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Abstract

The well-known hydrogen evolution reaction (HER) volcano plot describes the relationship
between H binding energy and the corresponding hydrogen evolution catalytic activity, which
depends on the species of metal. Under CO,/CO reduction conditions or in cases where CO
impurities enter electrodes, the catalyst may exist under a high coverage of co-adsorbed CO.
We present DFT calculations that suggest that co-adsorbed CO during hydrogen evolution will
weaken the binding strength between H and the catalyst surface. For metals on the right-hand
side (too weak of hydrogen binding) this should lead to a suppression of the HER, as has been
reported for metals such as Cu and Pt. However, for metals on the left-hand side (too strong of
hydrogen binding), this may actually enhance the kinetics of the hydrogen evolution reaction,
although this effect will be countered by a decreased availability of sites for HER, which are
blocked by CO. We performed experiments in Ar and CO4 environments of two representative
metals that bind CO on the far right- and left-hand side of the volcano, namely Cu and Mo

(respectively). On Cu, we find that the CO2 environment suppresses HER, which is consistent
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with previous findings. However, on Mo we find that the CO» environment enhances HER in
the kinetically active region. This helps to explain the outstanding performance of copper in
CO, reduction and suggests that searches for high-selectivity CO2/CO reduction catalysts may
benefit from focusing on the right-hand side of the HER volcano. This also suggests principles
for assessing the activity of catalysts for fuel cell and electrolysis reactions in which impurities

such as CO may be present.

Electrocatalytic reactions are seen as a key technology for the energy industry, as they allow for
the interconversion of chemical and electrical energy. Two key electrocatalytic reactions that can
convert electrical energy into stored chemical energy are the hydrogen evolution reaction (HER)
and the electrochemical reduction of CO,. The HER continues to attract attention for many rea-
sons. In areas where the production of hydrogen gas is desired — such as for direct fuel usage in
fuel cells or rockets, or as a feedstock for Fischer-Tropsch synthesis, Haber-Bosch ammonia fixa-
tion, or biomass hydrodeoxygenation — robust, efficient catalysts for the production of hydrogen
would help to enable these processes to switch from fossil-derived H, to renewable H,.!? How-
ever, in some desired aqueous electrochemical processes, such as the electrocatalytic reduction of
CO, or the electrochemical synthesis of NH,, HER is competitive with the desired electrochemi-
cal reaction. Key products of CO, reduction have equilibrium potentials close to that of hydrogen
evolution; e.g., -0.10 V for CO and +0.08 V for C,H, (both reported versus reversible hydrogen
electrode, RHE, which is the equilibrium potential for HER). This suggests that adjusting the re-
action thermodynamics with voltage will have limited effects on tuning the selectivity, and instead
catalytic selectivity must be employed. It is challenging to control the catalytic activity for these
reactions, and this requires a better understanding of the catalytic mechanism in a practical envi-
ronment.

From an atomic-scale perspective, HER on a transition metal surface is considered to proceed
via an adsorbed H atom intermediate by some combination of Volmer, Heyrovsky, and Tafel steps,

as shown for the two series below: >~
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where * represents a vacant site on the surface and Hx represents a surface-bound hydrogen. In
either reaction sequence, the single adsorbate of interest is a bound hydrogen atom, which suggests
the binding strength of H to a catalyst surface will be a key predictor of performance.

Well before density functional theory (DFT) calculations were available to predict hydrogen
bonding strength to surfaces, a volcano-shaped relation was suggested between the experimentally

observed HER catalytic ability and the measured hydrogen adsorption heat;%

in recent years,
this was confirmed to be related to the strength of hydrogen bonding to the catalyst surface as
calculated with electronic structure methods. *!! In the later works, DFT was employed to calculate
the chemisorption energies on a variety of metals and relate it to the HER exchange current density
from experiment. The correlation shows a “volcano plot” with Pt near the peak region where
the H adsorption free energy is close to zero. This relationship can be explained by the Sabatier
principle, which states that the interaction between a catalyst and the reaction intermediates should
be “not too strong” and “not too weak” in order to give the best performance. In the case of HER,
if H adsorbs to a surface too strongly, desorption steps will be slowed; if the adsorption is too
weak, the energetics of forming the intermediate are difficult, which in either case results in a high
overpotential requirement. This makes the binding strength of hydrogen a simple, useful descriptor
of catalytic HER activity.

In addition to the catalyst composition and structure, the binding energy of a molecule on a
metal surface is affected by the local surface environment. A well-known experiment carried out
by Hori and coworkers'? showed that with copper electrodes, a delay in the hydrogen evolution
onset potential is evident when the atmosphere is changed from Ar to either CO or CO,, which

can be attributed to CO “poisoning” of the catalyst surface. (We note that we use the term “poi-

soning” to indicate a degradation in catalyst performance, not a complete elimination of catalyst



activity.) Since both CO, and CO lead to the delayed onset of HER, this is in agreement with
many experimental and theoretical studies that suggest that CO is the primary intermediate in CO,
electroreduction; > in other words, it is the presence of co-adsorbed CO on an electrode sur-
face during HER that delays hydrogen evolution activity. CO has been known to poison fuel cell
electrodes and oxygen reduction materials by adsorbing to reactive sites.?!"2® However, in some
reactions, CO can act as a promoter as well: for example, it has been suggested to facilitate the
co-adsorption of OH on a gold surface, leading to enhanced CO self-oxidation.?” CO also pro-
motes methanol oxidation on gold which has been suggested to be due to enhanced C—H bond
breaking.?® Additionally, the decomposition of ethylene on an iron catalyst has been shown to be
promoted by adsorbed CO, which has been attributed to CO-induced surface reconstruction.

We hypothesized that the presence of co-adsorbed CO will have two predominant effects on
the HER activity of a metal catalyst: (1) it will weaken the binding energy of hydrogen, and thus
change the exposed surface’s inherent HER activity, and (2) it will block active sites, resulting in
a lower portion of the catalyst surface available for HER. The former effect could either promote
or poison HER, while the latter should only act to poison HER. We can therefore expect a material
such as Cu — which sits on the right side of the HER volcano — to exhibit decreased HER activity
during the process of CO, electroreduction, as both effects act to decrease its activity. However,
materials on the left-hand side of the HER volcano may exhibit a more nuanced response, with
the two effects competing. Recently, Shi et al.*® calculated just such a weakening in the hydrogen
binding energy at high CO coverages on Pt (111) and showed that this delay was consistent with
experimentally-observed delays in onset potentials observed for HER on Pt electrodes under CO,
reduction conditions. They also speculated that the peak of the volcano would “shift” towards more
reactive metals under high coverage conditions. Therefore, it would be interesting to understand
how the CO coverage can affect the H binding energy on a Cu metal surface and to experimentally
observe the response in practice.

Herein, we report theoretical and experimental approaches to explore these phenomena. We

have used DFT calculations to investigate the H binding energy on copper surfaces in the presence



of different coverages of CO; the results reveal the expected weakening in H binding energy with
realistic CO coverages. We carried out electrochemical experiments with a rotating disk electrode
to test limiting materials on each side of the HER volcano — namely, copper and molybdenum —
in the presence of both Ar and CO,. By presenting the polarization curves and product analyses, we
show that the HER catalytic activity can have opposite responses to co-adsorbates when sampling

materials from opposite sides of the volcano, as is predicted from theoretical calculations.

1 Methods

Computational Methods

Copper surface models were built in the Atomic Simulation Environment (ASE) and electronic
structure calculations were carried out using the planewave DFT calculator DACAPO?3!*? with the
exchange-correlation interactions treated by the RPBE functional® and the core electrons treated
with ultrasoft pseudopotentials.?* The plane wave cutoff was set at 340.15 eV and the density
cutoff at 500 eV with a Fermi smearing temperature of 0.1 eV. All surfaces were constructed
with 3x3x3 copper atoms with the bottom two layers fixed and the top layer relaxed. Periodic
boundary conditions were applied in all directions with 20 A of vacuum used to separate vertically
stacked slabs. A k-point sampling of (4x4x 1) was used, and a dipole correction was included in
the vacuum in the direction orthogonal to the slab surface. The line search BFGS algorithm was
used to optimize geometric configurations until the maximum force on any unconstrained atom
was less than 0.05 eV/A. To avoid artificial coverage patterns that may be seen on highly stepped
surfaces such as (211), we have chosen to study the low-energy close-packed (111) surface in order
to estimate the effect of adsorbed CO on the binding energy of hydrogen. The (111) surface was cut
from an fcc copper bulk crystal with a lattice constant of 3.7 A, reflecting the DFT-optimized lattice
parameters used in previous theoretical studies.!* A top view of Cu (111) is shown in Figure 1.
Equation (3) was used to calculate the binding energy of a hydrogen atom adsorbed on a copper

surface at various coverages of CO:



Eg[H] = E[H on surface with = CO| — (FE[surface with 2 CO| + E.[H]) 3)

E[H on surface with 2 COJ is the electronic energy with one H atom adsorbed at the preferred
site on the copper surface surrounded by = CO molecules, in the range + =0, 1, 2, 3, and 4. A
large configurational space exists for high-coverage configurations, especially for distinguishable
adsorbates. To increase the probability of finding the global minimum configuration, we took a
two-pronged approach: (1) We used “brute intuition” by examining a large number of probable
initial adsorption site combinations, and (2) we used the constrained minima hopping method3>-¢
to independently search for low-energy configurations. Details on the range of resulting energies
are provided in the Supporting Information, as are full details on the constrained minima hop-
ping method employed. FE[surface with 2z CO] is the electronic energy after the hydrogen atom is
removed and the system is optimized to the nearest local minimum.

As the coverage of H was kept constant at 1/9 ML, the binding energy of H refers explicitly
to the only H atom in each unit cell. For CO, we use the concept of incremental binding energy

to quantify the energy changes associated with additional adsorbates. The incremental binding

energy of CO without H was calculated as shown in equation (4):

Eg[CO] = E[z CO on surface| — (E[(x — 1) CO on surface] + FE,|CO]) 4)

E[z CO on surface] is the electronic energy of the most thermodynamically stable configuration
with 2 CO’s on the copper surface. E[(x — 1) CO on surface] is the electronic energy of the most
stable configuration with (x — 1) CO’s (rather than the re-optimized configuration after removing
one of the CO adsorbates). Instead of referring to a specific CO adsorbate, the incremental binding

energy only considers the most thermodynamically stable situations for different coverages of CO.



Experimental Methods

RDE voltammetry Cyclic voltammetry (CV) experiments were carried out with a rotating disk
electrode (RDE) (Pine Research Instrumentation) in a three-electrode cell at room temperature.
The working electrode was a pure, polycrystalline bulk metal disk electrode with a rotation rate
of 2000 rpm. Bulk copper (Kurt J. Lesker Company, 99.99%) and molybdenum (Kurt J. Lesker
Company, 99.95%) were manufactured as a disk by the Joint Engineering/Physics Instrument Shop
at Brown University to fit the rotator with the same shape and a surface area of 0.196 cm?. The
reference electrode employed was Ag/AgCl in 4 M KCI (Pine Research Instrumentation) and the
counter electrode was a Pt wire. The electrolyte was a potassium phosphate buffer containing
0.1 M KH,PO, (Sigma-Aldrich, > 98%) and 0.1 M K,HPO, (Sigma-Aldrich, > 98%) prepared
with ultra-pure deionized water from Millipore. The electrolyte was pre-electrolyzed for more
than 17 hours with a 3x4 cm? graphite foil (Alfa Aesar, 99.8% metals basis) as a cathode at a
current density of 0.025 mA/cm? in an argon atmosphere. After pre-electrolysis, experiments were
carried out at a fixed potential (-0.9 V vs Ag/AgCl in 4 M KCl) on a clean graphite foil working
electrode to be sure that the current did not increase with time, as an indicator of the removal of
impurity metal ions. All reported voltages were adjusted to the RHE scale by adding 0.202 V to
convert from Ag/AgCl (4 M KCl) to SHE and 0.059 V/pH unit to convert from the working pH to
RHE. The measured pH of the buffered solution was 6.8 under Ar saturation and 6.7 under CO,
saturation.

To keep the metal surface smooth and the surface area fixed, the working electrode was polished
carefully with (in order) P600, P4000 sandpaper; 9 yum, 6 pm, 3 pum, 1 pm diamond slurry; and
0.3 pm, 0.05 pm alumina slurry; then finally washed with deionized water before each experiment.
Polarization curves were obtained via a potentiostat (Autolab) in two different atmospheres, Ar
(Corp Brothers, 99.999%) and CO, (Corp Brothers, 99.999%). To pre-saturate the solution, gas
was bubbled for 10 min with a 0.25 L/min (20 °C, 101325 Pa) flow rate before applying potentials
and kept bubbling during voltammetry. To remove any trace oxides on the working electrode, five

CV cycles from -0.7 V to -1.4 V vs Ag/AgCl (4 M KCIl) were scanned first at a scanning rate of



50 mV/s, after which the polarization curves were stable and repeatable. Following, another five
CV cycles were scanned at a lower scan rate of 5 mV/s and the average value of the last three

cycles is reported.

Electrolysis and product characterization. To determine the partial current density of HER
(since CO, is also reduced at these potentials), electrochemical reduction products near onset po-
tentials in both the gas and liquid phase were analyzed for composition and Faradaic balance. Gas
chromatography (Agilent 7890A) with both flame ionization and thermal conductivity detectors
(FID and TCD) was used to detect gas-phase products and 1D 'H NMR (400 MHz Avance III
Ultrashield) was used to analyze liquid-phase products. As gas products generated from the tiny
area of an RDE electrode at low current densities are difficult to observe quantitatively with a GC,
electrolysis experiments were conducted on a 4 cm? metal sheet working electrode (Cu: Sigma-
Aldrich, 99.98%, Mo: ESPI Metals, 99.98% ) in a typical H-shaped electrolysis cell, in which
the working electrode and the counter electrode were separated by a Nafion membrane (Nafion
NRE-212, thickness 0.05 mm). The reference electrode in these experiments was also Ag/AgCl
(4 M KClI) (Pine Research Instrumentation) and the counter electrode was a Pt wire. The electrolyte
solution was the same as that in RDE experiments. The working electrode compartment was stirred
by a magnetic stirrer at 1600 rpm during electrolysis. Gas products were injected into the GC via
a loop injector in a six-way valve at 10, 15 and 20 minutes during electrolysis and the average H,
concentration (volume percentage) is reported. Faradaic efficiency (yield on a per-electron basis)

of H, was calculated via the standard definition:

electrons transferred to generate H,

FE of H,(%)

total electrons consumed

. 5
gas density v x Faraday constant ©)
molar mass

charge

flow rate x time X % volume x

where the volume percentage (% volume) was determined by GC and -y represents the number of

electrons transferred per mole of gas product, which is two for H,.



The final electrolyte after electrolysis was collected and prepared as an NMR sample. 700 pL
electrolyte and 35 L D,O with 10 mM dimethyl sulfoxide (DMSO) internal standard were mixed

for NMR characterization.>’

2 Results & Discussion
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Figure 1: Cu(111) surface with H adsorbates and neighboring CO spectators at the calculated
thermodynamic stable configurations. Black lines indicate the size of unit cell. The grey atoms are
carbon; red are oxygen; white are hydrogen.

To estimate the expected change in the binding strength of hydrogen on a surface crowded with
carbon monoxide, we examined the thermodynamically most stable (111) facet of Cu, as shown
in Figure 1. In this figure, we show the stable geometric configurations of different coverages of
CO 1n the presence and absence of a co-adsorbed H atom. A minimum surface coverage of CO
under reactive conditions can be estimated by examining the top row of this figure. CO binds to
the copper surface through its carbon atom and energetically favors fcc three-fold sites. At high
coverages (starting above 3/9 ML), some CO molecules are forced to occupy ontop and bridge
sites as well. Quantitatively, the gray line in Figure 2 shows how the incremental CO binding
energy weakens with increasing coverage; this trend follows the qualitative understanding from
the discussion above. When CO coverage is less than 3/9 ML, the incremental binding energy of

an added CO maintains approximately constant as three-fold sites are still available. When CO



coverage becomes greater than 3/9 ML, the binding strength of CO begins to weaken. Although a
sophisticated coverage-dependent microkinetic or kinetic Monte Carlo model would be needed to
make quantitative predictions of the CO coverage under reactive conditions, from the current data
we can infer that the CO coverage is at least 3/9 ML in CO, reduction, as CO hydrogenation is
the limiting step for CO, reduction!? and its binding energy does not weaken until after 3/9 ML
coverage is reached. We note that we are inferring bounds on coverage from the DFT calculation
results in a very careful way. We do not use the DFT calculations to suggest exact equilibrium
coverages of CO, but use them to provide some guidance, such as “at least” 3/9 ML coverage of CO
can form on copper. This prediction is quite consistent with experimental studies on CO adsorption
thermodynamics: for example, a 1/3 ML coverage of CO was found in LEED experiment with a
pattern of (v/3 x /3)R30° at a low-pressure exposure of 2.7 x 1075 Pa.*® An analysis of CO
adsorption isotherms showed that the isosteric heat of adsorption decreases abruptly when CO
coverage is larger than 0.35 ML, which means that further adsorption will be weaker.*® These

results are consistent with our interpretation of the DFT data.
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Figure 2: The relationship of incremental CO binding energy and CO coverage on Cu (gray) and
the relationship of H binding energy and CO coverage Cu (red), both shown on the (111) surface.
The binding energies of both CO and H are reported relative to the values on the clean copper
surface: AFEp is defined as AEg = Eg — Eg[H or CO on clean surface]. The more positive AFEg
is on the y axis, the weaker the adsorbate binds to the copper surface.
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When considering interactions between co-adsorbed carbon monoxide and hydrogen, it is ra-
tional to investigate configurations with a higher coverage of CO than H due to the much stronger
binding of CO (relative to CO(y)) than H (relative to %Hz(g)) on copper. To assess this, we can ex-
amine the coverage behavior of 1/9 ML of H in the presence of various coverages of CO, as shown
in the second row in Figure 1. The quantitative result of this is shown as the red curve in Figure 2
in which binding energy of hydrogen is shown as a function of the coverage of co-adsorbed CO
molecules. The H binding strength is nearly constant at very low coverages, but when CO cover-
age reaches or exceeds 3/9 ML, the binding strength of H is weakened by 0.12 eV compared to
that on a clean copper surface. This weakening effect can be expected to affect the HER catalytic
activity of copper, and is of the same order of magnitude as the voltage shift (~0.1 V) observed for
this process by Hori as well as that we show below, as would be predicted by the computational
hydrogen electrode model. %4

Relative to an ideal HER catalyst such as platinum, numerous analyses have shown that copper
binds hydrogen too weakly for optimum performance; as discussed in the introduction, it sits on
the right-hand side of the well-known HER volcano®!%4! and we can expect two competing effects
on HER catalysis: (1) a weakening of the bonding of hydrogen to the surface, which could act to
either promote or poison the HER, and (2) physical site blocking, decreasing the available surface
area for the reaction. In the case of Cu, we would expect both effects to be deleterious to HER.
Indeed, previous studies from the research group of Hori have shown this poisoning effect, in
which the onset potential in CO, or CO is more negative than that in an inert argon atmosphere. '>
As transition metals share similar electronic configurations, we would assume that the weakening
effect on H chemisorption strength can apply to other transition metals besides copper. In that case,
CO on transition metals on the right-hand side of volcano plot will inhibit HER, like copper; while
CO on transition metals on the left-hand side of volcano should promote the kinetics of hydrogen
evolution via weakening the binding between H atom and metal surface, like molybdenum, which
sits far away in the left part. But for metals on the left-hand side, the promotion effect from CO

will counteract the site blocking effect, and the overall effect will be a competing result.
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As CO adsorbs more strongly on Mo than on Cu,** we expect that the equilibrium coverage
of CO on Mo would not be less than that on Cu. In order to confirm this, we again used the
constrained minima hopping method* to calculate the incremental binding energy of CO, as well
as the binding energy of H in the presence of CO co-adsorbates. The result suggests that CO
coverage on Mo should be at least 5/9 ML, at which point we calculate the H binding energy to be
0.18 eV weaker than on the clean Mo surface. The weakening effect on H binding caused by CO

coverage was preserved on Mo surface. Details of calculations on Mo can be found in Supporting

Information.
3 ol
-2} -2F
‘?E -4} -4}
5
E _gl -6l
6 6
Cco, Ar
_8_ _8_
_10 1 1 1 1 1 1 _10 1 1 1 1 1 1
-07 -06 -05 -04 -03 -02 -0.1 -07 -06 -05 -04 -03 -02 -0.1
V vs RHE V vs RHE

Figure 3: Polarization curves of Cu and Mo in argon versus carbon dioxide atmospheres. On Cu,
the known poisoning effect of CO is observed, while on Mo the opposite is seen, presumably due
to a weakening of hydrogen bonding by co-adsorbed CO. Average positive-going sweeps at 5 mV/s
are shown. Individual full CV plots are provided in the Supporting Information.

In order to test for opposite effects of CO spectator species on HER, cyclic voltammetry ex-
periments were carried out in both Ar and CO, atmospheres on a material from each side of the
volcano plot: copper (weak binding) and molybdenum (strong binding).*' Copper was chosen
due to its relevance in CO, reduction and existing literature data, while molybdenum was chosen
because of its presence on the far-left of the volcano plot, in order to increase the likelihood of ob-
serving the binding energy (promoting) effect over the competing site-blocking (poisoning) effect.
In an argon environment, we can expect only hydrogen evolution to take place in the electrochem-

ical cell. In a CO, environment, the reduction of protons and CO, should occur simultaneously
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at negative voltages, leading to a surface covered in CO, as discussed earlier. We chose a poten-
tial negative enough to create a high coverage of CO on the working electrode surface; our CV
potential ramp was set between -0.7 V and -1.4 V vs. Ag/ AgCl (4 M KCl).'** Given this po-
tential range and a pH at 6.7 (in CO,) or 6.8 (in Ar), both copper and molybdenum are stable in
their metal phase according to Pourbaix diagrams (Supporting Information). In order to compare
the potentials under CO-poisoned surfaces (rather than examining the competing kinetics of CO
formation on the surface), we show the positive-going sweep curves, comprising the scan from a
more negative potential to a more positive potential, to decisively make the comparison between
two gas environments.

Figure 3 shows polarization curves measured with a rotating disk electrode in phosphate buffer
for both Cu and Mo electrodes. For copper, we can clearly see a delay in the rise of the current
density in CO, relative to that in Ar; the presence of adsorbed CO apparently suppresses the total
current. This result is consistent with Hori’s previous work and our above hypothesis that a high
coverage of CO on copper should inhibit the HER activity. For molybdenum, the onset potential
of HER is around -0.3 V vs RHE and the current density in CO, is clearly larger than that in Ar
at potentials around the onset potential. When the voltage is more negative, both the current in Ar
and in CO, increase rapidly, but the current in CO, stays larger. The promotion effect occurs in
the CO, environment, implying a coverage of CO enhances the HER. As the promotion effect is
accompanied by the site blocking effect by CO, the current density gap on Mo is much smaller

than that on Cu.

Table 1: GC analysis of gas products for Cu and Mo

Metal  Potential ~ Gas environment H, FE

(V vs RHE) (%)
Cu -0.4 Argon 99.9
-0.4 Co, 97.7
Mo -0.3 Argon 100.6
-0.3 Cco, 100.0

While Figure 3 shows changes to the total current, it is conceivable that much of the current

could be due to the reduction of CO, itself, not the production of H,. To verify the composition
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of products in the range around the onset potentials, gas products were analyzed by gas chro-
matography (GC) to determine the percentage of hydrogen. Since both the current density at onset
potentials and the RDE working electrode surface area (0.196 cm?) are small, it is difficult to re-
producibly close a Faradaic balance at these conditions. To provide a more quantitative measure of
the product yields, electrolysis was conducted in a two-chamber electrochemical cell with a metal
sheet as a working electrode with a much larger surface area of 4 cm?®. Potentiostatic experiments
were conducted with copper foil electrodes at -0.4 V vs RHE in both Ar and CO,; while potentio-
static Mo experiments were conducted at -0.3 V vs RHE, both chosen to approximate their onset
potentials. Before each electrolysis measurement, five cycles of polarization from -0.7 V to -1.4 V
vs Ag/AgCl (4 M KCl) were first scanned at a scanning rate of 50 mV/s to guarantee a coverage of
CO during electrolysis in experiments containing CO,. The H, Faradaic efficiency was calculated
using the H, concentration determined by GC in each test.

All the results are summarized in Table 1; for both Cu and Mo, the FE of hydrogen is nearly
the same in Ar and in CO,; that is, close to 100%. Within the detection limit of the GC, the
previously reported gas products for CO, reduction on Cu surfaces at more negative potentials
were not observed at -0.3 V vs RHE, such as CH,, C,H, and CO.'*3" (Note that this is consistent
with reports showing at low current densities, Cu produces mainly H,, not CO, reduction products.)
For Mo, only H, was found in both Ar and CO, atmospheres during the reduction reaction, which
is consistent with previous researchers’ reports.*** The liquid-phase electrolyte collected after
one hour of electrolysis was analyzed by 1D 'H NMR. No carbon-containing chemical peaks were
found for either Cu or Mo. Therefore, it can be concluded that at the onset potentials for Cu and
Mo, predominantly hydrogen is generated and contributes the vast majority of the current even in
CO, atmosphere, suggesting the validity of interpreting the shifts in polarization curves as shifts
in the effectiveness of the catalyst for hydrogen evolution.

In the discussion above, we have presented data that confirms findings from the literature show-
ing the HER current on Cu is markedly reduced in a CO, atmosphere compared as compared to

Ar; this correlates with electronic structure calculations that confirm the magnitude and direction
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of this shift. Conversely, we show that Mo — which sits on the left-hand, or strong binding, side
of the HER volcano — shows just the opposite response, which can be explained by the weaken-
ing of the surface—hydrogen bond pushing the catalyst into a more favorable position with respect
to the peak of the HER volcano. Even at a more negative voltages than the onset potential, the
above trend still maintains in spite of other factors such as mass transport limitations, the begin-
ning of CO, reduction and the site blocking effect of CO. Thus, the experimental results support
the theoretical suggestion that a high coverage of CO will weaken the binding of H on transition
metal surfaces and this effect (in combination with other effects) can either decrease or increase

the hydrogen evolution current density, depending on the metal’s position in volcano plot.

3 Conclusions

The presence of co-adsorbates can have non-trivial effects on the efficacy of a catalyst for the hy-
drogen evolution reaction, as calculated in binding energy changes and experimentally suggested
by changes in the performance of Cu and Mo in electrochemical CO, reduction. Our DFT calcu-
lations show that the binding energy of H weakens with increasing coverages of CO on both the
Cu fce(111) and Mo bee(110) surface. Specifically, it was calculated that the binding strength of
a hydrogen atom will be weakened by about 0.12 eV when the CO coverage is 3/9 ML on Cu,
which is a minimal CO coverage we might expect for CO, reduction at room temperature and
atmospheric pressure. On Mo surfaces, we expect a higher coverage of CO and an even greater
weakening of the hydrogen binding energy. This weakening effect on H atom binding strength
is expected to inhibit HER activity on metals on the right-hand side of volcano plot, e.g., copper,
and promote HER on metals on the left-hand side, e.g., molybdenum. This is combined with other
effects, such as site blocking, that will change the kinetics of hydrogen evolution; experimentally,
it is difficult to distinguish between the weakening effect on hydrogen binding strength discussed
above and other effects. The site blocking effect can be expected to enhance the poisoning effect

on copper and undermine the promotion effect on molybdenum. Despite this, our CV experiments
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and product analyses have clearly shown that CO, reduction conditions suppress HER on copper
and improve HER on molybdenum.

The poisoning effect on HER from co-adsorbed CO can give us some insights into the unique
performance of copper in CO, reduction. In aqueous electrolytes, the reduction of CO, and the re-
duction of protons (to H,) are competing reactions. A high coverage of CO intermediates not only
increases the rate of CO, reduction, but also reduces the catalyst’s ability in hydrogen evolution.
This is a critical reason why copper is so selective in CO, reduction at negative potentials: it is
reactive enough to bind CO, but still noble enough to sit on the right-hand side of the HER volcano.
This suggests a design principle: that future searches for optimum CO, reduction catalysts may
benefit from not only focusing on catalysts that are poor for HER, but that preferentially sit on the
right-hand side of HER volcano plot.

This also suggests the intriguing possibility that in the search for non-precious hydrogen evo-
lution and hydrogen oxidation catalysts, one may want to deliberately poison the catalyst rather

than scrupulously avoid it.
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Competition between CO, reduction and H,

evolution on transition-metal electrocatalysts
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1 Configurations tested in DFT calculations; minima hopping
methodology

In order to obtain the lowest energy configuration for each coverage of CO, a variety of initial
adsorption sites were optimized and the corresponding electronic energy was calculated. Four
types of adsorption sites exist on Cu(111) surface: on-top site, bridge site, three-fold fcc site
and three-fold hcp site. For a 3 x 3 x 3 unit cell surface, the number of initial adsorption sites
combination can be extremely large at high coverage of adsorbates, such as 3/9 ML and 4/9 ML
(Figure 1). For a certain coverage of CO, the lowest energy configuration was selected. These

were initially suggested by “brute intuition”.
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Figure S1: Energies of copper configurations. Each blue bar represents the binding energy of
CO or H for one possible configuration, which was optimized within DFT. The black circle and
gray line are the lowest energy configuration with a certain CO coverage, which is reported in the
manuscript.

We then expanded this with a systematic constrained minima hopping method .!? In this
method, each coverage level was run in parallel in five independent runs initially at a molecular-
dynamics search temperature of 2000 K. Identity-preserving Hookean constraints were imple-
mented to maintain the identity of CO and to prevent volatilization of adsorbates, as described
in reference.! All runs were continued until the molecular dynamics search temperature exceeded
4000 K, which occurs when the minima hopping algorithm is no longer finding new minima, or
when at least 100 unique configurations for each coverage were identified. The lowest energy
configurations of both techniques are reported in the manuscript, while all the energetic results are
shown in Figures 1 and 2 for Cu and Mo, respectively.

To ensure the trend of weakening H-binding is intact on a Mo surface, the coverage-dependent
calculations were also undertaken on Mo bcc(100) surface by using the above constrained minima-
hopping method, with the results shown in Figure 2. We can quickly observe that the binding
energy of CO is much stronger on the Mo surface and does not approach the energetic levels of Cu
until coverages above 7/9 ML; second, we see only a gradual increase in the binding energy until
the coverage exceeds 5/9. Therefore, we can conservatively state that the coverage is expected to

be at least at a level of 5/9 ML. With such coverages of CO, the binding of H has been weakened
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Figure S2: Energies of molybdenum configurations. Each blue bar represents the binding energy
of CO or H for one possible configuration, which was optimized within DFT. The black circle and
gray line are the lowest energy configuration with a certain CO coverage.

by 0.18 eV compared to that on a clean Mo surface (Zg[H] = -0.65 eV when no CO adsorbed on
Mo surface). This trend is very similar to what we found on Cu: a coverage of CO will weaken
the binding of H. Clearly, CO adsorbs much stronger on Mo than on Cu, leading to both a stronger
weakening of the H bonding and a more pronounced site blocking effect, which will counter the

promotion effect caused by the H binding strength change.

2 Individual polarization curves of RDE

Figure 3 shows the polarization curves of positive-going sweeps in the last three cycles at 5 mV/s
for Cu and Mo RDE cyclic voltammetry experiments. The average value of these curves are shown

in the mainbody of the article.

3 Comparison of CV plots for RDE and metal sheet

As the experimental setups for RDE and metal sheet have some differences, similar CV experi-
ments were also carried out on metal sheet to justify the reliability of the product analysis results:

five cycles of 50 mV/s scan followed by five cycles of 5 mV/s scan between -0.7 V and -1.4 V
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Figure S3: Individual polarization curves (positive-going) of Cu and Mo in argon versus carbon

dioxide atmospheres
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Figure S4: The polarization curves of Cu sheet, Cu RDE, Mo sheet and Mo RDE in two atmo-
sphere. Blue is in argon and red is in CO,.

vs Ag/AgCl (4 M KCl). The positive-going curves comparison is shown in Figure 4. Around

onset potentials, the current on metal sheet is comparable to that on RDE. When the potential is

more negative, the current on metal sheet is much smaller than on RDE in all cases. This is to be

expected; at very negative potentials the metal sheet cannot get rid of the gas bubbles generated

on its surface quickly and the actual surface area in contact with the electrolyte has been greatly

reduced due to bubble blocking. Mass transport can also expected to be less limiting in the RDE

experiments. Regardless, the CO inhibition effect on HER on copper and promotion effect on HER



on molybdenum are preserved in metal sheet experiments, in agreement with the RDE data.

4 Pourbaix diagram

Pourbaix diagrams for both Cu and Mo are shown in Figure 5. The red lines indicate the potentials

and pH’s at which the electrochemical experiments were designed to take place.
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Figure S5: Pourbaix diagram of Cu and Mo (re-created).® The red lines represent the conditions
where CV experiments were carried out. The red dots represent the condition when GC samples
were collected. The dashed lines are the equilibrium conditions of H* and H,.
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