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A detailed understanding of the mechanism for photocatalytic reduction of CO, by H,O is required

to facilitate the development of catalysts that exhibit improved activity, controlled product distribu-
tions, and enhanced quantum yield. As the reaction assuredly contains many more reaction
intermediates than the well-studied water-splitting reaction, the effect of catalyst surface reactiv-
ity may be quite pronounced. The reaction mechanism may also contain electronically relaxed
intermediates that are driven through the reaction via non-photoelectrochemical steps. We have
investigated the ground-state surface reaction mechanism for CO, reduction over SiC and GaN
using DFT modeling. Results were correlated with experimentally observed catalyst performance
at near-ambient and elevated temperatures and in condensed and gas phase H,O conditions.
Positive correlations suggest photocatalyst surface reactivity may play a role in C-O cleavage
and stabilizing reaction intermediates to promote CH,4 production. Electronic analysis indicated
protonic H* from H,O dissociation would relax to neutral H® over SiC — an effect that correlated
with elevated performance in CH,4 production. Less stable H over GaN also correlated with a
selectivity preference for H, production. Overall, results suggest that alternative factors beyond
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bulk electronic structure dictate photocatalytic activity in this reaction.

1 Introduction

Deciphering and controlling heterogeneous photocatalytic syn-
thesis reaction mechanisms is a critical step to enabling the pro-
duction of fuels and chemicals from sunlight and thermochemi-
cally stable molecules like CO,, H,, and N,. Moreover, expanding
the understanding of all possible energy sequestration pathways
available in photocatalytic environments beyond classical electro-
chemical reduction and oxidation by excited states may dramat-
ically improve overall efficiency and access to specific products.
With respect to efficiency, photocatalysts that utilize lower energy
IR radiation or couple with external thermal inputs may dramati-
cally change the landscape of photocatalytic synthesis.

A recent study published by our group focused on understand-
ing the effect of catalyst surface chemistry and autogenously pro-
duced elevated temperatures in concentrated solar photocatalytic
CO, reduction has suggested that both photoelectrochemical and
vibrationally-driven reaction steps may be used to sequester a
larger portion of the total spectrum of sunlight and promote
the full reduction of CO, to hydrocarbons!. This effect, albeit
sparsely demonstrated, has been encountered in photocatalytic
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oxidation of ethylene over TiO, and in CO, reduction to CO over
Si23. Despite CH, being the dominant hydrocarbon encountered
in clean reaction systems, once the mechanism is understood, cat-
alysts may be designed to promote carbon-carbon coupling for
C,. hydrocarbon production.

Efforts focused upon heterogeneous photocatalyst discovery
and optimization have dominantly relied upon the bulk elec-
tronic properties of materials, properties of the condensed aque-
ous phase-catalyst interface, and overall thermodynamics of the
reactions being performed to predict electron and hydrogen trans-
fer dynamics and catalyst performance in water-splitting and CO,
or N, reduction*2, This approach has allowed for a good de-
gree of success in the discovery and design of catalysts for water-
splitting, but has been significantly less effective directing the
design of CO, and N, reduction catalysts. The inability to de-
sign these catalysts with our current understanding suggests that
mechanistic aspects of the photocatalytic CO, and N, reduction
reaction systems may not be captured well by a purely excited-
state and electrochemical-reduction/oxidation treatment of the
mechanism where vibrational barriers are assumed to be sur-
mountable at or near room temperature. If more significant vi-
brational barriers were present in the mechanism, elevated reac-
tion temperatures would be required to achieve activity. How-
ever, elevated temperatures are ostensibly considered detrimen-
tal to catalytic activity because of e~ /h* recombination?12, This
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view has been brought into question by recent studies by our-
selves and others that have illustrated that elevated temperatures
(up to 350°C) achieved through ancillary electrical or autoge-
nous heating by infrared absorption can be quite beneficial for
achieving complete reduction of CO,1"3  Kinetic isotope ef-
fect studies using D,O have also suggested that there are vibra-
tional barriers within a photocatalytic reaction mechanism that
are in fact kinetically important12°4, These studies suggest that
there may be a simple combination of photoelectrochemical and
thermochemical reaction steps in the mechanism or a more com-
plex phenomenon where electronically excited intermediates are
not sufficiently destabilized and a non-innocent vibrational bar-
rier still is present in their consumption.

Recent efforts by others in modelling photocatalytic surface re-
actions over TiO, have employed either an induced Fermi level
shift by loading the model slab with additional atomic H or with
electrochemical approaches developed in the field of electrocatal-
ysis®1510, Within the context of CO, reduction by H,O over sto-
ichiometric TiO,, Ji and co-workers utilized atomic-H-laden TiO,
slabs as model surfaces for the hydrogenation of CO, to CH413/16,
This approach utilizes the inherent effective electronegativity of
TiO, to pull electrons from adsorbed atomic H artificially populat-
ing states that would otherwise be empty. Significant adsorbate-
adsorbate repulsion and a highly reduced TiO, electronic struc-
ture produced reaction mechanism energetics that suggested TiO,
would be able to reduce CO, to CH4 without the need for a co-
catalyst. In comparing with organic-contamination-free studies of
the activity of TiO,, this approach appears to be unrealistic, i.e.,
properly designed and cleaned reactors with clean TiO, show no
activity in the photocatalytic reduction of CO, by H,0 only14718|

Another approach using the computational hydrogen elec-
trode framework for studying the photocatalytic reduction of N,
over Fe-doped, oxygen-vacancy rich, and stoichiometric Rutile
TiO, (110) model surfaces predicted that only the more reactive
oxygen-vacancy rich TiO, surface exhibited surface reaction and
redox energetics that would suggest a potential for activity in the
reaction1?. Cleavage of the N-N bond was found to still be kinet-
ically limiting and likely not possible near ambient temperature.
Several assumptions in this approach may affect the applicability
of the use of the computational hydrogen electrode. Specifically,
that the reactions are performed in the gas phase in the absence of
an electrolyte. This draws into question the energetics associated
with the source of H*. Most notably the effect of the surface re-
activity of the catalyst where H™ is bound. As few reliable exper-
imental studies exist for this reaction system?, it is still unclear
whether this modeling approach is valid or not.

A follow-up study by the same group has suggested that the
view of the mechanism has changed, and that carbon contami-
nants present on the catalyst surface serve as critical co-catalyst
radical species that promote activation of N,2L. This suggestion is
more in line with the understanding that organic-contamination-
free TiO, is completely inactive in photocatalytic reactions that re-
quire H-transfer for hydrogenation or H, evolution when a metal
co-catalyst is absent 17018122

It is important to note that approximations are still very much
necessary in efforts to model photocatalytic systems at this point
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since capturing the dynamics of excited states with respect to driv-
ing surface reactions is very computationally expensive or impos-
sible at this time. A very limited selection of studies have be-
gun to treat these systems more exactly, but have been limited to
TiO, and were focused only on the hydrogenation of CO, without
considering C-O bond cleavage pathways due to computational
cost23,

Our approach was to utilize a ground-state Density-Functional
Theory (DFT) modeling approach to shed light upon observed
catalytic performance of SiC and GaN photocatalysts in CO, re-
duction by H;O. Through comparisons with experimental results,
the validity of the approach could be determined. SiC and GaN
were chosen because they present appropriate band gaps, band
edge alignments, and a range of bulk material and surface chem-
ical properties. Appropriate band edge alignments avoided the
complication of including co-catalysts in the analysis. The pri-
mary mechanistic question was how catalyst surface reactivity
and intermediate stability correlated with observed catalytic per-
formance, but the investigation ultimately also suggested the po-
tential for a new H-transfer mechanism over semiconductors com-
prised of less electronegative p-block elements, e.g., carbon vs ni-
trogen. Because we are modeling a ground-state reaction mech-
anism, it is expected that appropriately endothermic overall and
stepwise reaction thermodynamics will be encountered. No extra
charge or excited states were included in the calculations. The
model systems or computational approaches were not modified
to artificially produce exothermic reaction energetics, as in previ-
ous modeling efforts by others131€, Capturing these energetics
will help to shed light upon the nature and magnitude of energy
inputs needed to drive the reaction forward.

The validity of the insights gained in the study was determined
by comparing with our recently published experimental results
that show photocatalytic CO, reduction is dramatically enhanced
over specific catalysts at elevated autogenous temperatures (up
to 350°C) under concentrated solar photoreaction (CSPR) con-
ditions and with the published results of others at and above
ambient temperature conditions. Comparisons were made only
with studies that could be verified to the best of our ability to be
organic-contamination free. As organic contamination is rife in
the field, extreme scrutiny of all published work was necessary in
this regard. If the study did not employ appropriate control tests,
isotope tracking, or showed activity for pure TiO, in the reaction,
it was deemed unreliable and not used for comparison.

As experimental results are available across a wide range of
temperatures (25°C to 350°C), vibrational kinetic barriers were
calculated throughout the mechanisms. The presence of this data
does not suggest that these barriers will control the kinetics of
the reaction when driven photoelectrochemically, but can shed
light upon any effects that are associated with reaction steps that
present vibrational barriers low enough to be kinetically accessi-
ble at the temperatures considered.

The possibility of vibrational excitation through applied ther-
mal energy or non-radiative relaxation of hot electrons are also
considered as potential energy sources since concentrated solar
photocatalytic activity data at a temperature of 350°C is now
available for comparison'. The latter phenomenon has the po-
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tential to drive non-redox reaction steps that would otherwise be
insurmountable through direct heating and has been evoked in
plasmon-assisted photocatalytic reactions recently%. In electron-
mediated desorption studies of atomic H over Ru(111), a fem-
tosecond laser excitation (800 nm, 60 J/m? fluence) was utilized
to produce electronic temperatures of nearly 3000K that pro-
moted H, evolution and exhibited a kinetic isotope effect using
D,"12| Electron-mediated associative desorption over metals and
oxides has also been demonstrated2>"22, As atomic H on SiC re-
laxes to neutral charge, this mechanism may be active in driving
reactions on the SiC surface.

2 Computational Method

Density functional theory (DFT) calculations were performed uti-
lizing Vienna ab initio simulation package (VASP 5.3.3) and re-
sources from Extreme Science and Engineering Discovery Envi-
ronment (XSEDE)2Y, The generalized gradient approximation
(GGA) exchange-correlation functional PBE-sol was employed, as
it has been reported to accurately capture the electronic struc-
ture and bonding within semiconductor solids=!32. Specifically,
PBE-sol has been shown to capture the band gap of a large suite
of semiconductors within 1-2% of experimentally measured val-
ues®33  An ultra-soft pseudopotential was utilized to model
the hydrogens. Positive and negative reaction energetics quoted
throughout the manuscript indicate endothermic and exothermic
energies, respectively. Periodic boundary conditions were uti-
lized to model infinite slabs of materials to negate edge effects
and to ensure fully developed bulk-like electronic structures were
present. Forces within the calculations were relaxed to a value
of less than 0.1 eV/A. A planewave cutoff energy of 400 eV was
utilized. The effect of thickness of slabs was investigated, which
contributed only 0.02 eV to the reaction mechanism energetics.
Surface unit cells of 2x2 and 3x3 were utilized for GaN and SiC,
respectively with at least 4 stoichiometric layers. Periodic slabs
were separated by a 15A vacuum gap in the z-direction. For
the reaction energetics calculations, two topmost stoichiometric
layers of the slab along with the adsorbates were allowed to re-
lax while the rest of the atoms in the slab were fixed. K-point
meshes of 2x2x1 and 4x4x1 were utilized for the 3x3 and 2x2
slabs, respectively to sample the Brillouin zone. Adsorption en-
ergies as a function of k-point sampling were checked and the
selected meshes provided sufficient accuracy at a reasonable com-
putational cost. To ensure that electronic relaxation of adsorbed
atomic H did not affect reaction energetics, each H atom was bal-
anced with an OH* group. Activation barriers for reaction steps
were calculated using climbing nudged elastic band (cNEB) or
DIMER methods®#32  The models were optimized until forces
were less than 0.1 eV/A. The INCAR files for the NEB and DIMER
methods are provided in the ESI pg. S15-S17.

The oxidation state of the surface-bound H atoms were calcu-
lated using Bader charge analysis®®37., The surface termination
of SiC and GaN were determined using an ab initio thermodynam-
ics approach®8*L which is described in detail in the ESI pg. S1.
The GaN surface facet of (0001) was utilized in our study since
this surface facet has been determined to be of lowest surface
energy via both computational and experimental surface science

This journal is © The Royal Society of Chemistry [year]
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studies*24. The most favorable surface facet for SiC was deter-
mined manually by comparing the surface energies of several C-
terminated candidate facets. The C-terminated beta-SiC surface
of (111) surface was found to be lowest in energy and employed
in our study. Due to asymmetry in the crystal in the z-direction,
the bottom of the slab was Si terminated. To reduce the effects
of surface states produced at the bottom of the slab, all dangling
bonds were saturated by OH groups.

3 Results

3.1 Reaction Mechanism Determination

COz* + H0*
l gl_sg l+H* l+H*
Redox Carboxylic Formic
co* COOH* HCOO*
l+H* l +H*
+H*
HCOOH* Hzcoo*

[ co kil +H*

C* COH* Hcox diss HCOOH* «—

L +Hj c-o0 c-0
+H* diss diss
HCOH*

+H* c-0 . " Hpco*
diss +H |2
l +H* +H* J{
L CH* CHoOH* CH30*
+H*
c-0 \_) +H*
diss CH30H* A ——
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sLdiss
+H* +H*

Figure 1: Surface reaction pathways considered in CO, photocatalytic
reduction with H,O to produce CH,. The reduction mechanism initiates
via three main pathways: (i) redox, (ii) carboxylic, and (iii) formic routes.
All possible reaction pathways via multiple hydrogenation of CO, were
calculated to isolate the most favorable reaction mechanism towards CH,4
production.

The most energetically favorable reaction pathways over SiC and
GaN were determined via an exhaustive search. All possible re-
action sites and reaction network pathways that were chemically
reasonable were investigated. Thermodynamics and vibrational
kinetic barriers were calculated for all pathways. The least ener-
getically demanding pathways were selected as "most promising",
but because the energy available for the reaction system is not
well understood, other pathways close in energy may also be ac-
tive. The reaction network in Figure 1 illustrates all possible reac-
tion pathways that were investigated in our study. It is noted that
reaction pathways where C-O bonds are broken and reformed
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multiple times were not considered as reasonable in our search.
We assume that once a C-O bond has broken, it does not reform
favorably along the path to the selective product CHy.

—
S05 | % —
()] H,O diss. ads
~ OH*+H*4 onGaN (0001)
LLl

<15 -

-2 ]
OH* + H*
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Reaction Coordinate on SiC (T77)
b) 1
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> 1 1
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\—405 ]
g . Loy
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-1 O* ads

Reaction Coordinate  onGaN (0001)

Figure 2: (a) H,O dissociation energetics over SiC and GaN. Significant
thermodynamic driving forces towards H,O dissociation with low kinetic
barriers (E, ~ 0 eV) were encountered over both materials and (b) Gibbs
free energy of 1/2 O, molecule evolution over SiC and GaN at 25°C and
350°C. Energetics suggest that O, evolution may be readily promoted
over GaN, while it might be difficult over SiC due to high oxophilicity.

The initiation of CO, reduction is possible via three pathways:
i)redox (direct cleavage of first C-O bond to form CO*), ii) formic
(hydrogenation to form HCOO*), or iii) carboxylic (hydrogena-
tion to form COOH*). The redox pathway via electrochemically-
promoted direct dissociation of CO, has been suggested as ener-
getically unfavorable®>46; however, may be possible via thermo-
chemical routes over catalysts that exhibit higher surface reactiv-
ity towards carbon and oxygen. Over surfaces that present lower
surface reactivity, hydrogenation to destabilize C-O bonds before
cleavage may be necessary. The formic (HCOO*) and carboxylic
(COOH*) routes initiate this destabilization of CO, through hy-
drogenation and differ solely with respect to where the initial
hydrogenation takes place. Beyond the first hydrogenation, fur-
ther hydrogenation may be necessary to destabilize C-O bonds
enough to be cleaved. Therefore, all possible intermediates of
the form H,CO,H, were investigated. After the first C-O cleav-
age, similar reaction pathway turning points are present as well
as varying degrees of C and O hydrogenation needed before 2nd
C-O0 cleavage is accessible.

Water dissociation was studied first since the reaction cannot

4| Journal Name, [year], [vol.],1

proceed without the hydrogen it supplies. Because of the sta-
bility of H,O0, its dissociation is often suggested as a kinetically
limiting step in photocatalytic water splitting and CO, reduction
over oxide and nitride-based catalysts®Z. Our results indicate that
both SiC and GaN are able to dissociate H,O with significant ther-
modynamic driving forces (-2.26 eV and -1.08 eV, respectively)
and with nearly zero kinetic barriers (+0.05 and +0.02 eV, re-
spectively). These results agree well with existing surface science
experimental and computational studies focused on the surface
chemistry of GaN and SiC4#244H48:52 pacile H,O dissociation en-
countered over both SiC and GaN suggests that this step is not
kinetically limiting even at ambient conditions. Likewise, this sur-
face chemical feature suggests that high surface coverages of H*
and OH* may be present under reaction conditions and that the
fragments may act as catalytic poisons if they are not removed
through hydrogenation or H, and O, evolution steps. With high
H* and OH* coverage, the concentration of carbonaceous species
on the catalyst surface, including CO,, may be significantly lim-
ited leading to a reduction in overall activity or shifts in product
selectivity that favor H, production. This phenomena could be
detrimental at low temperatures in condensed aqueous phase re-
action conditions where the chemical potentials of CO, and H,O
are at a great imbalance. Conversely, it may be absent when utiliz-
ing elevated temperatures and gas phase reaction environments
were CO; and H,O chemical potential can be readily tuned.

In determining the dominant mechanisms across a wide range
of reaction conditions, e.g., ambient vs. 350°C, condensed liquid
vs. gas phase, AM1.5 vs. 100’s of suns, it is assured that several
reaction pathways may be active and condition dependent. Poten-
tially unrealized H-transfer mechanisms over non-oxide/nitride
catalysts may also enable significantly elevated electronic tem-
peratures that allow higher energy pathways to be catalytically
important. The lowest energy pathways will be discussed as well
as mechanisms that are more energetically demanding.

Considering the pathways up to the first C-O bond cleavage
step, the redox and carboxylic pathways were found to be most
favorable over SiC and GaN, respectively. The higher surface re-
activity of SiC readily drove the direct dissociation of CO, to CO*
and O* (AE = -0.50 €V, E, = 0.28 eV). Comparatively, hydro-
genations of CO, over SiC in the carboxylic and formic routes
were significantly more energetically demanding (AE = +1.80
and +1.65 eV, and E, = 2.68 and 2.88 €V, respectively). Over
GaN, two hydrogenation events to produce COOH* and HCOOH*
were necessary to enable cleavage of the 1 C-O bond due to the
lower surface reactivity of material. Moderately endothermic 1%
C-O0 cleavage via dissociation of HCOOH* intermediate was en-
countered (AE = +0.30 eV and E, = 1.10 eV). On the contrary,
direct CO;, dissociation over GaN was found to be highly energeti-
cally unfavorable (AE = +3.78 eV, E, not calculated). By compar-
ison, hydrogenation steps that lead to 1% C-O cleavage over GaN
were significantly more energetically demanding (AE = +0.89 eV
and +1.52 eV, E, = 1.56 and 2.21 €V, respectively) than over SiC.
Results suggest that CO* may be produced over SiC readily and
is not a rate-determining step. While over GaN, hydrogenation
must be achieved twice before the 1st C-O cleavage is accessible.
These energetics may directly affect the CO production over the

This journal is © The Royal Society of Chemistry [year]
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Figure 3: Most favorable surface reaction mechanisms isolated for CO, reduction over (a) SiC and (b) GaN towards CH, production via ab initio
thermodynamics approach (T = 350 °C and ambient pressure). Redox and carboxylic routes were isolated as most favorable pathways for the initiation
of CO, reduction over SiC and GaN, respectively. The model figures illustrate the transition states isolated in between each reaction step. Bond lengths

of the transition states are indicated above the model figures.

two catalysts and their general ability to utilize CO,.

In the pathways that promote 2"¢ G-O cleavage, hydrogenation
of intermediates was necessary over both SiC and GaN, albeit, to a
lesser degree over the more reactive SiC. The formic-like route via
a HCO* intermediate was found dominant over SiC (AE= +1.19
eV and E, = 2.16 eV). By comparison, the redox route via the
C* intermediate (AE = +2.01 eV and E, = 3.1 €V) and the car-
boxylic route via the COH* intermediate (AE = +3.10 eV and E,
= 4.67 V) were found to be significantly less favorable. A second
hydrogenation of HCO* to HCOH* (endothermic by AE = +0.81
eV and E, = 1.46 €V) was necessary to further destabilize the
C-0 bond before its dissociation over SiC. The C-O cleavage of
HCOH* was found to be moderately endothermic (endothermic
by +0.97 eV and E, = 1.57 €V).

Over the less reactive GaN, two hydrogenation steps prior to
second C-O cleavage were found to be necessary. Hydrogenation
of HCO* to HCOH* (endothermic by AE = +0.18 €V, E, = 0.31
eV) and then to CH,OH* (exothermic by AE = -0.26 eV, E, =
0.97 eV) were required to destabilize the remaining C-O bond
sufficiently. Following hydrogenation, moderate endothermicity
towards second C-O cleavage (endothermic by AE= +0.81 €V,
E, = 1.35 eV) was encountered. The alternate pathway of C-O
dissociation in the HCO* intermediate was significantly less fa-
vorable (AE = +3.53 eV, E, not calculated).

Hydrogenation of the CH, fragments to CHj over either catalyst
was moderately endothermic (SiC: AE = +0.93 to +1.03 eV and
E, = 1.71 to 1.79 €V; GaN: AE = +0.81 eV and E, = 1.70 eV).
The final hydrogenation of CH3* to CH4 was found to be most
energetically demanding over both catalysts and was a likely can-

This journal is © The Royal Society of Chemistry [year]

didate for the rate-determining step (GaN: AE = +1.99 €V and
E, = 4.18 €V, SiC: AE = +2.77 and E, = 4.26 eV). Despite the
energetics of this step, experimental observations by our group
and others indicate that the reaction proceeds to CH; produc-
tion™3, However, there are significant differences in overall cat-
alytic activity and CHy vs. Hy selectivity between SiC and GaN'L.
These results also agree well with results from in situ experimen-
tal investigations that tracked intermediates via DRIFTS and EPR
spectroscopies®=455, Most notably, CHs* radicals were the only
species identified besides H* radicals, which is expected if the re-
moval of the species is significantly kinetically limited®4, The
stability and rigid tetrahedral geometry of this species are likely
causes for its difficult removal.

The positive effects of elevated surface reactivity of the pho-
tocatalyst in driving C-O cleavage steps may also have a detri-
mental effect on CH4 or O, evolution. In the context of O, evo-
lution, general surface oxophilicity must be directly investigated.
The oxophilicity of the semiconductor is a strong function of the
electronegativity of the the non-metal element. The Gibbs free
energy of O, evolution (per oxygen atom) was calculated as —
0.61 eV/0 and -0.27 €V/0 over GaN (calculated at 350°C and
25° under ambient pressure), respectively and ambient pressure
reaction conditions). Over SiC, O, evolution (per oxygen atom)
was less favorable ( +1.17 eV/0 and +1.50 eV/O, at 350°C, same
conditions). Results suggest that O, evolution would be readily
promoted over GaN considering its valence band alignment and
low reactivity towards atomic oxygen. Despite an appropri-
ate valence band alignment for O, evolution in the case of SiC, O,
evolution may be difficult due to the high oxophilicity of SiC. Due
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to the electronegativity of O, O, evolution may not be as easily
promoted through vibrational excitation. These results agree well
with the understanding that partially oxidized layers form read-
ily on pristine SiC surface even under ambient conditions =859
however, full oxidation to SiO, even under highly energetic pho-
tocatalytic reaction conditions at 350°CL. Oxides/nitrides are
known to be relatively good oxygen evolution catalysts.

3.2 Oxidation State of Surface-bound Atomic H

Table 1 Calculated Bader charge analysis of atomic H adsorbed on SiC
and GaN surfaces. Two distinct types of surface bound atomic H were
encountered — protonic over GaN and neutral over SiC. The charges are
reasonable considering the electronegativity of the constituent atoms and
the electronegativity of H atom (2.2).

Catalyst AEg.(eV) ChargeonH (e”) Electronegativity
SiC -2.50 +0.04 Si (1.9), C (2.5)
GaN -0.66 +1.0 Ga (1.8), N (3.0)

The oxidation state of hydrogen may also be an interesting
tunable parameter if non-oxide/nitrides are used as photocata-
lysts. The hydrogen from H,O is often assumed to be protonic
and significantly affected by the gas-liquid interface, yet as the
field moves to using semiconductors comprised of p-block ele-
ments that are less electronegative than O and N, atomic H™ may
electronically relax to neutral H®. This effect is already evident
when H,0 dissociates over less electronegative transition met-
als®062464| 1t s also likely present in any photocatalyst where H™
is reduced at a metal co-catalyst surface®264 Anionic H may also
be accessed over Si, as known from hydrogen sensor work50/63]
The presence of photocatalytically active neutral atomic H may in-
dicate new vibrational H-transfer mechanisms are possible. This
phenomenon may play a role in determining the hydrogenation
vs. H; evolution selectivity. Our elevated temperature photo-
catalytic CO, reduction results already suggest that these mech-
anisms exist and are not wholly thermally driven, i.e., photon
absorption still drives the reaction. Charge analysis of atomic
H adsorbed at the C and N of SiC and GaN indicated that HT
does indeed relax to H? over SiC and not over GaN (see Table
1). These results are consistent with the electronegativity of Si,
C, Ga, and N and agree with established experimental surface
science understanding. How this feature of the reac-
tion system affects catalyst activity or selectivity has not yet been
directly studied, but comparisons with literature indicate it signif-
icantly affects selectivity.

3.3 Stability of Reaction Intermediates and Probe Adsor-
bates

The factors of the photocatalytic system that affect selectivity in

CO; reduction by H,O are still not well-established, but consider-

ing the high energy environment, it is reasonable to suggest that

more stabilized intermediates may improve hydrocarbon produc-

tion by limiting the energetic driving force for reverse reactions
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and entropic driving forces that favor small molecule production
(CO and Hy). In an attempt to develop a generally applicable de-
scriptor that would track directly with catalytic activity and prod-
uct distribution in photocatalytic synthesis reactions, we investi-
gated the general reactivity of SiC and GaN towards both
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Figure 4: (a) Relative stability of key reaction intermediates encountered
in the CO, reduction pathway towards CH,4 formation over SiC and GaN.
Energetics suggest that SiC exhibits a reactive surface that binds all key
reaction intermediates more strongly in comparison to GaN by at least
0.9 eV. (b) Dissociative and molecular adsorption energy (eV) of probe
molecules. Similar differences is observed over the two materials in this
case.

relevant probe molecules via molecular and dissociative adsorp-
tion (Hy, O, CO,, H,0, and CO) and the raw stability of some
key intermediates/descriptors that may be catalytically important
(CH*, CH,*, CH3*, HCO*, C*, and COOH*). These key inter-
mediates were chosen as probes to understand how catalyst sur-
face reactivity may contribute to promoting C-O bond cleavage
and how their stability may track with observed thermal effects
in dictating catalytic activity and product selectivity. Stability of
the intermediates was used to suggest where vibrational barriers
may be appreciable and how catalyst surface reactivity induces
this effect. The greater reactivity of SiC is again readily apparent
in comparison to GaN with both probe adsorbate and interme-
diates binding more strongly by at least 0.9 €V (see Figure 4).
The elevated reactivity of SiC is clearly responsible for driving

This journal is © The Royal Society of Chemistry [year]
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the 1st C-O bond cleavage of CO,. Whereas, several hydrogena-
tions of CO, over GaN was necessary before C-O bond cleavage
could occur. The stabilization of the intermediates may also pro-
mote coupling reactions on the surface like hydrogenation or C-C
bond formation by combating the entropic driving force for small
molecule production. Comparisons with observed experimental
activity and the effect of reaction conditions presented later fur-
ther clarify these connections.

4 Discussion

Results thus far suggest that the surface chemistry of photocata-
lysts may play a significant role in determining surface reaction
mechanisms, catalytic activity, and product distributions in a sim-
ilar fashion as electrocatalysis. Additionally, charge analysis of
atomic H on SiC and GaN suggests that non-electrochemical H-
transfer mechanisms may be active over SiC where atomic H is
of neutral charge. The ground-state neutral atomic H encoun-
tered over SiC suggests that H-transfer may be driven by electron-
phonon coupling that results in significant vibrational excitation
and destabilization of the adsorbate. We now compare to other
computational and experimental surface science and catalytic
performance studies to ascertain whether these studies can shed
light upon the behavior of real photocatalytic systems. Again, we
compare only to catalytic performance studies that could be veri-
fied to be free of organic contamination through thorough control
or isotope tracking studies. Because contamination effects in pub-
lished literature are abundant, a fairly limited selection of studies
could serve as a comparison.

4.1 Correlation of Computationally-Derived Mechanisms
and Established Surface Science Understanding

Focusing first on the surface chemistry of GaN, H,O dissociation
over single crystal GaN(0001) has been shown to be appreciable
and kinetically accessible even at low temperatures via UPS and
APXPS surface science studies248 as well as in other computa-
tional studies®#4% which agree well with our results. Atomic H
adsorption has been reported as moderate with thermal H, evo-
lution possible at temperatures above ~250°C in UHV HREELS
and TPD studies over single crystal GaN(0001) 68|

The elevated reactivity of GaN towards oxygen has been
demonstrated by its oxidation under O, at ambient conditions.
The element mobility in GaN also allowed for a moderately thick
native (full) oxide overlayer to form (0.5-2nm thick) 09 The
propensity for surface oxidation is also demonstrated by the need
for its removal in electronics applications through acid or base
etching of GaNZ0Zl  However, even after these treatments, a
significant amount of oxygen still persists (~30% of O per N
detected in 1-5 nm of surface of GaN via Auger electron spec-
troscopy)2. GaN has also been shown to be more reactive than
TiO, in the study of ethanol dissociationZ2. This elevated reac-
tivity and ease of oxidation may be detrimental under all reac-
tion conditions, yet post-reaction characterization of photocata-
lysts is sparsely performed. Our post-reaction characterization of
GaN after CSPR conditions for 12 hrs indicated half the material
was converted to Ga oxide'l. The photon absorption environment
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appears to not limit this effect significantly. Although, the bulk
electronic structure of GaN (alignment of VBM with O, oxidation
potential) predicts O, evolution should be possible, the effect of
elevated surface reactivity clearly promotes surface oxidation in-
stead. This illustrates how the classical approach of using bulk
electronic properties may fail to fully predict catalytic activity.

The surface chemistry of SiC has not been a focus of the cataly-
sis community, yet has been quantified in the field of electronics.
The study of the oxidation of SiC by various oxygen containing
molecules, e.g., O, HO, CO,, and CO showed that a partial
oxidation occured at the surface of SiCZ3H7Z, For instance, the
oxidation of ~25 nm SiC particles at room temperature by ambi-
ent O, has been shown in a study by Vaben et al.Z3. The oxide
thickness was reported as effectively one atomic layer (0.16 nm),
which is abnormally thin and unique to SiC due its exceedingly
low element mobility””2. Studies of high temperature (800°C) ox-
idation by H;0, CO, and CO, also confirm the partial oxidation
of the surface of SiCZ475, Unfortunately, the thickness of the ox-
ide layer was not reported in these studies. Our studies of SiC
under CSPR conditions for 12 hrs at an autogenous catalyst tem-
perature of 350°C indicated that the oxidation of SiC stops at SiO
and is limited to just the surface of the particlesl. Others have
reported similar resultsZZZ, These results agree well with our
calculations and observations that the catalyst does not oxidize to
Si0, and retains catalytic activity'l. It is noted that the thin oxide
layer can be readily removed by HF etchingZL. Similar to GaN,
the VBM of SiC would suggest that the material could evolve O,
yet experiments show that this reaction is limited due to the ele-
vated oxophilicity of SiC. Experimental surface science studies of
reactivity towards carbonaceous species is quite limited over SiC,
yet computational studies of others indicate strong binding of CO
(Eugs = —2.3 eV with XC functional PBE) similar to our results
(Egas = —2.4 eV with XC functional PBE-sol)Z8. Calculations of
CO and NO adsorption over SiC nanotubes also indicated appre-
ciable surface reactivity of their surfaces’”?.

4.2 Correlation of Computationally-Derived Mechanisms
and Observed Experimental Catalyst Performance

Comparing to reliable experimental results, we first summarize
our findings in concentrated solar photocatalytic reaction condi-
tions. Reactors used were constructed from UHV conflat flange
parts cleaned with a solvent sequence, baked at 600°C under
flowing UHP Ar, and sealed with Cu gaskets. Doubly distilled
water and SFC CO, were the only species present under reac-
tion conditions. Many control runs were performed to verify the
cleanliness of the system and that CH4 and CO were produced
from CO,. In this reaction system, both SiC and GaN exhibited
excellent photocatalytic activity towards H,, CO, and CHy but dra-
matically different product distributions (SiC: ~35 umol g~'h~!
CH4, ~36 umol g~'h~! CO, and ~44 umol g~'h—! H, and GaN:
~3.2 umol g~ 'h~! CH4 , ~31 umol g~'h~! CO, and ~3100 umol
g 'h~! Hy). The contribution of lattice C to the CH, production
rate was checked using water-splitting conditions at temperatures
up to 350°C. CHy production rate in this case was ~2% of that
of runs performed with CO, present. SiC exhibited one of the
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highest hydrocarbon production rates among verifiably organic-
free systems (~35 umol g~'h~!). GaN also exhibited one of the
highest activities towards H, evolution under elevated tempera-
ture CSPR conditions (~3100 umol g~'h~!), even comparable to
highly optimized RuO,/GaN:ZnO (H, evolution of ~3200 pmol
g 'h™!) under UV-vis and Rhy_,Cr,03/GaN:ZnO catalysts (H,
evolution of ~900 umol g~'h~!) under visible irradiation®%62,
At elevated reaction temperatures, e~ /h™ pair recombination rate
becomes a question. The temperature where this becomes appre-
ciable is the Debye temperature. SiC exhibits much higher Debye
temperature (900°C) in comparison to GaN (327°C). Despite op-
erating slightly above the Debye temperature of GaN, a similarly
improved activity to SiC was still achieved. Product selectivity for
the fate of H (CHy vs. Hp) was 1:8 and 1:1000+ for SiC and GaN,
respectively illustrating they exhibit distinctly different mechanis-
tic features.

Considering the effect of reaction conditions in addition to the
innate activity differences at ambient temperature conditions in
condensed aqueous phase further underscores that the two cat-
alysts exhibit surface chemical or electronic differences that dra-
matically affect their performance. Most notable are the changes
in 2" C-0 bond cleavage ability and its effect on product dis-
tribution. A preferred selectivity towards partially hydrogenated
products such as H,CO (14.3 pumol gflhfl) and CH;0H (76.4
umol g~'h~1) has been reported over SiC under aqueous phase
ambient photocatalytic reaction conditions®2. These results were
then reproduced with 100% selectivity towards CH3OH produc-
tion (27.7 umol g~'h~!') by Gondal et al. under similar condi-
tions®%, When reported, CH,; production was noted only at trace
levels®3, Production of H, was not quantified in these studies,
unfortunately. The activity of GaN at ambient temperature in
condensed aqueous phase has been reported to lean heavily to-
wards products that are not hydrogenated and H; evolution. For
example, CO and H; we the only products quantified (~47 umol
g~ 'h~! CO and ~570 umol g~'h~! H,) in three different stud-
ies of GaN in CO, reduction>8%81))  Again, greatly diminished
CH4 production was encountered (~1.3 umol g~'h~! CHy) over
GaN nanowires under aqueous phase ambient temperature con-
ditions®3,

Revisiting our results in the light of the observed activity dif-
ferences of the catalysts under two distinctly different reaction
conditions, we found that the effect of general surface reactiv-
ity and the nature of atomic H are likely catalyst features that
dictate activity and product selectivity in the reaction. Reaction
condition and the nature of the energy sources available also ap-
pear to enable different mechanistic pathways to be promoted
or demoted that shift selectivity from small oxygenates to CHy.
Of specific interest is how elevated surface reactivity affects H,O
dissociation and C-O bond cleavage and dictates hydrogenation
vs. Hy evolution selectivity. Calculations suggest that the stability
of both surface-bound atomic H and carbonaceous intermediates
correlated well with both H, evolution and CH, production se-
lectivity over the catalysts considered. A review of the known
surface chemistry of the catalysts helps to further solidify these
correlations.
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4.3 Effect of General Surface Reactivity and the Nature of
Atomic H

With respect to driving H,O dissociation, catalyst surface reac-
tivity may manipulate the surface coverage of H*, OH*, and car-
bonaceous intermediates and influence the general ability of the
catalyst to absorb and utilize CO,. Experimental performance of
catalysts with lower surface reactivity, TiO, and GaN, varies con-
siderably as a function of reaction condition. At lower tempera-
ture in condensed H,O, small oxygenate production is promoted
yet product distributions lean heavily towards H, production. Un-
der CSPR conditions, these catalysts produce little to no small
oxygenates and greatly improved H, evolution is encountered.
On the other hand, the elevated reactivity of SiC shifts product
distribution from small oxygenates at low temperature to CH, at
elevated temperatures significantly. These correlations partially
suggest the relative reactivity of the catalyst towards H,O and
carbonaceous species that is needed to promote full CO, reduc-
tion and how their chemical potential in reaction conditions may
need to be tuned. The presence of a high chemical potential of
H,0 in condensed phase reaction conditions may further exacer-
bate these effects and significantly limit the activity of catalysts
with higher surface reactivity. This is most evident when compar-
ing the performance of SiC at low and elevated temperatures, but
appears to also be an issue with less reactive catalysts that still are
able to effectively dissociate H,O at low temperatures. Therefore,
the surface reactivity of the catalysts responsible for driving H,O
dissociation may be a useful marker to partially predict overall
catalyst performance and the effect of reaction conditions.

Another potential activity marker is the surface reactivity as-
sociated with driving C-O bond cleavage. Both the surface reac-
tivity towards carbon-terminated intermediates and oxygen play
a role in driving C-O cleavage and whether hydrogenation is
needed beforehand. This is most evident in the degree of hy-
drogenation necessary to promote either 1 or 2" C-O cleav-
age over SiC and GaN. For instance, 1* C-O cleavage of CO; is
possible with no need for hydrogenation and 2"¢ C-O cleavage
requires only two hydrogenations in the most favorable reaction
pathway over SiC. Conversely, over GaN, significant hydrogena-
tion is necessary before both 1% and 2™ G-O cleavage. Observed
product distributions in different reaction conditions also support
this view with small oxygenates dominant at low temperature in
condensed H;0 and CO, H,, and CH4 dominant under gas phase
CSPR conditions. Promoting C-O cleavage with catalyst surface
chemistry may also allow for new reaction intermediates to be
present that would otherwise be absent over less reactive materi-
als like TiO, and GaN. For instance, elevated surface reactivity of
SiC towards dissociating CO, to CO* and strong binding of CO*
(Eqas = —2.4 €V) potentially presents an intermediate that is lack-
ing over the less reactive catalysts. The ease of CO production
over SiC again correlates well with both CO and CH4 produc-
tion. The obverse case is evident over GaN where C-O cleavage is
limited and intermediates are hydrogenated to a greater degree
earlier in the reaction mechanism.

The stabilization of reaction intermediates appears to be a crit-
ical aspect of photocatalysts that achieve the full reduction of

This journal is © The Royal Society of Chemistry [year]
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Figure 5: Schema to illustrate the effect of different types of surface-
bound atomic H — protonic and neutral — encountered over GaN and SiC,
respectively in our study. Entropy calculations for H, evolution step over
GaN and a CH, fragment hydrogenation step over SiC are shown. En-
tropy calculation results directly correlate to experimentally observed se-
lectivity towards H, evolution in case of GaN and CH,4 production in case
of SiC, indicating that entropy effects may favor the production of small
molecules like H; if less stable intermediates are encountered. Positive
entropy change values indicate a more disordered system.

CO, to CH4 and may serve as yet another activity marker. Due
to the high energy reaction environment and highly endother-
mic reaction energetics throughout the mechanism, it is reason-
able that significantly stabilized intermediates would balance and
counteract the issues inherent in producing much higher energy
products by limiting the kinetics for reverse reactions and pro-
moting hydrogenation, e.g., CH, formation from CO, and H,O is
endothermic by ~+9.14 V€. Additionally, the degree of stabi-
lization needed may be markedly different from that appropriate
for lower energy thermocatalytic reactions. Selective CHy pro-
duction over SiC tracks well with more stabilized carbonaceous
intermediates and atomic H, most notably in CSPR conditions
where thermal energy or non-radiative vibrational excitation are
available. Conversely, the relatively low surface reactivity of GaN
produces less stabilized reaction intermediates including atomic
H, which may enhance their unselective consumption in reverse
reactions leading to the production of H, and CO. Despite both
SiC and GaN exhibiting similar surface reaction energetics later
in the mechanism, there is a key stopping point at CO in the re-
verse reaction pathway over SiC. This feature may serve to limit
reoxidation of CO to CO, and enable hydrogenation to further
consume this intermediate. Over GaN, intermediates may read-
ily transform back into H, and CO, or leave the surface as H,
and CO. Entropic effects that greatly favor the release of energy
through the production of small molecules may also play a sig-
nificant role in the reaction. If key intermediates are converted
back to CO and atomic H, the high energy environment may en-
tropically favor desorption of CO and H, over hydrogenation if
the intermediates are less stable. In this case, again, more stabi-
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lized intermediates over SiC appear to limit this effect. Whereas,
less stabilized intermediates over GaN correlate with significantly
higher selectivity towards CO and H, production and limited CHy4
production.

The final activity marker suggested to control selectivity is the
nature of surface-bound atomic H. The conduction band mini-
mum edge alignments of SiC and GaN indicate both materials
should present the similar H-transfer abilities, yet this does not
correlate with observed selectivity between hydrogenation and
H, production. Again, calculations suggest that the effective elec-
tronegativity of the photocatalyst may allow protonic H from H,O
to electronically relax over solids comprised of less electronega-
tive p-block elements than O and N. The presence of less strongly
bound H of protonic nature over GaN correlated well with the fate
of H (CH4:H, of 1:1000+ under CSPR conditions)t. More stabi-
lized neutral atomic H over SiC correlated greatly elevated se-
lectivity towards hydrogenation for CHy production under CSPR
conditions (CH4:H, of 1:7).

The activity of a neutral atomic H in a photocatalytic mech-
anism may be unorthodox, but an understanding of the excita-
tion of these species with energy appropriate to perform reac-
tions has already been shown in studies of energetic electron-
mediated or laser-mediated associative desorption of atomic H
over metals!213, In the case of a photocatalytic reaction, excited
electrons may lose energy by vibrationally exciting surface-bound
intermediates allowing quite significant kinetic barriers to be sur-
mounted. This phenomenon may be promoted in CSPR condi-
tions where a high density of excitations are present in the cata-
lyst and has been shown to be active both over metals12/12128186I87
and over a few semiconductor oxide and nitride surfaces26:68-90,
This type of vibrational excitation is inherently different from that
of thermal excitation and may produce surface electronic temper-
atures upwards of 1000+°C due to electronic-phonon coupling
and could be responsible for surmounting some of the larger bar-
riers we have encountered for hydrogenation events over SiC
where atomic H is neutrally charged. In the ideal case, single
or multiple excitations can pump the adsorbate vibrational states
providing the energy needed to surmount the high H-transfer bar-
rier for final hydrogenation of CH;. The phenomenon may also
be active over GaN, but this is not clear at this time. The stability
of the atomic H after its activation via electrochemical reduction
would have to be known to determine if a vibrational barrier is
present in its transfer to an organic intermediate.

The transfer of neutral hydrogen, being vibration in nature,
may also be directly affected by thermal inputs and detectable
through kinetic isotope studies. Our previously published exper-
imental tests of SiC at 250°C vs. 350°C have shown that ele-
vated temperature indeed promotes hydrogenation and CH, pro-
duction', No such effect was observed over GaN where only pro-
tonic H is predicted to be present. Therefore, different H-transfer
mechanisms may be present over the two catalysts and be con-
nected to the ground-state oxidation state of H. Indeed, kinetic
isotope effects have already been performed in our lab and have
confirmed the vibrational nature of H-transfer over SiC. Whereas,
the kinetic isotope effect was absent over GaN. Solid state NMR
studies have further confirmed the presence of neutral H over SiC
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and protonic H over GaN. These results will be presented in a
follow-up publication.

Comparing our computational results with experimentally ob-
served catalytic activity and product distributions to understand
how intermediate stability may affect selectivity, we propose that
the elevated surface chemical reactivity of SiC may promote en-
hanced CH4 production with diminished H, evolution and visa
versa over GaN. This suggestion is in direct agreement with all ob-
served catalytic activity of these two materials in contamination-
free systems, and appears to extend to other oxides and nitrides
as well 2318082 1t js also important to note that the "appropri-
ate" surface reactivity for photocatalytic synthesis reactions has
not yet been determined, and may be dramatically different from
the surface reactivity necessary to achieve activity in lower energy
thermocatalytic reaction systems. Nonetheless, comparisons with
observed experimental performance suggest that elevated surface
reactivity may be beneficial in these reactions. It is further sug-
gested that stabilized intermediates may facilitate coupling reac-
tion steps and inhibit reverse reactions and entropically favored
CO or H; evolution. A similar suggestion was put forth in the
work of Comer et al. in the computational study of photocat-
alytic NH; synthesis where oxygen vacancy rich TiO, provided
the most energetically favorable N-N cleavage energetics due to
its elevated reactivity12,

5 Conclusions

In conclusion, efforts to model the photocatalytic reduction of
CO, by H,0 using ground-state computational surface science
techniques reveals clear connections between catalyst surface re-
activity, nature of atomic H, and experimentally observed cat-
alytic activity and selectivity. There are still significant questions
surrounding the mechanisms determined and whether higher en-
ergy pathways contribute significantly or dominantly to the ob-
served activity. However, correlations suggest that regardless of
this ambiguity, accounting for general surface reactivity in cat-
alyst selection may aid greatly in designing catalysts for H,/CO
or hydrocarbon production. This new understanding may also
enable C2+ hydrocarbons may be accessible from CO, and H,O
once appropriate surface reactivity is identified. The drawback
of elevated surface reactivity is that it may limit O, evolution.
Therefore, a oxygen-evolution co-catalyst is likely necessary when
using carbides. The overall degree of surface reactivity that may
lead to high activity and sustained selectivity towards oxygen-free
products is still unclear yet the benefit of using materials more re-
active than commonly used oxide and nitride photocatalysts has
been established. The presence of neutral atomic H over SiC also
correlates well with improved hydrogenation and elevated CH4
production. Electron-mediated reaction steps that are not pho-
toelectrochemical in nature are well-known over metals in the
surface science community and now appear to play a potentially
critical role in light harvesting in photocatalytic synthesis reac-
tions.
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