et al.22

Figures 2a and 2c show the product formation from CO2

reduction experiments18,20 on Sn and Pt with varying con-
centration of water (nH2O). As the water content is de-
creased, the solubility of CO2 goes up, and hence the CO2

concentration is increased. Furthermore, as experiments
are carried out at constant current, the absolute poten-
tial decreases with decreasing water content to obtain sim-
ilar currents. Hence, the experiments in Figures 2a and
2c goes from −2 V to −3.2 V vs. Fc/Fc+ when decreas-
ing the water content. Speci�cally for the reactions involv-
ing CO2, it is to be noted that the CO2 reduction poten-
tial to CO �

2 has been estimated to be −1.9 V, based on
E◦(Tl+/Tl(aq)) = −1.94 V.26 To simplify our model, and
since calculating CO �

2 is a challenge, we assume the acti-
vated CO �

2 to have a constant strong binding. Furthermore,
we assume a constant low pressure of CO.
Figures 2b and 2d show the predicted product distribution

from the microkinetic model when the four parameters have
been adjusted to the experimental data from Figures 2a and
2c. As the model results follow the experimental results
well, it illustrates that this model can explain the product
distribution from the two di�erent catalysts when only using
the ∆EH∗ and ∆ECO∗ binding energies for Pt and Sn across
orders of magnitude in water content.
Figure 3 shows four bar plots of the experimental data

in (a) aqueous phase and (c) aprotic phase to be compared
with the model predictions in (b) aqueous phase and (d)
aprotic phase. Figures 3a and 3c use the experimental total
faradaic e�ciency as measured, whereas the data in Figures
3b and 3d is normalized to 100%. This comparison further
validates the model by testing the model for other metal
catalysts with di�erent binding energies to Pt and Sn.
In aqueous electrolyte (Figures 3a and 3b), the model pre-

dicts HER for Fe, Ni, and Pt, similarly to the experimental
results. As the model does not include a rate term for be-
yond CO∗ products, the prediction for Cu is naturally not
beyond CO∗ products. Instead, the model predicts formic
acid, which agrees nicely with experimental results on Cu27

showing major H2 and formic acid formation when discard-
ing beyond CO∗ products. Most interestingly, Ag and Au
have di�erent binding energies to both Pt and Sn, and our
model predicts major CO formation, which is similar to the
experimental results. However, the microkinetic model re-
lies on the CO and carbonate pathway (Eq. 9), which di�ers
greatly from the proposed proton�electron pathway (Eq. 5)
and which is typically modeled by a critical COOH∗ inter-
mediate.28 Hence it seems that the carbonate reaction could
be important for the reaction. The carbonate species were
identi�ed on Cu at intermediate potential (−0.3�0.3 V vs.
RHE) by in situ surface-enhanced infrared absorption spec-
troscopy (SEIRAS)29 and simulated as an essential inter-
mediate in cyclic voltammetry on Cu.30 Furthermore, our
model predicts that Ag and Au have formic acid as a minor
product, while the experiments show them to have minor
HER.
Finally, for the metals experimentally producing formic

Figure 2: Comparison of the faradaic e�ciency of prod-
ucts from CO2 reduction reaction experiments by varying
the H2O content on (a) Sn and (c) Pt and the predicted
product distribution from the microkinetic model for (b) Sn
and (d) Pt. Experimental data from Refs. 18,20

.

4



Figure 3: Comparison of the faradaic e�ciency of products
from CO2 reduction reaction experiments in (a) aqueous
and (c) aprotic phase and the predicted product distribu-
tion from the microkinetic model in (b) aqueous and (d)
aprotic phase. For Cu, there is not included a speci�c reac-
tion for beyond CO∗ products in either phase. Note that (c)
shows only the reported products for the metals from Ikeda
et al.,12 where Ni, Pd, Pt, and Cu catalytic performance is
probably contaminated by Ag/Ag+ reference electrode.

acid, our model predicts a mix of CO and formic acid, with
weight on formic acid production.
In aprotic electrolyte, the experiments in Figure 3c dis-

play the results only from Ikeda et al.,12 where parts of the
metal catalytic performance is probably contaminated by
the Ag/Ag+ reference electrode, as mentioned above. Figure
3d shows the microkinetic model predicted product distribu-
tion for the aprotic solution, where the water content is set to
nH2O = 10−3. However, the level of H2O present is unknown
for the experimental results. For Fe, the model predicts pri-
marily HER, which is also present at lower faradaic e�ciency
in the experiments. Besides this, the model predicts oxalate
for the metals that bind CO∗ (similar to Pt), and CO with
oxalate as a minor product from the metals that do not
bind CO. Interestingly enough, Au and Ag are again pre-
dicted correctly by the model. In contrast, the model does
not describe the inactive p-metals producing oxalate com-
pared to experimental faradaic e�ciency. This discrepancy
is important and is elucidated upon and discussed in the
next section.
Figures 4a and 4b show the product distribution in apro-

tic electrolytes (nH2O = 10−3) by varying the nCO2 concen-
tration for the Sn and Pt catalyst, respectively. Figure 4b
shows the product distribution for Pt, which according to
the model, produces mainly oxalic acid in the shown nCO2
concentration range. For the Sn catalyst, as shown in Fig-
ure 4a, the microkinetic model predicts oxalate formation
at low nCO2 concentrations and CO at high concentrations.

Figure 4: Predicted product distribution from the microki-
netic model by varying the CO2 concentration/pressure at
(a) Sn and (b) Pt catalyst.

The latter result illustrates what could be seen in the exper-
imental results for the p-metal catalysts by Ikeda et al.,12

which switch between CO and oxalic acid production. It
thus seems likely that the production of CO or oxalic acid
is highly dependent on the accessibility or pressure of CO2.
That was also shown for experiments on Hg by Gennaro et

al.,22 where low concentrations of CO2 produce oxalate and
high concentrations of CO2 produce CO. Note that these
�ndings come directly out of the model due to the di�erence
in rCO and rC2O4 which have θ and θ2, respectively (see Eqs.
12 and 14). For the reaction mechanism, it means that ox-
alate requires two CO ∗2 at the surface, while the production
of CO only requires one CO ∗2 at the surface in combination
with one in solution.
Figure 5 presents the calculated product distribution in

the ∆ECO∗ vs. ∆EH∗ picture, with the metals co-plotted
(crosses) and the reference experimental results for Pt and
Sn as square markers. This is valuable, as the CO∗ binding
is important for the reactions in combination with the H∗

binding energy in order to explain the HER. In Figure 5, the
concentrations of water (nH2O) and CO2 (nCO2) are varied
to show (a) aqueous phase, (b) aqueous phase with high
CO2 pressure, (c) aprotic phase and (d) aprotic phase with
high CO2 pressure. The ∆ECO∗ vs. ∆EH∗ illustrates how
the product distribution behaves in four di�erent �electrolyte
settings� with respect to nH2O and nCO2.
Comparison of Figure 5a with Figure 5b reveals the ef-

fect of increasing the CO2 pressure on the aqueous phase
CO2/CO reduction. The microkinetic model simulations
here show that highly active metals Pd, Ni, Pt, etc., can
reduce CO2 at high pressures, which is in line with the high-
pressure experiments in aqueous electrolytes.31,32 The ex-
periments show that the active metals produce formic acid
(green area), which aligns with the model predictions. For
beyond CO∗ products for Cu, high-pressure CO2 experi-
ments on Cu show a limited HER and increased CO2 re-
duction products.33 However, this is not captured by the
model, as a rate term for beyond CO∗ products is not in-
cluded. Note that at much higher pressures, above 73.8 bar,
CO2 reaches its supercritical conditions, and the model could
break down. Experiments with supercritical CO2 prevent
signi�cant hydrogen evolution and increases the production
of hydrocarbons, organic acids, or alcohols.34

Moving from the aqueous to the aprotic environment, from
Figure 5a to Figure 5c, show that the H2 signal (red area) al-
most disappears and C2O4 (cyan area) production becomes
dominant instead of formic acid (green area). Interestingly
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Figure 5: Predicted product distribution from the microki-
netic model in the ∆ECO∗ vs. ∆EH∗ description for elec-
trochemical CO2 reduction. The nH2O and nCO2 conditions
for (a) can be considered aqueous phase, (b) aqueous phase
with high CO2 pressure, (c) aprotic phase with normal CO2

pressure, and (d) aprotic phase with high CO2 pressure. The
metals are co-plotted (crosses) and the reference experimen-
tal results for Pt and Sn as square markers

enough, it shows that formic acid does indeed need protons,
while the CO reaction does not. Further increasing the CO2

pressure, from Figure 5c to Figure 5d, illustrates how H2

product formation is further limited, but importantly also
shows the competition between CO and C2O4 products. The
�gures show that increasing the CO2 pressure increases the
rate of CO production as compared to oxalate. We should
make a �nal note on metallic Ir, which seems to produce
HCOOH under all tested conditions.

Conclusions

In conclusion, we have carried out a classi�cation analysis
for gaseous, aqueous, and aprotic phases to determine the
descriptors for the product distribution of the CO2/CO re-
duction reactions. We have derived a microkinetic model
and identi�ed the most critical model parameters for ana-
lyzing the product distribution dependence on the H2O and
CO2 concentration.
The classi�cation analysis shows that the ∆ECO∗ and

∆EO∗ descriptors are signi�cant for the gaseous phase. Dif-
ferently, for aqueous and aprotic phases, ∆ECO∗ and ∆EH∗

are more appropriate. That is because the dissociation
mechanism is dominant for the gaseous phase (at elevated
temperatures), while in electrolytes the association mecha-
nisms prevail (at ambient temperatures). The aprotic phase
requires more careful analysis due to the lack of reliable ex-
perimental data and the need for accounting concentrations
via microkinetic modeling.
Using a few assumptions and parameters, our microki-

netic model gives two exciting insights into the reaction: i)
a carbonate pathway can model the CO product formation
both in the aqueous and aprotic phase in agreement with
the experiments; ii) the oxalate and CO product mixing in
aprotic media is probably a result of changing the CO2 con-
centration. The model shows that oxalate is formed from
two adsorbed CO2 and CO � from one adsorbed CO2.
Although reaction for the high-value products from aque-

ous Cu (beyond CO∗ products) is not included in our model.
The experiments, our classi�cation analysis, and the mi-
crokinetic model support that the high-value products ob-
served from CO2RR is a result of the combination of unique
binding energies for the Cu catalyst and the aqueous envi-
ronment, as previously found.10

Experimental

The simulations were run using ASE35 with �xed bottom
layers for four-layered metal slabs. A series of adsorption
sites were tested, and the most stable sites were selected.
The electronic calculations are carried out at the Gener-
alized Gradient Approximation Density Functional Theory
(GGA-DFT) level of theory, with the projector augmented
wave method together with the BEEF-vdW functional23,24

as implemented in the GPAW software.36,37 A k-point sam-
pling relevant for the speci�c structure, a grid-spacing of
0.18 Å, a vacuum of 10 Å was applied, and all the structures
were relaxed to a force below 0.05 eV/Å.
Structures with total energies, ensembles, and the plotting

method are available on the webpage (http://nano.ku.
dk/english/research/theoretical-electrocatalysis/

katladb/), including the script to run the microkinetic
model.
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Supporting Information

Catalytic CO2/CO Reduction: Gas, Aqueous and Aprotic phase.

Alexander Bagger, Oliver Christensen, Vladislav Ivani²t²ev and Jan Rossmeisl

Figure S1: (a) CO vs. H, (b) CO vs. OH, and (c) C vs. O descriptor analysis for the gas-phase products given in the periodic
table in Figure 1a.

Figure S2: (a) COOH vs. HCOO, (b) COOH vs. H, (c) HCOO vs. H, (d) CO vs. O, and (e) C vs. O descriptor analysis for
the aprotic phase products given in the periodic table in Figure 1c.
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Figure S3: (a) H vs. work function, (b) COOH vs. work function, and (c) CO vs. work function descriptor analysis for the
aprotic phase products given in the periodic table in Figure 1c.
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Microkinetic model

Our microkinetic model employs four rate expressions 11�14 for the H2, CO, HCOOH, and C2O4 formation:

rH2 = θ · kH2 · n
2
H2O

· exp

(
−∆EH∗

kBT

)
(11)

rCO = θ · kCO · n2
CO2

· exp

(
−

∆ECO ∗
2

kBT
+

∆ECO∗

kBT

)
(12)

rHCOOH = θ · kHCOOH · nH2O · nCO2 · exp

(
−

∆ECO ∗
2

kBT

)
(13)

rC2O4 = θ2 · kC2O4 · n
2
CO2

· exp

(
−

2∆ECO ∗
2

kBT

)
(14)

where kH2, kCO, kHCOOH and kC2O4 are four parameters to adjust the absolute rates, nH2O and nCO2 are the concentration or
pressure, ∆EH∗, ∆ECO ∗

2
and ∆ECO∗ are the respective binding energies, θ is the number of free sites, and kBT is the product

of the Boltzmann constant and temperature.
When deriving Eqs.11�14:

1. We assume H2O to be in equilibrium with (H+ + e−);

2. We only consider high overpotential (low absolute potential);

3. We only account for forward reaction rates;

4. We use Henry isotherm to describe the adsorption;38

5. We apply Bell�Evans�Polanyi (BEP) relation with the coe�cient of 1 for estimating the reaction barriers;39

6. We approximate barriers for the desorption process and all free energies with corresponding dinging energy values
(∆E).

The �rst assumption allows us to use the water concentration as a probe for the proton reactions. The second assumption
allows us to assume that the electron transfer to CO2 is always possible, and the reaction is only limited by the CO2 and H2O
concentrations in the solution. Et seq. assumptions simplify the derivation of Eqs. 11�14.

Hydrogen evolution reaction

For hydrogen evolution, the proton concentration is proportional to the water content in solution and its reduction reaction
is rather well known:

2 (H+ + e�) + ∗ (H+ + e�) + H∗ H2 (16)

Here we equalize the activation energy barrier to the H+ binding energy using the BEP relation and assuming weak bonding
of the reaction intermediate.40 An overview of di�erent microkinetic modeling approaches can be found in Ref. 41.

Oxalic acid formation

For oxalic acid, the reaction is straightforward, as it is only two CO2 molecules reacting with each other:

2 CO2 + 2 e� + 2 ∗ 2 CO �∗
2 C2O

2�
4 (17)

Here we equalize the activation energy to the double of CO �∗
2 binging energy assuming that the C C bond formation is

barrierless and ∆EC2O
∗
4

≈ 2∆ECO ∗
2
.

Formic acid formation

For formic acid (HCOOH), we consider the reaction toward HCOO− as this is probably the produced species in experiments
(with pH > pKa(HCOOH)). Among various possible pathways, we tested the following two:

i) CO2 + H+ + 2 e� + ∗ CO �∗
2 + H+ + e� HCOO� + ∗ (18)

ii) CO2 + H+ + 2 e� + 2 ∗ CO �∗
2 + H∗ HCOO� + 2 ∗ (19)

To derive Eq. 13, we use the pathway 18 , as it shows acceptable agreement with the experimental data.
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Carbon monoxide formation

For the formation of CO, there are also several reaction paths, and CO also needs to be able to dissociate from the surface.
Getting CO to dissociate from the surface is determined by:

CO∗ CO(g) + ∗ (20)

rCO = θCO∗ · k′CO · exp

(
∆ECO

kBT

)
(21)

The most crucial part of our model is the pathway choice for the forward reaction from CO2 to CO∗. Among various
possible pathways, we tested the following four:

i) CO2 + 2 H+ + e�) + ∗ COOH∗ + (H+ + e�) CO∗ + H2O (22)

ii) CO2 + (H+ + e�) + 2 ∗ COOH∗ + ∗ CO∗ + OH∗ (23)

iii) CO2 + 2 ∗ CO∗ + O∗ (24)

iv) 2 CO2 + 2 e� + ∗ CO �∗
2 + e� + CO2 CO∗ + CO 2�

3 (25)

The pathway 25 showed the greatest agreement with the experimental data and is thus used in our model. Herewith, the
reactions toward OH* (23) and O* (24) can cause the competing reduction to water.
In total, we consider the adsorption species of H, CO, and CO2 at the surface. We do not consider reaction pathways 23

and 24 that produce OH* and O* at the surface, and we do also not consider CO 2�
3 , HCO �

3 , or HCOO
� to adsorb at the

surface at these low potentials. Hence, the number of free sites on the surface is then given by:

θ = 1 − θH∗ − θCO∗ − θCO ∗
2

=
1

1 + nH2O · exp
(
−∆E

H∗
kBT

)
+ nCO · exp

(
−∆E

CO∗
kBT

)
+ nCO2 · exp

(
−

∆E
CO ∗

2

kBT

) (26)

Combination of pathways 16�18, and 25 gives rate expressions 11�14, which in turn are visualized in Figures 2�4 (for
discussion, see the article).
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