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ABSTRACT: The reverse water gas shift (RWGS) reaction converts CO, and H,
into CO and water. We investigated Cu/y-Al,O; catalysts in both thermally driven
and light-assisted RWGS reactions using visible light. When driven by combined
visible light and thermal energy, the CO, conversion rates were lower than in the
dark. Light-assisted reactions showed an increase in the apparent activation energy
from 68 to 87 kJ/mol, indicating that light disrupts the energetically favorable

pathway active in the dark. A linear correlation between irradiance and decreasing

reaction rate suggests a photon-driven phenomenon. In situ diffuse reflectance
infrared Fourier transform spectroscopy and TD-DFT analyses revealed that
catalyst illumination causes significant, partly irreversible surface dehydroxylation,
highlighting the importance of OH groups in the most favorable RWGS pathway.
This study offers a novel approach to manipulate surface species and control

activity in the RWGS reaction.
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B INTRODUCTION

The reverse water gas shift (RWGS) reaction is an attractive
approach for CO, conversion to CO using renewable
hydrogen' and could play an important role in the transition
to sustainable, large-scale CO, utilization for fuel manufactur-
ing via syngas chemistry.” The RWGS reaction is a slightly
endothermic equilibrium-limited reaction and is catalyzed by
Cu, Nj, Pd, Pt, or Au, supported on transition-metal oxides,
such as AL, O3, ZrO,, CeO,, SiO,, MgO, etc.>*

Direct catalytic activation of CO, is energetically demanding
and is strongly accelerated in the presence of hydrogen.
However, this can lead to a loss of CO selectivity due to
competing methane formation.” > Copper-based catalysts are
widely applied for RWGS reaction due to their affordability
and projected large-scale applicability, good activity at low
temperatures, and minimal selectivity toward methane.’

The metal-support interface is generally regarded as the
reactive perimeter,’ and the RWGS reaction is reported to
proceed through different pathways, such as redox, carbonate,
or formate mechanisms, which are still debated.®™' Recently,
experimental and theoretical evidence has been mounted
against the formate intermediate as an important contributor
to CO synthesis.”"”

Light-assisted catalysis is an emerging approach toward
utilizing symbiotic effects of photon energy (light) and thermal
energy to accelerate the catalytic turnover and steer
selectivity." "> Because of endless sunlight abundance, light-
assisted or, preferably, light-driven large-scale photocatalytic
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reactions could play an important role in CO, conversion using
renewable energy. Light can assist in catalytic reactions
through several mechanisms, such as interphase charge
transfer, electromagnetic nearfield enhancement, or localized
heating,'® Consequently, hot carriers (electrons and holes) can
participate in the catalytic reaction via reduction at the
conduction band and oxidation at the valence band or
vibrational and rotational energy can be deposited into
bonds of adsorbed species, resulting in their easier cleavage
and formation.'”'® Also, light irradiation can be used as
leverage to switch the oxidation state between Cu and Cu'*"’
or change the distribution of adsorbed surface species, leading
to altered surface chemistry."” This could have important
consequences for enabling more widespread use of solar
irradiation to help drive catalytic reactions at mild conditions
and overcome conversion and/or selectivity limitations of
equilibrium reactions.'®

Several CO, hydrogenation reactions show a substantial rate
acceleration in the light-assisted mode, such as CO, to C,,
hydrocarbons,””*' CO, to methanol,*** methane dry
reforming reaction,”*** and Sabatier reaction.”® The light-
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Figure 1. (A) Thermo-catalytic (full symbols) and (B) light-assisted (empty symbols) CO formation rates. (C) CH, selectivity at identical CO,
conversion in thermo-catalytic (full symbols) and light-assisted modes (empty symbols); lines to guide the eye. (D) Apparent activation energies in
thermo-catalytic and (E) light-assisted RWGS reaction over Cu/ALOj; catalysts.

induced acceleration of the RWGS reaction rate has been
documented on Au, In-modified TiO,, and Fe-based
catalysts.””* Interestingly, hardly any reports on photothermal
RWGS studies over copper-based catalysts exist where a flow-
type reactor is used, and the catalyst is excited only by a
combination of thermal energy and visible light.”’

Metallic copper is a fascinating candidate for the light-
assisted RWGS reaction due to its affordability, good intrinsic
catalytic activity for (thermally driven) RWGS reaction, and
strong localized surface plasmonic resonance (LSPR) in the
visible range of the electromagnetic spectrum. Over plasmonic
metal structures (AL, Cu, Ag, Au), a resonant photoinduced
collective oscillation of valence electrons can be established
when the frequency of the photons matches the frequency of
surface electron oscillations. This resonance produces elevated
electric fields on the metal surface, which, upon decay, yields
abundant and highly energetic charge carriers (hot electrons
and holes).””** Alumina is among the most frequently used
materials for dispersing catalytically active centers due to its
chemical stability and high surface area.

In this work, we combined thermally driven and visible-light-
assisted catalytic experimentation with TEM and structural
analysis of Cu/y-Al,O; catalysts, time-resolved DFT, in situ vis,
and X-ray absorption spectroscopy (XAS) and DRIFT
spectroscopy to clarify the role of visible light in the RWGS
reaction pathway. The CO formation rate decreases linearly
with increasing illumination, and the RWGS reaction is steered

through a higher energy barrier reaction channel. In parallel,
irradiation with visible light can minimize the formation of
methane side products. Our kinetic, structural, and diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS)
analyses showed that illumination causes a partly reversible CO
productivity loss and a dynamic coverage with hydroxyl,
formate, and carbonate species under dark and illuminated
conditions.

B RESULTS

Catalytic RWGS Performance. In the thermally driven
catalytic reaction (Figure 1A), CO appears at about 260 °C,
and the CO rate increases exponentially with increasing
temperature, reaching 205 mmol of CO/gc,*min at 340 °C.
The CO rate, normalized per mass of copper, revealed the
4.5CuAl sample as the most active, whereas no distinct
differences could be observed among the remaining samples
with higher copper content. Similar behavior was observed
previously by the group of Rodriguez over Cu—CeO,/ZSM-§
catalysts.” Negligible deactivation of the catalyst was observed
at 340 °C (Figure S1).

In the light-assisted RWGS reaction (Figure 1B), catalysts
were constantly irradiated by 790 mW/cm? of white light, and
the catalyst temperature was varied by changing the power
supplied to the resistive electric heater. The reaction was
initiated at higher temperatures than in the dark, and the CO
rate was consistently lower for all samples at identical catalyst

https://doi.org/10.1021/acsami.4c15849
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Figure 2. (A) Dependence of CO rates on white light intensity (400 nm > A > 700 nm) for 4.5CuAl and 13.5CuAl catalysts at a constant catalyst
temperature of 340 °C. A linear dashed line guides the eye. (B) Comparison of E, values for 4.SCuAl catalyst in the thermo-catalytic and
wavelength-dependent light-assisted RWGS reaction. Irradiance was constant at 340 mW/cm?.
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Figure 3. (A) In situ vis DR spectra measured at 340 °C in a 5% H,/N, flow for the activated Cu/AL Oy catalysts. The inset shows the color change
of the 4.5CuAl sample during in situ reduction and (B) H,-TPR profiles of the CuAl catalysts.

temperatures compared to the thermo-catalytic experiment.
The 4.5CuAl was again the most active, reaching 109 mmol of
CO/gc,*min at 340 °C; however, the difference in activity was
much less pronounced compared to samples with higher
copper content. Contrary to the commonly observed positive
effect of light during light-assisted CO, hydrogenation,'”*’
visible light has a notable and negative effect on the RWGS
rate over Cu/AlLO; catalysts. Besides CO, methane was the
only carbon-containing reaction product, reaching up to 2.4%
selectivity (Figure 1C). Methane selectivity increased with the
temperature and, more importantly, copper loading.

The role of light during the RWGS reaction was further
manifested by influencing methane selectivity at identical CO,
conversions in thermally driven and light-assisted modes, as
shown in Figure 1C. Thermally driven RWGS (full symbols)
produces more methane than the light-assisted reaction
(empty symbols). The difference is moderate, especially over
11.8CuAl and 13.5CuAl catalysts. For samples containing less
copper, the light-induced methane selectivity modulation was

67780

minimal, indicating that illumination can be used to attenuate
methane selectivity. This observation aligns with the results of
Szanyi and Amal groups,®”° reporting that methane is formed
predominantly on extended metallic surfaces through formates
as key intermediates.

Next, apparent activation energy (E,) values were compared
for thermo-catalytic and light-assisted reactions, as they can
provide important insight into reaction kinetics and mecha-
nistic details. The E, values calculated for the thermo-catalytic
RWGS (Figure 1D) were 62—68 kJ/mol, whereas in the light-
assisted mode (Figure 1E), the values ranged between 82 and
87 kJ/mol. The increase in the E, values is consistent with
lower RWGS rates and reveals a change in the reaction
channel, which occurs through a higher energy barrier in the
light-assisted RWGS mode.

The catalytic rate vs irradiance dependence can be used to
gain mechanistic information and distinguish between
thermally and photon-induced changes in reaction channels.'*
For this purpose, white light irradiance was increased gradually

https://doi.org/10.1021/acsami.4c15849
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Figure 4. TEM micrographs, corresponding SAED patterns, and Cu particle size distribution histogram of H,-activated 4.5CuAl catalyst before

(A—D) and after the variable irradiance experiment (E—H).

from 0 to 790 mW/cm?® while simultaneously decreasing the
power output of the electric heater, thus maintaining a
constant catalyst temperature of 340 °C (Figure 2A). The
experiment was performed on two catalysts containing notably
different copper contents: 4.5CuAl and 13.5CuAlL In both
cases, a linear negative correlation between irradiance (number
of photons) and the CO rate was observed. A linear rate
change suggests that the RWGS reaction is enabled (or
restricted in this case) by photon absorption events, followed
by interactions of the resulting hot carriers and the adsorbed
species. Conversely, the heating of nanoparticles via light-
induced heating shows a linear relationship between the
surface temperature and irradiance, which yields an exponen-
tial dependence of reaction rate on illumination inten-
sity, 14343

The CO formation rate over both catalysts dropped by 63—
64%: from 110 to 41 mmolCO/gc,*min for the 4.5CuAl, and
from 39 to 14 mmolCO/gc,*min for the 13.5CuAl sample.

Wavelength-dependent experiments (Figure 2B) were used
to relate the photon absorption properties of the 4.5CuAl
catalyst (Figure 3A) to modulation of the CO rate. This way it
is possible to discriminate between the dominant photo-
excitation processes, such as the substrate-mediated one, or
direct photoexcitation of bonds formed between metal surfaces
and chemisorbed adsorbates.*** For the substrate-mediated
mechanism, the photocatalytic effect scales with the wave-
length-dependent absorption of the catalyst, whereas direct
photoexcitation of reaction intermediates occurs through
electronic transitions between hybridized metal and adsorbate
states, which have a completely different wavelength-depend-
ent eficiency.

For the wavelength-dependent experiments, we used the
following wavelength ranges: (i) 400—S00 nm to limit
excitation to inter and intraband transitions of copper,’” (ii)
500—600 nm corresponding to the LSPR frequency of
copper,”" and (iii) 600—700 nm where absorption of copper
is lower (Figure 3A). Irradiance was kept constant at 340 mW/
cm? The CO rates in all light-assisted experiments were lower
than in the RWGS experiment in the dark, hence consistent
with temperature-programmed catalytic data in Figure 1A,B.

The absorption spectrum of the 4.5CuAl catalyst (Figure 3A)
and the extent of CO rate attenuation (400—500 > 500—600 >
600—700 nm) show similar trends, suggesting the substrate-
mediated mechanism is operational over the 4.5CuAl
catalyst.”**”

Also, the E, for CO formation over the 4.5CuAl catalyst in
the dark was 68 kJ/mol (black symbols in Figure 2B).
Hllumination on Cu LSPR (green symbols), inter/intraband
transitions (blue symbols), or with red light (red symbols in
Figure 2B) increased the E, to very similar values (77—81 kJ/
mol). The hot electrons produced by inter and intraband
transitions in copper have substantially lower energies than
those produced by plasmon decay,” yet they both attenuate
the CO rate over the 4.5CuAl catalyst similarly.

Structural and Spectroscopic Characterization. The
XRD analysis of the Cu/ALO; catalysts (Figure S2) showed
broad diffraction lines suggesting low crystallinity and/or a
small crystal size, usually observed for the y-alumina
polymorph. No diffraction lines from crystalline copper-
containing phases could be identified in 4.5CuAl and
8.7CuAl samples due to high dispersion and low amounts of
copper. With an increase in copper amount, weak diffraction
peaks emerged at 35.5, 38.7, 48.7, and 61.5° 26, characteristic
of copper(II) oxide (monoclinic CuO). A reliable average
CuO crystallite size (10 nm) could be calculated by the
Scherrer equation only for the 13.5CuAl catalyst. Specific
surface area and pore volume of the Cu/AlO; catalysts
decreased gradually with increasing copper content (Figure S3
and Table S1).

Temperature-programmed reduction (H,-TPR) analysis was
used to probe the reducible nature of copper species in the
catalysts; Figure 3B. Copper-alumina interactions and copper
particle size influence the redox properties of the Cu/Al,O4
catalysts. Two distinct and characteristic peaks were observed
at 210 and 265 °C for the 8.7CuAl, 11.8CuAl, and 13.5CuAl
samples. Reduction of smaller CuO crystals generally occurs at
a lower temperature, whereas bulk-like CuO reduction occurs
at higher temperatures.41 Increasing Cu content causes a rise in
the peak at 265 °C due to a larger fraction of bulk such as Cu
in these samples. The reduction profile of the 4.5CuAl catalyst

https://doi.org/10.1021/acsami.4c15849
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Figure S. (A) Normalized Cu K-edge XANES spectra of the 4.5CuAl catalyst measured in the following sequence: RT in helium — after activation
in 10% H,/He flow at 340 °C — thermally driven RWGS (dark 1) — light-assisted RWGS (light) — thermally driven RWGS (dark 2). The
spectra of reference Cu compounds: Cu fcc metal bulk and nanoparticles; and Cu(Il) oxide (CuO) bulk and nanoparticles, are plotted for
comparison. (B) Fourier transform magnitude of k*-weighted Cu K-edge EXAFS spectra of the 4.5CuAl catalyst for the following sequence: RT in
helium — after activation in 10% H,/He flow at 340 °C — thermally driven RWGS (dark 1) — light-assisted RWGS (light) — thermally driven
RWGS (dark 2). Experiment (solid line) and best fit EXAFS model (dashed line). Spectra are shifted vertically for clarity. (C) Normalized *’Al
NMR spectra of the 4.5CuAl catalyst after activation in $% H,/N, flow at 340 °C and after thermally driven (dark) and light-assisted (light) RWGS

reaction at 340 °C.

was significantly different from other samples, suggesting
altered morphology and chemistry of Cu species, which also
correlate with the catalytic activity. The reduction was slightly
delayed as the peaks shifted to 240 and 280 °C, and a shoulder
was observed at about 350 °C. The shifting of reduction to
higher temperatures originates from the anchoring and
chemical interaction of the finely dispersed copper species
with the alumina surface due to sample Cu—O-—Al bond
formation and an extensive copper alumina interface.””* As
the copper content in the samples increases beyond 4.5 wt %,
copper particles start agglomerating and growing in size, and
the interaction with the support is weaker."#*

The in situ vis DR spectra of the activated catalysts are
shown in Figure 3A. Absorption in the entire range of
wavelengths scales with increasing Cu content in the samples.
A broad band with a maximum at around 565 nm originates
from the LSPR of copper nanoparticles (Cu LSPR),*® whereas
the increasing absorbance between 530 and 400 nm originates
from inter and intraband electron transitions in copper.”’ Bare
7-AlL,O; shows no interaction with visible light, consistent with
its wide bandgap of 5.6 eV (Figure S4).

The effect of the copper size and shape on the absorption
properties of Cu/ALO; catalysts was simulated (Figures SS
and S6) to validate the experimental results. Calculations
closely correlate with the shape of the experimental spectra and
suggest the polyhedral, near-spherical shape of copper
nanoparticles. Calculations further show that the formation
of Wulff facets, i.e., high truncation of the copper particles
(deviation from spherical to hemispherical shape), results in
more pronounced plasmon resonance and stronger electro-

magnetic nearfield enhancement at the metal—support inter-
face, which should strengthen the photocatalytic effect.

The phase composition and crystal structure of the activated
4.5CuAl catalyst (pretreated in $% H,/N, flow for 30 min at
340 °C) were analyzed by TEM. The y-AL,O; support has a
flake-like morphology, with crystallites up to S nm in size and
randomly oriented; Figure 4A,B. The y-Al,O; structure, as
determined from selected-area electron diffraction (SAED)
patterns (Figure 4C), is consistent with the XRD analysis in
Figure S2.

As determined by SAED patterns, copper is present in the
metallic form. The visualized Cu nanoparticles are nearly
spherical, without distinct morphology and crystal facets and
are evenly distributed over the alumina support. The size
distribution of the visualized Cu particles varied between 1 and
13 nm, with the average size of 4.6 nm (Figure 4D).

Figure 4E—G shows the morphology of the 4.5CuAl catalyst
after the variable irradiance experiment shown in Figure 2A.
The alumina support shows no observable changes. Phase
analysis using SAED confirmed the presence of metallic
copper. However, the average copper particle size increased to
5.8 nm, which is indicative of copper sintering.

The in situ XAS characterization using synchrotron
irradiation was limited to the 4.5CuAl catalyst, which produced
the largest light-induced changes in the catalytic RWGS
performance. Cu K-edge X-ray absorption near edge structure
(XANES) analysis was used to analyze the valence state of
copper in the 4.5CuAl catalyst; Figure SA. The energy position
and shape of the absorption edge of the as-synthesized catalyst
are very similar to those of reference CuO nanoparticles,
indicating all copper is present as Cu** and octahedrally

https://doi.org/10.1021/acsami.4c15849
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Figure 6. continued

characteristic COy) bands, confirming light-induced drop of catalytic activity. (C) Changes of characteristic band intensity during stepwise dark —
light (0 — 237 mW/cm?, black symbols) and light — dark transition (237 = 0 mW/cm?, red symbols).

coordinated with oxygen atoms. The XANES spectra of the
activated sample (in 5% H, flow) and sample during the dark-
and light-assisted RWGS reaction are all identical and exhibit
energy position and edge profile characteristic exclusively for
metallic Cu nanoparticles.

Quantitative analysis of in situ extended X-ray absorption
fine structure (EXAFS) data (Figure SB, Supporting
Information Note and Tables S2 and S3) for the as-synthesized
4.5CuAl catalyst shows Cu®* is coordinated with oxygen atoms
in the first coordination shell at two different distances (on
average 3.5 O atoms at 1.96 A and 2.5 O atoms at 2.28 A). The
presence of Al neighbors at about 3 A (on average, one Al at
2.84 A and one at 3.04 A) indicates that CuO clusters are
attached to the Al,O; support via Cu—O—Al bridges and that
they are highly dispersed on the Al,O; support.

In the activated 4.5SCuAl catalyst, all of the Cu®* is reduced
to Cu’. The Cu—Cu neighbor distances are slightly shorter
than in the Cu metal with an fcc crystal structure,”” and the
coordination numbers of Cu neighbors are significantly lower
than that in crystalline copper,”** indicating that on average,
the copper nanoparticles measure below 1 nm and are highly
dispersed on the alumina substrate.”” EXAFS analysis probes a
much larger amount of catalyst than TEM, revealing that there
exists a bimodal distribution of copper in the analyzed sample:
most copper is present as subnanometer-sized clusters, which
coexist with a small fraction of larger (4.6 nm) Cu, as
visualized by TEM. A portion of Cu cations is attached to the
Al,Oj; support, forming Cu—O—Al bridges. On average, copper
is coordinated to 1.8 O atoms at 2.71 A, 1.9 Al atoms at 3.66 A,
and 0.9 Al atoms at 3.81 A. The Cu—O and Cu—Al distances
are significantly larger than those in the initial state before the
activation (Table S2).

During catalytic reaction in the dark, the local structure of
metallic Cu nanoparticles is preserved, but the coordination
numbers of Al at two distances are changed notably: on
average, copper is coordinated to 1.8 O atoms at 2.71 A, 0.9 Al
atoms at 3.68 A, and 2 Al atoms at 3.81 A, Table S2.

During the light-assisted RWGS reaction, no structural
change in metallic Cu nanoparticles is detected, but the
number of Al neighbors at two distances are changed: 1.8 Al
atoms at 3.70 A and 0.7 Al atoms at 3.87 A.

When the visible-light illumination is turned off (dark 2), the
Cu local structure is retained. There are no significant changes
in Cu metallic nanoparticles or the Cu—O—Al bridges.

To summarize, the in situ XAS data reveal that copper
remains fully metallic during the thermally driven and light-
assisted RWGS reaction. Illumination with visible light causes
permanent structural changes in the coordination of Cu
metallic nanoparticles to the Al,O5 support (change of Cu—
O—Al bridges), which also persist after the illumination is
turned off.

Additional information regarding the restructuring of
alumina in the 4.SCuAl catalyst was obtained by *’Al MAS
NMR analysis; Figure SC. Aluminum is present in three
different coordination environments, namely A1V, AlY, and
AlY!, with chemical shifts of 67, 33, and 9 ppm, respectively.
Asymmetric line shapes with a tail on the low-frequency side
result from a distribution of quadrupolar coupling constants

indicative of disorder in the analyzed samples. The presence of
penta-coordinated Al' is a direct consequence of structural
disorder and relatively low crystallinity of the alumina. The
presence of Al' signal is slightly diminished after the dark
RWGS reaction, and no further changes are observable after
the light-assisted RWGS. This results from Al ion migration
from penta-coordinated Al" sites to the more stable hexa-
coordinated Al' and tetra-coordinated Al'! sites under
reaction conditions. This stabilizes the alumina structure,
which is likely accompanied by local crystallization. The
observed changes are minor and appear to be related to only
the surface of the catalyst.

We further analyzed the dynamics of surface species during
the RWGS reaction at a constant catalyst temperature over a
dark and illuminated 4.5CuAl catalyst by in situ DRIFT
spectroscopy; Figure 6.

First, we probed and ruled out the existence of the redox
RWGS mechanism, which involves copper oxidation state
switching in the following manner: Cu’ + CO, — CuO + CO,
followed by CuO + H, — Cu’ + H,0. Our pulse experiments
over the reduced 4.5CuAl catalyst show no CO, dissociation
and CO formation in the dark and under illumination at 340
°C (see Supporting Information Text and Figure S7).

Initially in the dark (green line in Figure 6A), the surface
species consist of asymmetric and symmetric v(O—C—0) and
v(CH) vibrations. Formates give rise to bands at 1591 cm™"
v(0—C—0),ymp 1392 em™ 6(CH), 1380 ecm™' v(O—C—
0)symbo and U(CH)sym,asym 2907, 3001 cm™.*% Several
carbonate v(O—C—0),, oym Vibrations are located between
1400 and 1550 cm™ and v(CO) stretching between 950 and
1100 cm™ reveal the presence of bidentate and monodentate
carbonate specie,s.w"“_53

Progressively increasing the irradiance and maintaining the
catalyst temperature constant at 340 °C (Figures 6A and S9)
causes dehydroxylation of the surface, as can be inferred from
the decreasing signal intensity between 2700 and 3800 cm™.
The wide range of hydroxyl bands is due to the large variety of
surface sites (A", AIY, and AI''), which can participate in
different combinations of multibonding hydroxyls.>*™*° In
addition, the carbonate O—C—O bands between 1400 and
1550 cm™" notably gain intensity, as well as the C—O bands
between 950 and 1100 cm™". The gas-phase CO signal (2100—
2220 cm™'; Figure GA inset and Figure 6C) decreases with
increasing irradiance, which is consistent with ~25% lower
catalytic activity in light-assisted mode (irradiated by 250 mW/
cm?; Figure 2A), compared to the thermally driven catalytic
mode. Gradually increasing irradiance of the catalyst under
isothermal conditions causes monodentate (m-OH) decom-
position and bridging hydroxyls (br-OH) from the alumina
surface and their substitution with carbonates, as shown in
Figure 6C.

Figure 6B shows the evolution of surface species during a
stepwise transition from an illuminated sample (red trace)
back to the dark (green trace). Most notably, only partial
rehydroxylation of the surface occurs. The monodentate
hydroxyl band at 3735 cm™ almost reaches its initial intensity,
whereas the recuperation of the 3567 cm™' band, which
belongs to bridging hydroxyl groups, recovers only about 50%
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Figure 7. FA conversion to CO,, H,, and CO under thermo-catalytic and light-assisted modes over the 4.5CuAl catalyst at 340 °C.
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transition state (top) for dissociating a single H,O molecule is shown.

of the initial intensity (Figure 6C). Also, a decrease of
carbonate bands, O—C—0 and C—O, occurs, together with an
increase of the CO gas signal (inset Figure 6B, 2100—2220
cm ™" and Figure 6C), revealing partial regeneration of catalytic
activity. The initial CO productivity was after the isothermal
dark — light — dark spectroscopic experiment lowered by
30%, showing illumination causes irreversible deactivation of
the catalyst. From the difference IR spectrum (Figure S8), we
can also observe the intensity increase of the characteristic
formate bands, 1595 cm™' 0(0O—C—0),mpn 1391 cm™
5(CH), 1378 cm™ 0(0O—C—=0),ymtr and v(CH)
2908 and 3002 cm ™.

The effect of temperature on the surface species distribution
was also analyzed in thermally driven mode and light-assisted
mode by varying the catalyst temperature between 250 and
340 °C; Figure S9. The intensity of the CO signal shows an
exponential increase as a function of temperature, following the
expected Arrhenius-type temperature dependence of catalytic
reactions. The trends of signal intensities with increasing

sym,asym

temperature differ compared to the isothermal ones in Figure
6C. As a result, we can conclude that (a) light and thermal
energy influence the surface population and catalytic activity in
very different ways and (b) the localized sample heating due to
illumination can be ruled out as the origin of the observed
spectral changes.

67785

The formate decomposition pathway was analyzed further to
determine the light effect on this possible reaction channel, as
shown in Figure 7. Formic acid (FA) adsorbs on alumina
surface via deprotonation of the carboxylic group, resulting in
the surface population with formate and H species.”” The
decomposition pathway can be either dehydrogenation
(producing H, and CO,) or dehydration (producing H,O
and CO).”® Dehydration is the desired reaction channel in the
RWGS reaction. FA conversion was about two times higher in
the thermo-catalytic mode, revealing higher reactivity of
formate in the dark. However, the formate decomposition
pathways under dark- and light-assisted conditions are very
similar, producing both CO and CO, in very similar ratios. To
summarize, light decreases the reactivity of surface formate
species but does not influence the products of its
decomposition.

Time-Dependent DFT Analysis of Al,O; Surface
(De)hydroxylation. Next, we applied ab initio TD-DFT
calculations to investigate water adsorption on alumina, its
dissociation, and consequent alumina (de)hydroxylation in the
ground and (illuminated) excited states. Pristine (stoichio-
metric) y-Al,Oj is reactive due to unsaturated (Lewis) Al sites
and readily binds water to get hydroxylated. A water molecule
binds strongly (E,4 = —1.54 €V) to the exposed aluminum
atom with an Al-O distance of 1.97 A. Upon overcoming a
very low barrier of 0.28 eV, H,O dissociates to H, which binds
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to a surface oxygen atom, and OH, which binds to two Al
atoms. The dissociation itself (AE = —2.16 V) and the overall
process of water adsorption and surface hydroxylation (AE =
—3.67 eV) are strongly exothermic. Subsequent adsorption of
water molecules is also favorable with energies of —1.55,
—1.38, and —0.64 eV and dissociation energies of —0.33, —0.57
and —0.38 eV, respectively.

Experimentally, we observed considerable dehydroxylation
of the surface under illumination. Figure 8 shows the energy
profile for water adsorption and dissociation into OH* and H*
(bound to lattice O, denoted as (O, )H*) on the [100]
surface of y-Al,O;. Per unit cell, a maximum of four H,O
molecules can dissociate and hydroxylate the surface. We
observe that the overall reaction of a water molecule
adsorption and dissociation becomes less exothermic by 0.49
eV. Consequently, the barrier in the reverse direction is
decreased by 0.21 eV (0.49—0.28 eV). This confirms that
surface hydroxylation is less stable upon irradiation than under
dark conditions.

Moreover, the barrier for H,O dissociation after adsorption
is increased by 0.28 eV. Subsequent hydroxylation becomes
less unfavorable. While the adsorption energies of water
molecules remain relatively unchanged (—1.55, —1.37, and
—0.65 V), the dissociation energies are +0.122, —0.13, and
+0.10 eV. This hints at a much more difficult surface
hydroxylation under illuminated conditions.

B DISCUSSION

Based on the catalytic, computational, and spectroscopic data,
we identified the following differences in the occurring reaction
pathways during the thermo-catalytic and light-assisted RWGS
reactions. Visible-light illumination of the Cu/Al,O; catalyst
negatively affects the CO formation rate. The rate-slowing
scales linearly with the number of photons, revealing that it is a
photon-driven event that causes deactivation, not a temper-
ature-induced phenomenon. Using TD-DFT, we have shown
that in the excited state (light conditions) OH groups on the
alumina surface are less stable than in the ground state (dark
conditions), which is consistent with substantial dehydrox-
ylation upon illumination. The continuous copper surfaces
favor methane production, as their selectivity scales with
increasing copper content and particle size. Irradiation with
visible light induces a surface plasmon resonance effect on
copper and localized near field enhancement, which causes
dehydroxylation of the copper-alumina interface, while
simultaneously increasing the carbonate population. Hydroxyl
groups appear to be important in enabling low-energy barrier
CO production.

EXAFS analysis revealed irreversible changes in the binding
of copper cluster to the alumina support through a notably
higher number of Cu—O—Al bonds. These changes in the
metal—support interface are induced by extensive light-induced
dehydroxylation. Copper is present as fully metallic subnan-
ometer nanoparticles, which remain structurally intact during
the reaction. The group of Pavanello™ analyzed y-Al,O,
surface restructuring as a result of dehydroxylation using
DFT and observed that removal of the terminal and bridging
hydroxyls situated in the interstitial space, bridged between
two octahedral Al atoms, resulted in substantial surface
distortions, which included surface Al atoms moving toward
the vacuum. Also, the bond lengths of surface AI-O atoms also
become shorter, which correlates with our experimentally
observed shortening of the average Cu—Al distance from 3.81

to 3.63 A (Table S2). The Cu—Al,O; interface and thus most
active sites are different under dark and illuminated
conditions.”” Also, the E, for CO formation increased from
68 kJ/mol in the dark to 82 kJ/mol under illumination,
revealing that the reaction mechanism is altered in light-
assisted mode. This suggests an important role of interface
hydroxyls in enabling the low-energy-barrier RWGS pathway,
which is likely involved in the rate-determining step of the
RWGS reaction.’’ The surface hydroxyl groups and metal-
support perimeter are important for the conversion of
carbonate to carboxylate and its further decomposition to
CO and water. Both groups of Szanyi and Mavrikakis ascribed
great importance to the hydroxyl for enabling the formation of
carboxyl intermediate at the Cu—O—Al interfacial sites, which
was both theoretically and experimentally proven as the least
energy-intensive reaction pathway during RWGS.*** Accumu-
lation of carbonates on the catalyst surface in our study
suggests that their low reactivity represents one of the most
significant kinetic barriers in the CO-forming reaction. The
steps involving COOH decomposition with an OH adsorbate
have lower activation energies on Pt and Cu compared to
decomposition with a free site, further confirming the
relevance of hydroxyls in the lowest energy barrier RWGS
mechanism.”> An additional indicator that the carboxyl-
mediated mechanism is also dominant over Cu/Al,O; catalysts
is the similarity between E, values over different Pd-based
catalysts calculated by Szanyi et al. (72 + 7 kJ/mol)® and the
ones in this work (68 kJ/mol). The same authors state that E,
is around 110 kJ/mol for the formate pathway. With the
correlation between the lower CO rate during the RWGS
reaction and the attenuated formate reactivity during
illumination (Figure 7), we can conclude that the formate
pathway has an contributing role to the CO formation.*®

Bl CONCLUSIONS

Visible-light illumination of the Cu/Al,O; catalyst negatively
affects the CO formation rate, which is ascribed to a lower
coverage with OH groups. The rate-slowing scales linearly with
the number of photons and is wavelength dependent, revealing
that it is a photon-driven event that causes deactivation and
not a temperature-induced phenomenon. Using TD-DFT, we
have shown that in the excited state (light conditions), OH
groups on the alumina surface are less stable than in the
ground state (dark conditions), which is consistent with
substantial dehydroxylation upon illumination. The continuous
copper surfaces favor methane production, as its selectivity
scales with increasing copper content and particle size.
Irradiation with visible-light induces a surface plasmon
resonance effect on copper and localized near-field enhance-
ment, which causes dehydroxylation of the copper—alumina
interface while simultaneously increasing the carbonate
population. Hydroxyl groups appear to be important in
enabling low-energy barrier CO production, likely through
the carboxylate intermediate. Hydroxyl abundance plays a
crucial role in various catalytic reactions, such as CO,
hydrogenation, Fischer—Tropsch synthesis, selective catalytic
reduction of NO, and Lewis acid-catalyzed dehydration.

B METHODS

High-purity 7-ALLO; (Silkem d.o.0., Slovenia) was used to support
copper nanoparticles (5—15 wt % Cu). Different amounts of
Cu(NO;),«3H,0 were dissolved in 20 mL of ultrapure water
under stirring. Then, 1 g of y-Al,O; was added. After 30 min of
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stirring on a magnetic stirrer, a 2.5 wt % aqueous NH,OH solution
was added dropwise to increase the pH value to 8. The suspension
was left stirring for 30 min. Afterward, pH was increased to 10 using a
25 wt % aqueous NH,OH solution, and the mixture was left stirring
for an additional 2 h. After filtration, the catalyst precursor was dried
overnight in a laboratory drier at 70 °C and calcined in a chamber
furnace for 4 h at 350 °C in static air. Inductively coupled plasma
optical emission spectroscopy (ICP OES) analysis revealed 4.5, 8.7,
11.8, and 13.5 wt % of copper in the synthesized samples. In the
article, catalysts are denoted as xCuAl, where x represents the copper
content.

XRD analyses were performed on a PANalytical X’pert PRO
diffractometer using Cu Ka radiation (4 = 1.5406 A). The analyzed
20 range was between 20 and 80°, with a step size of 0.034° and a
measuring time of 1000 s at each step.

The BET-specific surface area, Barrett-Joyner-Halenda (BJH) total
pore volume, pore size distribution, and the average pore size were
determined from N, adsorption/desorption isotherms measured at 77
K (Micromeritics, model TriStar I 3020). The samples were degassed
by using a SmartPrep degasser (Micromeritics) in a N, stream for 16
h at 300 °C.

The size distribution and chemical state of copper were analyzed by
TEM (JEM-2100, JEOL Inc.), operating at 200 kV and equipped with
a slow-scan CCD camera (Orius SC-1000, Gatan Inc.). The
powdered samples were dispersed in ethanol, sonicated for 30 s in
an ultrasonic bath to prevent agglomeration, and then transferred
onto commercial amorphous lacey carbon Ni-supported grids. The
SAED patterns were simulated by JEMS electron microscopy
simulation software, V4.9.

H,-TPR was performed using 100 mg of sample in a 25 mL/min
flow of 5% H,/Ar (Micromeritics Autochem 2920). Before analysis,
the catalyst was pretreated in situ in a 10% O,/He flow by heating the
sample to 300 °C with a rate of 20 °C/min, followed by an isothermal
step of 20 min. To remove water and prevent its interference with the
TCD signal, an LN,-isopropanol cold bath was employed.

Solid-state magic-angle spinning (MAS) NMR spectra were
recorded on a 600 MHz Varian NMR system equipped with a 1.6
mm HXY CPMAS probe. Before NMR measurements, samples were
packed in a rotor and dried at 100 °C under a vacuum for 2 h. The
sample rotation frequency was 20 kHz, while the Larmor frequency
for *’Al was 156.16 MHz. A 0.6 us excitation pulse was used; 2500
scans were collected, and the delay between the scans was 0.2 s. The
frequency axis of 2’Al was referenced to a 0.1 M Al(NOj;); aqueous
solution. The spectra were processed by using ssNake software.

In situ vis DR spectroscopy was performed on a LAMBDA 650
spectrophotometer (PerkinElmer) and the reaction chamber from
Harrick. Spectralon was used to record the background. Finely
powdered samples (2 mg) were activated in a 5% H,/Ar flow at 340
°C for 30 min. The simulated RWGS feed comprised 61% H,, 26%
CO,, and 13% N, (50 mL/min) at 340 °C.

In situ DRIFTS analysis was performed using a Frontier
spectrometer (PerkinElmer) equipped with an LN, MCT detector.
Spectra were collected between 800 and 4000 cm™, averaged over 64
accumulations with a spectral resolution of 4 cm™". The powdered
sample (2 mg) was placed inside the Harrick reaction chamber. The
catalyst (2 mg) was pretreated in a 5% H,/N, flow for 30 min at 340
°C, followed by switching to 61% H,, 26% CO,, and 13% N, flow (50
mL/min). The sample was illuminated with white light using the
Schott KL2500 LED source.

In situ Cu K-edge XANES and EXAFS experiments were
performed in transmission detection mode at the BM23 beamline
of the ESRF synchrotron radiation facility in Grenoble, France. XAS
spectra were measured on the 4.5CuAl catalyst at RT in helium flow,
after activation (10% H,/He flow, 30 mL/min at 1 bar and 340 °C),
and during the catalytic reaction in CO,/H,/He stream (flow rate 7
mL/min of H,, 3 mL/min of CO, and 20 mL/min of He) at 1 bar at
340 °C, with and without visible-light illumination of the catalyst. See
Supporting Information for additional experimental details and results
(Figure S10 and Tables S2 and S3).

The formate decomposition reaction was performed using S mg of
the 4.5CuAl catalyst powder positioned over the SiC layer, forming a
0.5 mm thick catalytic layer with a 4.5 mm diameter. The sample was
reduced at 340 °C in 25 mL/min of 5% H,/N, flow for 30 min.
Afterward, flow was changed to argon (30 mL/min), and the sample
was degassed at 340 °C until all analyzed MS traces reached steady
state (about 2 h). To expose the catalyst to the FA vapors, argon (30
mL/min) was bubbled through a saturator containing FA
(thermostated at 23 °C) and passed through the catalyst bed. The
experiment was performed in the dark and in light-assisted mode by
illuminating the catalyst with 790 mW/cm* of white light. Mass
spectroscopy was used to simultaneously analyze H, (m/z = 2), H,0
(m/z =18),CO (m/z=29), CO, (m/z = 44), argon (m/z = 40), and
FA (m/z = 46) at the reactor outlet. The FA conversion was
calculated directly from the m/z = 46 intensity, whereas the formation
of H,, CO, and CO, was estimated from their corresponding signals
and compensated for the signal overlap (i.e., contribution of FA to the
44, 29, and 18 signals). Water signal is not shown because
condensation on the reactor walls prevented accurate signal
quantification.

The electrodynamic properties (extinction, scattering, and near
field distribution) of Cu nanoparticles supported on the y-ALO,
substrate were investigated via numerical simulations. Effects of
particle shape (truncation), size, and possible presence of Cu,O at the
particle—substrate interface are analyzed. Simulations are performed
using the bounda?r element method as implemented in the
MNPBEM toolbox.®* Optical constants of Cu® and Cu,0% are
taken from the literature, while y-Al,Oj; is considered transparent and
has a refractive index equal to 1.72 in the considered spectral range. It
is assumed that air surrounds particles and the substrate.

For quantum chemical calculations, a plane-wave formalism of the
density functional theory was used as implemented in VASP 6.3.1.%
To keep the computational cost manageable, we employed the PBE
functional and the projector-augmented-wave approach.®® D3
corrections by Grimme were included.”” An energy cutoff of 500
eV sufficed for well-converged results.

The y-alumina surface was studied in the excited state using TD-
DFT simulations implemented in VASP to provide insights into
surface hydroxylation during dark/illumination.”” A gamma-centered
one-point (I") mesh was used for sampling the Brillouin zone due to
the computational cost. For consistency, the same mesh was used in
conventional GGA DFT calculations. A bulk y-Al,O; structure by
Digne et al.”" was first optimized to arrive at a unit cell of 5.55 A x
836 A X 8.03 A, which is consistent with the experimentally
determined values 5.59 A x 8.41 X A 8.07 A for the P2,/m space
group of y-Al,Os. A slightly underestimated cell volume is due to the
inclusion of D3 dispersion correction, which is known to under-
estimate lattice parameters but provides superior interaction energies.

Since the atomic lattice of the crystallographic model by Digne et
al.”" is rotated by 45° relative to a conventional face-centered cubic,
its [100] surface in the unit cell model corresponds to the
conventional [001] surface, which is the most stable. Our
investigation focused on the [100] y-Al,O; surface with a supercell
of 8.36 X 8.04 A, containing 6 layers of atoms (12 unit cells, resulting
in AL,Oy).

Catalytic tests were performed in a reaction chamber (Harrick),
which is described in our previous work.'® For all tests, 2 mg of
powdered catalyst was used, which formed a round pellet with a 4.5
mm diameter and 0.5 mm thickness. The catalyst was positioned on a
1 mm thick layer of powdered SiC (SiCat, 30—150 ym) to improve
heat transfer from the furnace to the sample and minimize the radial
temperature gradient in the catalyst layer. The catalyst temperature
was measured with a 0.25 mm K-type thermocouple located 0.3 mm
below the surface of the catalytic layer. See Figure S11 for reactor
setup details, thermocouple position, and LED emission spectrum.
Before the reaction, the catalysts were activated in situ in a 10 mL/
min flow of gas mixture containing 61% H,, 26% CO,, and 13% N, at
340 °C for 30 min. Afterward, the flow was adjusted to 50 mL/min.
During the light-assisted RWGS tests, the catalyst layer was
illuminated by a Schott KL2500 LED source (400 nm < 1 < 700

https://doi.org/10.1021/acsami.4c15849
ACS Appl. Mater. Interfaces 2024, 16, 67778—67790



ACS Applied Materials & Interfaces

Research Article

www.acsami.org

nm), equipped with an optic fiber with a 9 mm active diameter and
light-focusing lenses (Thorlabs Inc.), which concentrated the light to
a spot equal to the catalyst pellet diameter (4.5 mm) with a maximum
intensity of 790 mW/cm? as measured by Thorlabs PM100D
photometer. Gas analysis was performed by GC (model 490,
equipped with MSSA and PPU columns by Agilent).
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