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Enhanced photothermal reduction of gaseous
CO, over silicon photonic crystal supported
ruthenium at ambient temperaturet

Paul G. O'Brien, 2 Kulbir K. Ghuman,” Abdinoor A. Jelle,“ Amit Sandhel,®
Thomas E. Wood,® Joel Y. Y. Loh," Jia Jia," Doug Perovic,® Chandra Veer Singh, (¢
Nazir P. Kherani,“" Charles A. Mims® and Geoffrey A. Ozin () *¢

Solar-driven CO, hydrogenation can provide a renewable source of fuels and reduce greenhouse gas
emissions if operated at industrial scales. Herein we investigate the photomethanation (light-driven
Sabatier reaction) rates over Ru films sputtered onto silica opal (Ru/SiO,) and inverted silicon opal photonic
crystal (Ru/i-Si-o) supports at ambient temperature under solar-simulated radiation as a function of incident
light intensity. Photomethanation rates over both the Ru/SiO, and Ru/i-Si-o catalysts increase significantly
with increasing light intensity, and rates as large as 2.8 mmol g~* h™* are achieved over the Ru/i-Si-o catalyst.
Furthermore, the quantum efficiency of the photomethanation reaction is almost three times larger when
measured over the Ru/i-Si-o catalyst as compared to the Ru/SiO, catalyst. The large photomethanation rates
over the Ru/i-Si-o catalyst are attributed to its exceptional light-harvesting properties. Moreover, we perform
DFT analysis to investigate the potential role of photo-induced charges on the Ru surface. The results from
the simulation indicate that charged Ru surfaces can destabilize adsorbed CO, molecules and adsorb and
dissociate H, such that it can readily react with CO,, thereby accelerating the Sabatier reaction.

Methane has a high H: C ratio and gross heating value and is one of the cleanest fossil fuel energy sources. However, CH, combustion still produces CO, emissions.

Also, CH, is a more potent greenhouse gas than CO, and escapes to the atmosphere during modern day extraction processes. As an alternative method of acquiring
CH,, CO, hydrogenation can be driven with solar energy using hydrogen generated from renewable or excess energy sources. If ran at industrial scales, this represents

an important reaction that can be used to close the carbon cycle by producing CH, that can be readily stored in existing natural gas pipelines. Herein we show that gas
phase CO, at ambient temperatures can be converted to methane over Ru-films coated onto photonic crystal supports that are subjected to highly concentrated solar-
simulated radiation. The reaction occurs via a photothermal effect, whereby high-energy high-intensity light heats the Ru film at the photonic crystal surface.
Furthermore, DFT analysis shows that photoinduced charges on the surface of the Ru film can accelerate photothermal reaction rates by activating adsorbed reactants.
The results bode well for the design of a large-scale solar-driven CO, recycling process that can readily be integrated with the existing energy infrastructure.

Introduction

Important modern day environmental challenges are climate
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change and ocean acidification caused by increasing levels of
anthropogenic CO, emissions, primarily brought about by burning
fossil fuel energy sources." One potential solution to simulta-
neously mitigate the effects of CO, emissions and provide sustain-
able energy is to utilize CO, as a feedstock chemical that can be
converted to fuels using solar energy.” " In this context, gas phase
CO, reduction to fuels such as methane, which can be readily
transported in existing natural gas pipelines, has garnered interest
on account of its potential for large-scale production."®™°

The Sabatier reaction (CO, + 4H, — CH, + 2H,0) is most
commonly driven over Ru- and Ni-based catalysts, although other
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catalysts have been investigated.”*>* The potential to drive the
Sabatier reaction with solar irradiance has been investigated over
semiconductor, layer-double hydroxide, and supported metallic
catalysts.*>>” Furthermore, photomethanation experiments over
various catalysts have been performed to investigate whether the
photocatalyst activity is of a photothermal nature, wherein photo-
excited charge carriers completely thermalize to heat energy which
activates the reaction, or if there is a photochemical contribution
to the reaction, whereby photogenerated charge carriers induce
changes in the chemical bonds of reactant species or chemical
intermediates.”® " For example, Sastre et al. reported the complete
photochemical reduction of CO, to CH, over Ni/silica-alumina and
proposed that photo-excited charges promote the formation of
active Ni-H species that accelerate the reaction.>*

In previous work we achieved gas-phase photomethanation
rates of 1 mmol g.,. ' h™" over Ru sputtered on silicon nanowires
(black silicon) subjected to solar-simulated radiation.* These high
photomethanation rates were attributed to enhanced light absorp-
tion in the black silicon support over the broad solar spectrum,
including visible and near-infrared photons. We also investigated
gaseous CO, photoreduction over hydroxylated indium oxide
nanoparticles coated onto black silicon supports and the results
showed this hybrid photocatalyst used the UV portion of the solar-
simulated irradiance to photochemically activate the reduction of
CO, to CO while the visible and infrared portion of the incident
solar irradiance provided photothermal energy which was instru-
mental for enabling the reaction.>* Recently, we investigated the
gas phase photomethanation of CO, with H, at ambient tempera-
tures under high-intensity solar-simulated irradiation over RuO,
nanocrystals on inverted silicon photonic crystal supports and the
light absorption properties of these supports was found to
enhance photomethanation rates.*

In this work we further investigate the ability to drive gas-phase
CO, reduction at ambient temperatures using high intensity light
by comparing photomethanation rates over Ru films sputtered on
different photonic crystal (PC) supports. We investigate photo-
methanation rates over Ru films sputtered onto (1) an opaline PC
support comprised of silica spheres (SiO,-0) and (2) an inverted
silicon opal PC support (i-Si-0). Furthermore, we perform density
functional theory (DFT) analysis and the results suggest that
photo-induced charges on the Ru surface could facilitate the
formation of ruthenium-hydride bonds and accelerate the photo-
methanation reaction. PCs have been investigated as photocatalyst
supports because they exhibit unique light-trapping properties, the
slow photon effect, and can reduce recombination of photo-
generated carriers by inhibiting spontaneous emission.**™*?
Furthermore, Si is an interesting choice of material for a photo-
catalyst support because, with a bandgap energy of 1.1 eV, it can
absorb more than 80% of the solar irradiance.***°

Results and discussion

Four samples were investigated in this study; bare SiO,-0 and i-Si-o
PC supports and these supports with a 50 nm thick Ru film
sputtered onto their surface (denoted as Ru/SiO,-0 and Ru/i-Si-0).
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Fig. 1 SEM images of (a) a SiO,-o film (b) a SiO5-o film with 50 nm of Ru
sputtered onto its surface (c) an i-Si-o film (d) an i-Si-o film with 50 nm of
Ru sputtered onto its surface. The double sided arrows in each image
represent a length scale of 500 nm. Note: the horizontal streaks in image
(a) are due to charging of the insulating silica spheres in the SEM.

The methods used to fabricate the SiO,-0 and i-Si-o PCs have been
described previously and are briefly summarized in the experi-
mental section.”” SEM images of the SiO,-0, Ru/SiO,-0, i-Si-o, and
Ru/i-Si-o samples are shown in Fig. 1. To fabricate these samples
RF magnetron sputtering was used to deposit a Ru film on the bare
SiO,-0 and i-Si-o supports. The sputter deposition was stopped
once 50 nm of Ru, as measured using an in situ thickness monitor,
had been deposited. The sputtered Ru is deposited as a conformal
film, with some cracks and surface texture, over the uppermost
layer of the PC supports (Fig. S1, ESIT). The uppermost layers in the
PC framework shadow the underlying layers, and it is expected that
only the first few layers of the PC supports are coated with Ru.
The spectral reflectance, diffuse reflectance, and absorption
of these samples are shown in Fig. 2a, b, and c, respectively.
The spectral reflectance of the SiO,-o support exhibits a peak at
~1020 nm, which is consistent with the [111] stop-gap position
in the direction normal to an opal PC film comprised of silica
spheres with a diameter of 460 nm. The complete 3D photonic
band-gap of the i-Si-o support resides in the spectral vicinity
~ 800 nm, where a small reflection peak can be seen in Fig. 2a.
The reflection peak from this 3D photonic band-gap is much
less intense than that of the SiO,-o PC due to absorption in the
i-Si-o support. As shown in Fig. 2b, the diffuse reflectance of the
bare supports is greater than their spectral reflection, showing
these PCs are highly scattering in the visible and NIR spectral
regions. The diffuse reflectance of the PC supports decreases
after the Ru film is deposited on their surface. As shown in
Fig. 2c, ~90% of the light in the short-wavelength region
(4 < 500 nm) incident onto the i-Si-o support is absorbed,
and absorption decreases with increasing wavelength, however,
Ru/i-Si-o absorbs ~90% from 300 nm to 1200 nm. The SiO,-0
PC exhibits over 60% absorption from 700 nm to 950 nm. As
silica is a transparent material, it can be noted that incident
light within this spectral region is primarily absorbed by the
silicon wafer that the SiO,-o0 PC is deposited on. The Ru/SiO,-0

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 The (a) reflectance, (b) diffuse reflectance, and (c) absorption of the SiO,-o (blue lines) and i-Si-o films (brown lines) with (solid lines) and without

(dashed lines) Ru deposited onto their surface.

sample absorbs ~70% on average of the incident light over the
spectral range from 300 nm to 1200 nm.

A series of photomethanation rate measurements were
performed on the SiO,-0, Ru/SiO,-0, i-Si-0, and Ru/i-Si-o samples
under solar-simulated irradiation, produced from a 300 W Xe
lamp, at varying light intensities with and without a 495 nm cut-off
filter, and the results are plotted in Fig. 3a. For tests performed
without a filter the maximum incident radiant power was
2470 mW cm > (or 24.7 Suns) and additional tests were performed
at lower light intensities by increasing the distance between the Xe
lamp and the reactor. For tests performed using the 495 nm cut-off
filter the maximum incident radiant power was 1220 mW cm 2
(or 12.2 Suns). The relative spectral power distribution incident
onto the samples for tests carried out with and without a 495 nm
cut-off filter are shown in Fig. 3b. During the photomethanation
rate measurements carried out under maximum incident radiant
power the temperatures of the Ru/SiO,-0 and Ru/i-Si-o samples,
measured with a thermocouple located on the rear side of the
silicon wafer (the side that is opposite from the side with the

photonic crystals and supported Ru), was observed to rise to
~150 °C (Fig. S2, ESIt). For comparison, methanation rates over
all samples were also measured in the dark at 150 °C. The bare
SiO,-0 and i-Si-o PC supports, tested under an irradiance of
2470 mW cm > and at 150 °C in the dark, did not yield any
products. Moreover, XPS measurements confirmed that the Ru on
the PC supports was in the metallic state, both before and after
tests were performed (Fig. S3, ESIT).

The methanation rates in the dark at a temperature of
150 °C for the Ru/SiO,-0 and Ru/i-Si-o samples was observed
to be 0.05 mmol g~* h™" and 0.36 mmol g~ h™', respectively.
The photomethanation rates measured over the Ru/SiO,-o0 and
Ru/i-Si-o samples under high intensity solar-simulated light
was much greater than those measured in the dark at 150 °C.
For experiments performed without the use of a filter, the
photomethanation rate over the Ru/SiO, sample increased from
0.28 mmol g ' h™" t0 0.79 mmol g * h™" as the incident light
intensity increased from 550 mW cm™ > to 2470 mW cm 2. In
comparison, the photomethanation rate over the Ru/i-Si-o

3
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Fig. 3 (a) Photomethanation rates over Ru/i-Si-o and Ru/SiO;-o as a function of incident light intensity; the solid and open shapes represent rates
measured without a filter and with a 495 nm high-pass cut-off filter, respectively. The Methanation rates measured in the dark at 150 °C are shown as the
dashed line for comparison. (b) The incident light spectra for tests performed without a filter and with a 495 nm high-pass cut-off filter. All rates were

normalized to the total weight of the sputtered Ru (~1.2 mq).
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sample increased from 0.75 mmol g " h™" to 2.8 mmol g~ " h™"
as the incident light intensity increased from 550 mW cm ™ to
2470 mW cm 2. This photomethanation rate of 2.8 mmol g ' h™*
measured over the Ru/i-Si-o sample was the highest rate observed
in this study. The photomethanation rates for the Ru/SiO,-0 and
Ru/i-Si-o samples when tested using a 495 nm cut-off filter, at
an intensity of 1220 mW c¢cm™ >, was 0.17 mmol g~* h™" and
1.4 mmol g~' h™, respectively. When tested using the 495 nm
cut-off filter at the lower light intensity of 440 mW cm > the
photomethanation rates over the Ru/SiO,-o and Ru/i-Si-o
samples was 0.03 mmol ¢ ' h™" and 0.23 mmol g * h™", respec-
tively, which is less than the rates observed at 150 °C in the dark
for these samples. Furthermore, isotope tracing experiments using
13CO, as a reactant confirmed that the CH, produced in these
reactions was **CH, and therefore originated from **CO, and not
from adventitious carbon sources (Fig. S4, ESIT).

As shown in Fig. 3, both the Ru/SiO,-0 and Ru/i-Si-o samples
exhibit significantly increased methanation rates under high-
intensity solar-simulated radiation as compared to rates
measured in the dark at 150 °C. The quantum efficiency (QE)
for these photomethanation reactions was calculated as QE =
8-Ncw,/Npn'A, where Ney, is the number of methane molecules
produced, Ny, is the number of photons incident onto the
catalyst and A is the absorption of the catalyst. The QE for the
Ru/SiO,-0 and Ru/i-Si-o samples under solar-simulated light at
an intensity of 2470 mW cm ™2 is 1.0 x 10~ * and 3.1 x 10~ %
respectively. When tested using the 495 nm cut-off filter, with a
light intensity of 1220 mW cm™?, the QE for the Ru/SiO,-0 and
Ru/i-Si-o samples is 3.5 x 107> and 2.6 x 10~*, respectively.
Thus, the QE of the photomethanation reaction over the
Ru/i-Si-o sample is about three and seven times larger than the
QE of the photomethanation reaction over the Ru/SiO,-0 sample
when measured under light intensities of 2470 mW cm > and
1220 mW cm™ 2, respectively. The larger photomethanation rates
over Ru/i-Si-o compared to Ru/SiO,-0 may be caused by multiple
mechanisms related to metal-support interactions, enhanced light
absorption, localized heating and photo-induced charges.**™°

As shown in Fig. 2c, the average absorption in the Ru/i-Si-o
sample is greater than that of the Ru/SiO, sample. It has been
shown that incident light can couple into resonant photonic
modes that propagate along films deposited on PC surfaces.
These photonic modes extend the path-length and residence
time of light within the film, thereby increasing absorption.>>*
Since Ru/i-Si-o absorbs more strongly than Ru/SiO,-o, it will be
heated to a greater extent, thereby accelerating the Sabatier reac-
tion via a photothermal effect. For a blank test, ran under high
light intensities and without a sample in the reactor, the tempera-
ture inside the reactor increased from ambient temperatures to
almost 50 °C over a two hour period (Fig. S2, ESIt). Furthermore,
the temperature of the back-side of the silicon wafers the PC
supports were deposited on increased to ~150 °C during the
photomethanation tests for both the Ru/i-Si-o and Ru/SiO,-0
samples. However, it has been shown that under intense illumina-
tion localized temperatures on metallic nanostructured photo-
catalysts can be elevated by several hundred degrees.>>” Thus, it
is expected that the temperature of the Ru film residing on the PC
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supports under intense solar-simulated radiation is elevated to
temperatures significantly higher than 150 °C. That is, interband
absorption occurring in the Ru film will increase its temperature
via a photothermal effect.>®* This photothermal heating may
cause localized “hot-spots” on the PC-supported Ru film that
increase the photomethanation rate at nearby active catalytic sites.
Moreover, the i-Si-o support may provide an additional source of
photothermal heating. Energy from light absorption in the i-Si-o
support may generate thermal energy that transfers to the Ru film
residing on its surface.

A photothermal effect may also be considered by comparing
photomethanation rates for measurements performed at equal
incident light intensities but different incident light spectra.
That is, for tests performed at comparable incident light
intensities photomethanation rates were greater when no filter
was used as compared to the case when a 495 nm cut-off filter
was used. For example, at incident light intensities of about
900 mW cm > photomethanation rates over the Ru/i-Si-o
sample is 0.57 mmol g ' h™" when the cut-off filter is used
and 1.44 mmol g ' h™! when the test is performed without a
filter. Also, the photomethanation rate over the Ru/SiO,-o
sample is 0.058 mmol ¢! h™' when the cut-off filter is used
and 0.54 mmol g~ " h™" when the test is performed without a
filter. These results show that for an equal light intensity of
about 900 mW c¢cm 2 an incident light spectrum with a greater
distribution of higher energy photons yields larger photo-
methanation rates as compared to a spectrum with a higher
distribution of low energy photons. As these results are
observed over both the Ru/i-Si-o and Ru/SiO,-0 samples we
attribute this to a photothermal effect whereby, on a per energy
basis, higher energy phonons generated from the absorption of
higher energy photons accelerate the methanation reaction to a
greater extent than lower energy phonons.

Moreover, the photomethanation rates for tests performed
with or without a cut-off filter at incident light intensities of
900 mW cm > or greater exceeded methanation rates measured
for tests carried out in the dark at 150 °C. Also, for the
photomethanation tests performed without a filter, as the
incident light intensity is increased from 900 mW c¢cm™? to
1720 mW cm 2 and 2470 mW cm 2 the photomethanation
rates continue to rise, although this rate increase is not linear
and the amount of CH, produced per incident light power
exhibits a slight downward trend. As the incident light intensity
increases the temperature difference between the sample and
its surroundings increases, and a greater portion of the photo-
thermal energy generated in the sample is lost to the surround-
ing reactant and product gases and reactor walls.

For a photochemical effect to occur photo-generated charge
carriers would have to transfer form the i-Si-o support to the Ru
catalyst and participate in the photomethanation reaction. It is
possible for photo-excited charge carriers to transfer from the
i-Si-o support to the Ru film as the work function of Ru metal
and the fermi level of intrinsic Si has been reported to be
~4.7 eV and ~4.75 eV, respectively.®”®' However, the electron
and hole lifetimes in the i-Si-o support are expected to be on the
order of ~100 ns or less,®® and it is expected that the vast

This journal is © The Royal Society of Chemistry 2018
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majority of photo-excited charge carriers generated in the i-Si-o
support will immediately recombine and generate phonons
that transfer across the Ru/i-Si-o interface to provide heat at
catalytic sites on the surface of the Ru film. In comparison, the
SiO,-0 support is not highly absorbing and therefor is not
expected to provide photothermal heating to the same extent
as the i-Si-o support.

We also performed DFT analysis to further investigate how
photo-induced charges might enhance the Sabatier reaction.
The vast majority of photogenerated charge carriers in the
Ru/SiO, and Ru/i-Si-o samples will recombine on timescales
much shorter than those required to perform photochemistry,
however, residual photogenerated charges in trap states and
surface states may induce charges on the Ru surface that can
facilitate the Sabatier reaction.®® It has been proposed in the
literature that CO, hydrogenation on Ru surfaces proceeds with
the formation of an HCOO intermediate which dissociates into
O and CHO, which further dissociates to C or CH species,
subsequently undergoing a series of hydrogenation steps
before forming CH,.®* It has also been reported in the literature
that in the first step of the Sabatier reaction CO, readily
dissociates to adsorbed CO and O on the Ru surface, which
are then hydrogenated.®®™®” Regardless of the reaction inter-
mediates and mechanisms, it is generally accepted that the
reaction rate is limited by the number of active surface Ru-H
bonds. To investigate how surface charge effects the Sabatier
reaction rate over Ru, we performed DFT calculations on the
low-index Ru(0001) surface. This surface is modeled as a 6-layer
slab comprised of 54 atoms, separated from periodic images by
a 20 A thick vacuum layer. The slab is periodic along directions
parallel to the surface, and is sandwiched by a semi-infinite
effective screening medium (ESM) representing a vacuum in
both directions normal to the surface. The modeled system is a
continuous layer, 10.7 A in thickness, which represents a Ru
nanofilm, and captures the behavior of non-edge nanocrystal
regions which form the majority of the surface area. In order to
investigate the catalytic effects of surface charge on the
supported Ru surface, we also modelled the Ru(0001) surface
with one extra electron ([Ru(0001)]™") and with one less elec-
tron ([Ru(0001)]""). We then analyzed the interaction between
the [Ru(0001)], [Ru(0001)]"* and [Ru(0001)]"* surfaces with
the reactant and product gases (CO,, H,, H,O and CH,), as
discussed below.

First we analyzed adsorption of the CO, molecule on the
neutral and charged Ru(0001) surfaces. The optimized geo-
metries of CO, adsorbed [Ru(0001)], [Ru(0001)]~ and [Ru(0001)]"
surfaces are shown in Fig. 4(a-c). The CO, molecule, initially
placed in the vicinity of the Ru surface atoms for all cases, did
not show any interaction with the [Ru(0001)]"" surface and
remained intact, moving about 2.4 A away during optimization
(Fig. 4(c)). However, CO, was adsorbed on the [Ru(0001)] and
[Ru(0001)] ' surfaces by bending and forming a C-Ru bond
(Fig. 4(a and b)). On the [Ru(0001)] surface the C-O bond lengths
within the CO, molecule increases from 1.16 A to 1.21 A and
1.35 A, and the bond angle decreases from 180° to 128°, whereas
on the [Ru(0001)] " surface, the C-O bond lengths increase to

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 The optimized geometries of adsorbed (a—c) CO,, (d-f) Hy, (g—i)
H,0, and (j-) CH, on [Ru(0001)] (left), [Ru(0001)]~* (middle) and [Ru(000)]**
(right) surfaces. The grey, blue, red and yellow spheres represent Ru, H, O and
C atoms, respectively.

1.25 A and 1.27 A, while the bond angle decreases to 136°. The
binding energy of the CO, molecule on the [Ru(0001)] and
[Ru(0001)] " surfaces is +0.00014 eV and +2.96 eV, respectively,
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which suggests that CO, is relatively stable when adsorbed on the
[Ru(0001)] surface, but is highly unstable and more likely to
dissociate when adsorbed on the [Ru(0001)] * surface.

To investigate the effects of the Ru(0001) surface charge on
the adsorption of H,, an individual H, molecule was positioned
sufficiently far from the Ru surface (3 A) at the onset of the DFT
calculations, and the geometries are optimized (Fig. 4(d-f)).
Then we performed Bader charge, bond length, and binding
energy analyses on these optimized geometries (Table S1, ESI{).%®
Interestingly, results show that while the H, molecule remains
intact after relaxation on the neutral [Ru(0001)] surface, it under-
goes exothermic homolytic splitting on the charged [Ru(0001)] "
and [Ru(0001)]" surfaces. This homolytic dissociative adsorption
of H, on charged Ru surfaces can be understood in terms of a
model where H, donates c-orbital bonding electrons to the
positively charged Ru surface or H, accepts c*-orbital anti-
bonding electrons from the negatively charged Ru surface, both
effects serving to weaken and enable homolytic dissociation of
adsorbed H, on the Ru surface.

To further understand the charge distribution we conducted
charge density difference (CDD) analysis for H, adsorption on
[Ru(0001)], [Ru(0001)]"* and [Ru(0001)]"" surfaces as shown in
Fig. 5(a), (b) and (c), respectively. As shown in Fig. 5(a), there is
only a slight interaction between H, and the neutral Ru(0001)
surface, suggesting that hydrogen binds by a weak electrostatic
dipole mechanism with the neutral surface. However, H,
adsorption on the charged Ru surfaces leads to a reduction in
charge density between the two H atoms and an increase in
charge density between the hydrogen atoms and the Ru surfaces
(Fig. 5(b and c)) showing dissociative chemisorption of the H,
molecule. Moreover, the negative charge on chemisorbed hydro-
gen calculated from Bader charge analysis (Table S1, ESIt), shows
that irrespective of the nature of charge on the surfaces, hydrogen
splits and becomes chemisorbed on the charged surfaces as
a hydride.

We also conducted DFT analysis to explore the interaction
between the Sabatier reaction products, H,O and CH,, with the
neutral [Ru(0001)] and charged, [Ru(0001)*'] surfaces by
placing H,O and CH, in the vicinity of the surface Ru atoms.

(a) é

et e,
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The optimized geometries show that H,O in the ground state
does not interact with any of the [Ru(0001)], [Ru(0001)™"], or
[Ru(0001)"] surfaces. Instead, the H,O atom moves about
2.3 A, away from all surfaces during relaxation, keeping its
geometry unaltered (Fig. 4(g-i)). However, it should be noted
that the [Ru(0001)]"* and [Ru(0001)]"" surfaces do exhibit a
weak interaction with the O and H atoms of H,O, respectively,
which might hinder H,O desorption, slowing the Sabatier reaction
rate. Further, the CH, adsorption analysis shows that at ground
state the CH, molecule does not interact, but moves 4.2 A and 3.4 A
away from the neutral [Ru(0001)] and charged [Ru(0001)""] surfaces,
as shown in Fig. 4(j) and (1), respectively. However, as shown in
Fig. 4(k), CH, is highly unstable on the [Ru(0001)]" surface and
dissociates into CH; and H, which suggests that it will be difficult
to desorb CH, from the [Ru(0001)] " surface.

The results from the DFT analysis suggest that both positive
and negative charge residing on the Ru surface may accelerate
the Sabatier reaction. However, it is expected that the [Ru(0001)] "
surface is likely the most active towards the Sabatier reaction
because the CO, molecule bends on the [Ru(0001)] " surface, and
the bent CO, molecule is highly unstable and may readily react on
this surface. Also, most importantly, H, adsorbs and dissociates on
the [Ru(0001)] " surface such that it can readily react with the
adsorbed CO, molecule. It is noteworthy that XPS measurements
taken on the Ru/i-Si-o sample before and after the Sabatier reaction
rate measurements were performed, revealed that the Ru film on
the i-Si-o sample becomes highly reduced under reaction condi-
tions (Fig. S3, ESIT). This highly reduced state may be induced by
the hydrogen environment during reaction conditions and/or by
photo-excited electrons. This highly reduced state may also con-
tribute to the formation of Ru-H surface bonds and the reduction
of adsorbed CO,.

Experimental
Fabrication of the photonic crystal supports

SiO, spheres with a diameter of ~460 nm were synthesized
using a modified Stober process and subsequently crystallized

Fig. 5 Charge density difference isosurfaces for H, adsorption on [Ru(0001)], [Ru(0001)]~%, and [Ru(0001)** surfaces, respectively (a—c). Blue indicates
regions of charge loss and red indicates regions of charge gain. Grey and blue spheres represent Ru and H atoms, respectively.
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as SiO,-o films using the evaporation-induced self-assembly
(EISA) method on a polished silicon wafer with a surface area
of approximately 1 cm x 2 cm. The i-Si-o film was fabricated
by infiltrating the interstitial voids in these SiO,-o films with
amorphous silicon using a home-built dynamic chemical
vapour deposition (CVD) apparatus and subsequently removing
the SiO,-0 template by etching them in a solution containing
HF. The attained i-Si-o films were then crystallized by subject-
ing them to an annealing treatment at a temperature of 630 °C
for a duration of 5 h.

Catalyst loading

The 50 nm thick Ru film was deposited on top of the SiO,-o
and i-Si-o supports in a custom-built sputtering system (Kurt
J. Lesker Co.) by radio frequency (RF) magnetron sputtering
using a 99.95% pure Ru sputtering target purchased from
Angstrom Sciences, Inc. The base pressure of the sputtering
chamber was pumped down to 1 x 10”7 Torr before argon was
introduced into the chamber at a flow rate of 20 sccm. The
chamber pressure, discharge power and substrate-to-target
distance was set to 3 mTorr, 100 W and 14 cm, respectively.
The sputtering process was terminated when 50 nm of Ru, as
measured from an in situ thickness monitor (SQM-242 from Sigma),
had been deposited.

Sample characterization

Optical measurements were performed with a UV/Vis/NIR
spectrometer (Perkin-Elmer Lambda 1050) equipped with an
integrating sphere. The absorption for each sample was esti-
mated using the equation %A = 100 — (%7 + %R) where %R and
%T are the diffuse reflectance and transmittance, respectively.
SEM images were taken using a Hitachi S-5200 high-resolution
scanning electron microscope. X-ray photoelectron spectro-
scopy (XPS) measurements were performed in an ultrahigh
vacuum chamber with a base pressure of 10~ ° Torr. The system
used a Thermo Scientific K-Alpha XPS spectrometer, with an Al
K, X-ray source operating at 12 kV, 6 A and X-ray wavelengths of
1486.7 eV. The spectra were obtained with an analyzer pass
energy of 50 eV with energy spacing of 0.1 eV. All data analysis
was carried out using Thermo Scientific Avantage software.

Sabatier reaction rate measurements

Gas-phase photocatalytic rate measurements were conducted in
a custom-built 12 mL stainless steel batch reactor with a fused
silica view port sealed with Viton O-rings (Fig. S5, ESIT). The
pressure inside the reactor was monitored using an Omega
PX309 pressure transducer. The duration of all runs was 2 h.
Product gases were analyzed with a flame ionization detector
(FID) and thermal conductivity detector (TCD) installed in a
SRI-8610 Gas Chromatograph (GC) with a 3’ Mole Sieve 13a and
6’ Haysep D column. For heated tests the reactor temperature
was controlled by an OMEGA temperature controller combined
with a thermocouple placed in contact with the rear side of the
sample. The reactor was heated to 150 °C and purged with H,
for twenty minutes prior to being infiltrated with CO, and H, at
a H,:CO, ratio of 4:1. For tests wherein the sample was
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irradiated with light the lamp was turned on once the reactor
valves were closed. The spectral output was measured using
a StellarNet Inc. spectrophotometer and the power of the
incident irradiation was measured using a Spectra-Physics
power meter (model 407A).

Computational details

DFT calculations were carried out using Quantum ESPRESSO
code, PWSCF package.®”® The plane-wave-pseudopotential
approach, together with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional, and Vanderbilt ultrasoft
pseudopotentials was utilized throughout the analysis.®®~”" All
calculations are non-spin polarized. The kinetic energy cut-offs
of 40 and 160 Ry were used for the smooth part of the electronic
wavefunctions and augmented electron density, respectively.
The self-consistent field convergence criterion was set to
1 x 107® Ry per Bohr and the structures were relaxed using a
conjugate gradient minimization algorithm until the magnitude of
the residual Hellmann-Feynman force on each surface atom was
less than 10~ Ry per Bohr. Brillouin zone integrations were
performed using a Monkhorst-Pack grid of 4 x 4 x 1 k points.”>
The binding energy was calculated using the following equation:

Ey = [Eru(ooot)+nt> — (Eru(ooor) + nEw, )] /n

where Egy(ooo1ynn, 1S the total energy of the neutral or charged
Ru(0001) surface adsorbed with hydrogen, Eryoor) is the total
energy of the neutral or charged Ru surface, Ey, is the total energy
of the free H, molecule and n corresponds to the number of H,
molecules. A negative binding energy indicates a stable system
configuration whereas a positive binding energy indicates an
unstable system configuration.

Conclusions

In this work we investigated and compared Sabatier reaction
rates over Ru films sputtered onto silica opal and inverted
silicon opal photonic crystal supports at ambient temperature
under solar simulated radiation as a function of incident
illumination intensity. The largest rate observed in this study
was 2.8 mmol g ' h™', which was measured over the Ru/i-Si-o
sample under high-intensity solar-simulated light at an intensity of
2470 mW cm™ 2. Furthermore, photomethanation rates are roughly
an order of magnitude larger when the Ru/SiO, and Ru/i-Si-o
samples were tested under high-intensity solar-simulated light at
an intensity of 2470 mW cm™ > as compared to rates measured in
the dark at a temperature of 150 °C. However, the highest QE value
for the tests performed in this work is ~3 x 10~*. This QE value
was measured over Ru films on PC supports designed to
investigate the photomethanation reaction, and with further
understanding of photomethanation reaction mechanisms this
value can be boosted by designing catalysts with a high density
of photothermally activated sites that are accessible to high
intensity incident radiation. This can be accomplished through
the structural, compositional, optical and photonic materials
engineering of hierarchical porous catalytic architectures, as
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well as high-performance photoreactors that enable enhanced
light harvesting with quantum efficiencies targeting techno-
logically practical ranges of >10%.

Moreover, for all reaction conditions methanation rates over
the Ru/i-Si-o sample were significantly higher than that over the
Ru/SiO, sample. We attribute the enhanced photomethanation
rates over the Ru/i-Si-o sample to a photothermal effect caused
by high absorption in the Ru/i-Si-o sample, wherein absorbed
light energy is converted to heat. Furthermore, we performed
DFT analysis to investigate whether photo-induced charges
could also contribute to enhanced methanation rates over the
PC supported Ru catalysts, which showed that H, has a stronger
interaction with charged [Ru(0001)]** surfaces. Specifically,
H, homolytically dissociates and chemisorbs, forming Ru-H
bonds on both negatively and positively charged Ru surfaces.
A high density of H on the Ru surface will enhance the Sabatier
reaction because, as commonly reported in the literature, the
rate determining step is the hydrogenation of adsorbed CO,.
The results from the DFT analysis also showed that the CO,
molecule bends when adsorbed on the negatively charged
[Ru(0001)]"" surface; the bent CO, molecule is highly unstable
and thus the Sabatier reaction may be accelerated on the
[Ru(0001)]"" surface.

The work presented in this study illustrates the importance
of the support material for photocatalysts. The open framework
of the i-Si-o, with pores having a diameter on the scale of
hundreds of nanometers, may prove to be highly advantageous
in the design of high-throughput gas phase catalysts that
convert CO, to CH, under high intensity illumination running
at ambient temperatures. Also, the ability to reduce CO, at
ambient temperatures by irradiating catalysts with high light
intensity rather than heating the catalyst may procure numerous
advantages. For example, lower operating temperatures may
reduce heating loads and sintering, poisoning, mechanical degra-
dation and eventual deactivation of the catalyst.
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