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ABSTRACT: The role of the photoelectrode surface during pyridine- -

Most favorable
catalyzed CO, reduction on p-GaP photocathodes is currently under

debate. Understanding the extent of the photoelectrode’s direct CBM GaP(110) redilctlon process
participation in the catalytic CO, reduction mechanism is essential to —_— E P)'H+ +lem — PyH"
improving the design of such photoelectrochemical systems. Here, we CBM Galj(\l 1) in solution

present new .tl.leoretic?l re.sults de.mon.stratin.g that the previously e- E° PyH* +le- — Py* + H*
proposed pyridinyl radical intermediate is unlikely to form and that on GaP(l11)

reduction of pyridinium to adsorbed pyridine and H species remains the
most favorable reduction pathway, even when accounting for the aqueous
environment. Furthermore, we conclude, based on recently reported
experimental evidence and our new computational results reported
herein, that the mechanism of CO, reduction operating in this system is
likely heterogeneous. We also introduce a new heterogeneous mechanism
involving a recently proposed radical species, which we predict will be

A

E° PyH* +le” — Py* + H¥
W on GaP(1 10)

+ Potential

stable on the electrode surface and that may serve as the active catalytic species in this system.

sustainable alternative to fossil fuels is liquid fuels
Agenerated via conversion of CO, using a renewable
energy source; the latter is also a possible strategy for
mitigating the rising concentration of CO, in the atmosphere.
Photoelectrocatalytic systems that are able to efliciently
generate energy-dense fuel molecules via CO, reduction have
been the object of extensive research.”” In 2008, Bocarsly and
coworkers reported CO, reduction to methanol over p-GaP
photoelectrodes with excellent selectivity while operating at
applied underpotentials.” To achieve such performance, the p-
GaP photoelectrodes were employed in conjunction with an
acidified (pH 5.2) aqueous solution containing pyridine (Py).
Several experimental studies employing different electrodes
have reported varying results in terms of selectivity and
required potential, which suggests that the nature of the
electrode surface might play a nontrivial role. Indeed, recent
experiments conducted with CdTe* and CulnS,” electrodes,
while confirming the cocatalytic nature of Py, demonstrate a
poisoning effect at high Py concentrations, suggesting that Py
adsorption can prevent access to reactive sites on the electrode
surface. However, the role of Py, the acidic solution, and the
electrode surface is still under debate, with the overall
mechanism by which Py catalyzes CO, reduction on GaP
electrodes yet to be understood.
Keith and Carter proposed a mechanism in which adsorbed
dihydropyridine (DHP*) acts as the catalytic species by
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transferring protons and electrons to CO, leading to formation
of formic acid (Scheme 1la).”® In this mechanism, DHP* is
formed by a proton-coupled hydride transfer to adsorbed
pyridine (Py*), where the hydride originates from the electrode
surface and the proton originates from solution. Subsequently,
Musgrave and coworkers proposed a solution-based mechanism
in which aqueous dihydropyridine (DHP,y)) reacts with CO,
through a sequence of hydride and proton transfers in a manner
similar to the mechanism proposed by Keith and Carter
(Scheme 1b).” Here, DHP,, is formed via a one-electron
reduction of aqueous pyridinium (PyH"() to the aqueous
pyridinyl radical (1-PyH®(,)). 1-PyH®(,q) is then reduced to
DHP(,y) by a proton transfer followed by a second one-electron
reduction. However, Carter and coworkers have shown that 1-
PyH"(,) approaching the GaP(110) surface will spontaneously
transfer an electron back to the GaP electrode, thus suggestin

that the radical is highly unstable and unlikely to form.'®'

More importantly, the computed conduction band minimum
position (CB,;,) of GaP(110) (—0.86 V vs SCE at pH 5.2)"'
was predicted to lie at a less negative potential than the
computed reduction potential for homogeneous PyH"(,
reduction to 1-PyH® () (=1.44 V vs SCE'?). This comparison
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Scheme 1. Proposed Py-Catalyzed CO, Reduction Mechanisms on p-GaP Photoelectrodes Proceeding through (a) a Surface-
Bound DHP* Catalytic Intermediate, (b) a 1-PyH"(,;) Radical Intermediate and a DHP,, Catalytic Intermediate in Solution,

and (c) a Surface-Bound 2-PyH** Radical Catalytic Intermediate”
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“An asterisk (*) indicates that a species is adsorbed. Steps involving a hydride transfer (HT), proton transfer (PT), or a proton-coupled-hydride
transfer (PCHT) are labeled in the scheme. Only the first reduction step to HCOOH is shown; the subsequent steps leading to CH;OH formation

would occur in a similar fashion.

suggested that a reduction step via photoexcited electrons will
not be thermodynamically feasible. Furthermore, PyH" adsorbs
on neither the neutral nor the negatively charged GaP(110)
surface, suggesting that its reduction to 1 -PyH*(,) cannot be
catalyzed by adsorption on the surface.'’ Alternatively, Lessio
and Carter suggested that PyH" ;) may undergo a one-electron
reduction via photoexcited electrons to adsorbed Py and H
species (Py* + H*), as the reduction potential calculated for
this reaction (—0.85 V vs SCE) is less negatlve than the CB;,
of GaP(110) (—0.86 V vs SCE at pH 5.2)."" The generated H*
can then undergo further reduction and be transferred as a
hydride to Py* forming DHP*, as in the mechanism
hypothesized by Keith and Carter.”® Recently, Musgrave and
coworkers noted that Lessio and Carter’s conclusions regarding
1-PyH* () relative stability and its formation thermodynamics
were based on CB,;, calculations employing a bare slab model
in vacuum,"® while in an aqueous environment the GaP(110)
surface will be covered with adsorbed water molecules'*"” that
could alter the CB,;,. As Musgrave and coworkers pointed out,
the dipole layer associated with adsorbed water may cause the
CB,, to shift toward more negative potentials, therefore
allowing for PyH"(,, reduction to 1-PyH®(. Here, we
investigate how 1-PyH"®(,,) formation is affected by explicit
solvation of the surface, in order to more accurately establish
whether 1-PyH®(,;) can form under experimental conditions.
We also provide further evidence to support our previous
hypothesis that the mechanism of CO, reduction in this system
must be a heterogeneous one. Finally, we evaluate an
alternative mechanism, involving a recently introduced
adsorbed 2-pyridinyl species (2-PyH®*, see Scheme 1 for
structure and comparison to 1- PyH ), for CO, reduction on p-
GaP photoelectrodes (Scheme 1c).'°
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In this study, the GaP(110) surface was modeled using both
periodic boundary condition (PBC) and cluster model
approaches, as required to compute different properties. PBC
calculations were used to perform electron density difference
and Bader charge analyses to determine the stability of radical
species when in contact with the GaP(110) surface. PBC
calculations were also used to determine the work function of
the solvated GaP(110) surface, which is required to compute
the CB,,, in an aqueous environment based on the approach
used in our previous work,'" as developed by Toroker et al."”
All PBC calculations were performed with the VASP code'®™*°
using density functional theory (DFT)*"** with the PBE
exchange-correlation (XC) functional”® and Grimme’s dis-
persion correction (D2).** Cluster model calculations were
used to compute all adsorption energies and reduction
potentials. These calculatlons were performed with the
ORCA software package” using DFT with the B3LYP XC
functional,**~** D2 dispersion correction, and the continuum
solvation model based on solute electron density (SMD)* to
implicitly capture solvation effects. We previously demonstrated
that B3LYP and PBE XC functionals yield qualitatively similar
results,'’ and as such the more expensive B3LYP XC functional
was not employed during PBC calculations. Further details
regarding both calculation types are provided in the Supporting
Information.

We start by comparing the newly computed CB_;, of
solvated GaP(110) (see the Supporting Information for
computational details) to the reduction potentials for
PYH+(aq) + le” — 1—PYH.(aq) and PYH+(aq) + le” — Pyy< +
H* reductions occurring in solution and on the electrode
surface, respectively (Figure 1). In contrast to our prev10us
work, where we did not consider the effect of solvation,"" here
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Figure 1. Conduction band minima of solvated GaP(110) and
GaP(111) at pH 5.2 versus PyH" one-electron reduction potentials
to 1-PyH"(,;) and Py*+H*. The CB,,;, of GaP(111) is taken from
ref 16. The PyH",;) + le” — 1-PyH"(,; reduction potential is
taken from ref 12, and the PyH"(,,) + le"— Py* + H* reduction
potential is taken from ref 11. An asterisk (*) indicates that a
species is adsorbed; (aq) indicates that a species is in solution.

we find that the CB,,;, of solvated GaP(110) is higher in energy
(by ~0.2 eV) than the one-electron reduction potential for
PyH") + le"— 1-PyH®(,). This suggests that 1-PyH"(,
might form under experimental conditions, as hypothesized by
Musgrave and coworkers.”'> This process, however, is nearly
thermoneutral, and we cannot definitively conclude whether it
is thermodynamically feasible when considering the uncertainty
related to both the computed CB,;, (~0.1 eV) and the
computed reduction potential (~0.3 eV). In addition, we find
that a transfer of electron density back to the surface still
occurs, albeit to a lesser extent compared to the vacuum results,
when 1-PyH®, is in contact with the explicitly solvated
GaP(110) surface. This suggests that 1-PyH®(q) is unstable
despite explicit solvation; a more extensive discussion of this
aspect is reported in the Supporting Information. Most
importantly, the alternative PyH" () reduction pathway to
Py* + H* proposed in our previous work'' is strongly
thermodynamically favored. The barrier is expected to be much
higher for reduction to 1-PyH"(, ) than to Py* + H* based on
the difference in exoergicity between these two possible
reduction pathways (~0.6 eV). We therefore reaffirm that
PyH"(,q) = Py* + H* is likely the preferred PyH" reduction
pathway.

Recent experiments by Hu and Bocarsly™ show that the
GaP(110) facet yields higher current densities than the
GaP(111) facet under the CO, reduction conditions employed
in their original study.” We recently computed the CB,,, of
solvated GaP(111),"® and here we compare it to the CB,;, of
solvated GaP(110) (Figure 1). The CB,,, of the GaP(111) and
GaP(110) surfaces are separated by only 0.08 eV. Both surfaces
thus should provide a similar thermodynamic driving force to
induce any homogeneous reduction step, provided that such a
reduction is not affected by any interaction with the surface
other than receiving a photoexcited electron. Therefore, the
observed varying electrochemical performances between the
two surfaces must be attributed to a difference in the way
intermediates interact with the surface, which in turn affects the
rate of elementary steps occurring in a heterogeneous
mechanism. We therefore conclude that a homogeneous
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mechanism such as the one suggested by Musgrave and
coworkers (ie., a mechanism requiring PyH"(,o) = 1-PyH"(,
in Figure 1) is likely not the primary pathway for CO,
reduction in this system. In contrast, a heterogeneous
mechanism in which the active catalytic sites are molecules
stabilized on the surface like the one we proposed better
explains the observed, surface-dependent activity.

The observed difference in activity for GaP(110) and
GaP(111) could be explained by different adsorption trends
on the two surfaces. To test this hypothesis, we compare the
adsorption strengths of different species relevant to our
proposed heterogeneous mechanism on the two surfaces. We
report the adsorption energies of PyH", CO,, H,0, and Py, as
they are all present under experimental conditions (Table 1);

Table 1. Adsorption Free Energies at Room Temperature
(eV) of Relevant Species on the GaP(110) and GaP(111)
Cluster Models in the Presence of Continuum Solvation®

species GaP(110) GaP(111)
Py —0.40 —0.28
o-DHP —0.35 —0.15
PyH* 024 028
co, 0.11 025
H,0 ~0.09 0.09

“Data for GaP(110) are reproduced from ref 11.

furthermore, we report the adsorption energy of the o-DHP
isomer of DHP, which is a proposed catalytic intermediate in
this system. Except for PyH' adsorption (which is almost
equally unfavorable on both surfaces), we find a non-negligible
difference in adsorption energy between the two surface facets.
This supports the hypothesis that varying activity is attributed
to a difference in interaction strengths between the surface and
intermediate species involved in a heterogeneous mechanism.
Specifically, for CO,, H,O, Py, and o-DHP, adsorption on
GaP(110) is more favorable than adsorption on GaP(111) by
at least 0.12 eV, with o-DHP exhibiting the largest difference
(020 eV). As shown in Figure 1, the varying adsorption
strengths result in a thermodynamic driving force for the
reduction of PyH'(, to Py* + H* that is 0.36 eV more
favorable on GaP(110) compared to GaP(111), which may
explain the higher activity observed over the (110) surface
facet.

We conclude based on the evidence presented above that the
most favorable CO, reduction mechanism in this system must
be heterogeneous. The only heterogeneous mechanism
proposed so far over p-GaP photoelectrodes involves DHP*
as the active catalyst. Here, we propose an alternative
mechanism that could be more favorable. This mechanism
features as the active catalyst 2-PyH**, which would play a role
similar to that proposed for DHP* (i.e., shuttling protons and
electrons to CO, via a hydride transfer). 2-PyH** may be
formed more easily than DHP¥, as it requires fewer proton/
electron transfers to form. Furthermore, a radical species is
likely to be more reactive than a closed-shell species such as
DHP*. The proposed mechanism for CO, reduction to
HCOOH via the 2-PyH** intermediate is provided in Scheme
Lc. In this mechanism, 2-PyH®** can be formed by either a one-
electron reduction and isomerization of PyH', or by a
proton-coupled electron transfer (PCET) to Py*. Next, 2-
PyH®* transfers a hydride to CO,, with an additional electron
provided by the negatively biased electrode. Thus, either
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HCOO™ or HCOOH is formed, depending on whether the pH
at the electrode/solution interface is low enough to protonate
HCOO".

We first must establish whether 2-PyH?® is stable on the GaP
surface as an adsorbed radical to assess the feasibility of this
mechanism. An electron density difference analysis, which
previously demonstrated that 1-PyH® is not stable when in
contact with the bare GaP surface,'”'' demonstrates that 2-
PyH® is indeed stable when in contact with the surface. We
compare electron density difference plots for 2-PyH*® and 1-
PyH* adsorbed on the GaP(110) surface, where the surface is
modeled with a periodic slab in vacuum (Figure 2). While in

0.45 e charge %
transfer ‘ “

0.02 e charge
transfer

| -PyH"

Figure 2. Electron density difference plots of 2-PyH* (a) and 1-
PyH* (b) on top of GaP(110) periodic slab models, comparing
electron density of the adsorption complex to the electron densities
of the isolated adsorbate and surface. The extent and direction
(indicated by the arrow) of charge transfer from Bader charge
calculations is reported in red. Ga atoms are depicted in blue, P
atoms in green, C atoms in purple, N atoms in light blue, and H
atoms in white. Increase in electron density is depicted in yellow,
while decrease in electron density is depicted in blue. Isosurface
level = 0.001 e/bohr?.

the case of 1-PyH® we observe a net electron depletion around
the radical and an electron density increase in the proximity of
the surface, there is no clear electron transfer in the case of 2-
PyH®. This conclusion is supported by the Bader charge
analysis: we calculated a net transfer of 0.45¢ from the radical to
the surface for 1-PyH®, while we calculated a transfer of only
0.02¢ for 2-PyH"*. Similar results are obtained when using our
previously developed cluster model in the presence of implicit
solvation (Figure S2), as well as when using an analogous
model of the GaP(111) surface.'® Over GaP(111),'° Bader
charge differences show a transfer of 0.21e from the 1-PyH*
radical to the surface and a transfer of 0.05¢ to the 2-PyH®
radical from the surface.

We now can meaningfully compute the adsorption energy of
2-PyH®, as we have established that it will retain its electron
when in contact with both GaP(110) and GaP(111). Using our
cluster models with continuum solvation, we find that this
species favorably adsorbs on both surfaces as required in our
proposed mechanism, with an adsorption energy of —0.56 eV
on GaP(110) and —0.35 eV on GaP(111). Overall, both the
electron density difference analysis and the adsorption energy
results suggest that 2-PyH®* is a stable species and thus is a
plausible candidate as an active catalytic species in this system.

Next, we determine whether formation of adsorbed 2-PyH**
on GaP(110) and GaP(111) is feasible under experimental
conditions by computing reduction potentials for two
alternative formation paths (Scheme 1c). We also compare
these reduction potentials to the reduction potential associated
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with forming adsorbed o-DHP, as summarized in Table 2. We
can determine whether 2-PyH** formation is feasible under

Table 2. Reduction Potentials (V vs. SCE) for DHP*
Formation (Only from Py*) and 2-PyH** Formation (Both
from Py* and from PyH"(,)) on Both the GaP(110) and
GaP(111) Surfaces at pH 5.2, Computed Using Cluster
Models and Implicit Solvation”

reduction reaction GaP(110) GaP(111)
Py* + 2H" + 2e” — o-DHP* —1.01 —0.99
Py* + H' + e~ — 2PyH"* ~1.74 -175
PyH'() + ¢~ — 2-PyH"* —1.31 -1.52

“An asterisk (*) indicates that a species is adsorbed.

experimental conditions by comparing the computed reduction
potentials associated with its formation (Table 2) to the
computed CB_;, of solvated GaP(110) (—1.66 V vs SCE at pH
5.2) and GaP (111) (-1.58 V vs SCE at pH 5.2)."° We find
that both the GaP(110) CB,,, and GaP(111) CB,,, reside at
less negative reduction potentials than those associated with 2-
PyH** formation via PCET to absorbed Py, probably excluding
this pathway. In contrast, the CB,;, for both surfaces resides at
more negative reduction potentials than those associated with
2-PyH"* formation via a one-electron transfer to PyH"(,;). We
thus conclude that formation of 2-PyH** is thermodynamically
feasible via the one-electron transfer to solvated PyH"(,,), but
similar to 1-PyH®(,q) formation, the process is nearly
thermoneutral on GaP(111) and therefore is more likely to
be kinetically hindered on that surface. Interestingly, the
formation of adsorbed 2-PyH®* via this pathway is more
favorable by 0.29 V on GaP(110) than on GaP(111), which
provides another possible explanation for the difference in
activity between the two surfaces as observed by Hu and
Bocarsly.”” This reduction potential difference, however, is a bit
smaller than the reduction potential difference associated with
PyH'(,y) reduction to Py* + H* on the GaP(110) and
GaP(111) surfaces (0.36 V), again suggesting that Py* + H*
formation on the surface better accounts for the observed
difference in activity. Finally, the computed reduction potential
values suggest that formation of DHP* is the most
thermodynamically favorable step and that DHP* is more
likely to be the dominant catalytic species in this system.
However, we cannot exclude that 2-PyH** might play a role in
the mechanism, as its formation might still be kinetically
favored over DHP* formation.

In conclusion, our investigation of the effect of explicit
solvation on 1-PyH® stability and formation on GaP(110)
confirmed that this species is unlikely to form in the
experimental system. Water adsorption on GaP(110) does
not fully prevent charge transfer from 1-PyH® to the surface,
and reduction to Py* + H* is a more thermodynamically
favorable pathway for PyH"(,;) reduction even though the
CB,,in of solvated GaP(110) lies high enough in energy for
PyH"(,) to be reduced to 1-PyH®(,;) via transfer of photo-
excited electrons. Furthermore, we found that solvated
GaP(110) and GaP(111) have similar CB,;,s, suggesting that
photoexcited electrons from either facet can equally promote
homogeneous processes. However, these two surfaces have
been observed to display a different activity toward CO,
reduction,®® thus suggesting that the mechanism cannot be
fully homogeneous and the surface must be at least partly
involved. Specifically, the observed difference in activity for the
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two surfaces might be explained by differences in adsorption
strength for relevant intermediates in the CO, reduction
mechanism. Finally, we proposed a new heterogeneous
mechanism based on the 2-PyH*®* catalytic intermediate. We
found that, in contrast to 1-PyH®, 2-PyH® is a stable radical
species that favorably adsorbs on both GaP(110) and
GaP(111) surfaces. Its formation via transfer of photoexcited
electrons from either surface to PyH" g is thermodynamically
feasible. However, the reduction potentials to form Py* and H*
and then DHP* are significantly more favorable, indicating that
DHP* is the major catalytic intermediate in this system unless
2-PyH** formation is kinetically favored.
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