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ABSTRACT: This work examines the effects of temperature (100—150 °C), pressure (1—25 bar), and UV illumination on gas-
phase photocatalytic CO, methanation over Ru/TiO,. Irradiating the catalyst enables an ~20% decrease in operating pressure to
maintain the same production rate. Furthermore, the relative light enhancement is greater at 100 °C than 150 °C—a phenomenon
attributed to increased carrier recombination rates at higher temperatures. Arrhenius experiments indicate that the global activation
energy (E,) of the reaction is similar in the dark and light, suggesting that rate enhancements are determined by changes in surface
coverage. To test this hypothesis, the CO, reduction mechanism is probed using in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS). The spectra show an increase in the relative surface coverage of the intermediate formyl group under
irradiation. These findings illustrate that, within the experimental conditions explored in this study, the photoexcitation of charge
carriers in the semiconductor primarily influences the surface coverage of intermediates to drive enhanced methane formation at low
temperatures.

1. INTRODUCTION

One approach to both limit greenhouse gases and provide a
hydrogen-dense fuel is the conversion of CO, to methane
(CH,, eq 1)."7* If the hydrogen reactant is produced using
renewable electricity, this allows sustainable conversion of CO,

Metal cocatalysts are commonly paired with semiconductors
to enhance turnover frequency at surface reaction sites and
may also facilitate charge separation at the metal/semi-
conductor interface.”'''® For this purpose, a variety of
metals including Ru,'” " Rh,*° Ni,*' and Pt,** among others,

to a widely used and versatile fuel. However, methanation of
CO,, known as the Sabatier reaction, is an energy-intensive,
thermal catalytic process that is commonly executed at hi§}_1
temperatures (300—550 °C) and at pressures up to 100 bar.™”

CO, + 4H, — CH, + 2H,0 (1)

Among various approaches being explored to enhance the
Sabatier reaction, photocatalytic CO, methanation mediated
by a semiconducting material that absorbs li§ht and generates
electron—hole pairs is a promising option.” " The rate of
chemical reactions in semiconductor photocatalysts may be
influenced by the equilibrium concentration of charge carriers
under illumination as well as changes to the surface chemical
adsorption/desorption and reaction mechanisms.
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have been explored at a range of temperatures from 100 to 400
°C for heterogeneous, gas-phase photocatalytic CO, metha-
nation.””*** Photocatalytic studies of the Sabatier reaction
have typically been carried out near atmospheric pressure, with
a maximum reported pressure of 8 bar.”> Light-driven gas-
phase CO, methanation has not been extensively studied in
higher pressure environments. Prior work has attributed the
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observed enhancement in reaction rate to a variety of
phenomena including photothermal heating,***® plasmonic
resonance,””””** and direct hot-electron injection into
adsorbed CO,.*** As such, a detailed understanding of the
coupled effects of light and heat on the reaction pathways and
kinetics of the Sabatier reaction requires further investigation.

In this work, we investigate the synergistic effects of altering
temperature (100—150 °C), pressure (1—25 bar), and UV
illumination on the gas-phase, photocatalytic methanation of
CO,. To study the reaction mechanism at low temperatures,
we selected Ru because it is among the most active thermal
catalysts for CO, methanation reported in the litera-
ture.”®'%?*?%3% Gimilarly, TiO, is one of the most widely
used semiconductors for a variety of photocatalytic reactions
including CO, methanation due to its photoactivity, stability,
low cost, and earth abundance.”'%**7** Thus, we use Ru/TiO,
as a model material system to study the mechanism of
photocatalytic CO, methanation.

Through Arrhenius analysis and in situ DRIFTS, we observe
no significant difference between the dark and light reaction
pathways and activation energies. Instead, UV illumination
impacts the kinetics of reaction intermediate formation, which
suggests that a change in the relative concentration of surface
intermediates is the primary factor that influences the observed
increase in CH, production rate. We further demonstrate that
the enhancement from illumination is not purely a thermal
effect and is deactivated at longer wavelengths of light (below
the bandgap of TiO,). The relative increases in reaction rate
under illumination are more pronounced at lower reaction
temperatures, which is attributed to the temperature-depend-
ence of charge carrier recombination.”® The understanding
presented here can inform the design of future photocatalysts
that harness light-mediated surface coverage effects to
efficiently transform CO, into fuels.

2. METHODS

2.1. Ru/TiO, Nanoparticle Fabrication. Ru-loaded TiO,
(Ru/TiO,, 4 wt % Ru) nanoparticles (NPs) are prepared using
wet impregnation according to a previously reported
procedure.”” 2.0 g of TiO, (Aeroxide P25, Fisher Scientific)
is suspended in 41 mL of deionized (DI) water under vigorous
stirring. A second mixture of 0.1642 g of RuCl;-3H,0 (99.9%,
ACROS Organics, Fisher Scientific) in 9 mL of DI water is
prepared and inserted into an ultrasonic bath. The second
mixture is added to the first mixture, and the pH is adjusted to
7 using NaOH. The solution is evaporated until it is dry at 50
°C under continuous stirring. This is followed by drying at 110
°C overnight. The dry sample is ground into a powder and
reduced in forming gas (5% H,, balance N,) at 300 °C for 3 h
to convert the RuCl; NPs to Ru metal NPs.

2.2. Catalyst Loading. A quartz frit with a characteristic
pore size of 40—90 um, a diameter of 10 mm, and a thickness
of 2—3 mm (Technical Glass Products) is used as a transparent
support material. The quartz frit is chosen as a wide-bandgap
substrate that will increase the light-exposed surface area and
promote more uniform illumination of the catalytically active
material. The quartz frit is cleaned by sonication sequentially in
1 M HCI and DI water for S min each, followed by drying for 1
h at 110 °C in air. Ru/TiO, is loaded into the quartz frit using
wet impregnation with a solution containing 2 mL of DI water,
12 mL of methanol, and 100 mg of Ru/TiO,. The solution is
immersed in an ultrasonic bath for 1 h. A magnetic stir bar and
fixture housing the quartz frit are placed into the beaker. The

fixture prevents excessive settling of Ru/TiO, onto the top of
the quartz frit. The solution is stirred for 1 h at a speed of 1000
rpm. The quartz frit is then removed and dried at 110 °C in air
for 1 h. This is followed by reduction in forming gas (5% H,,
balance N,) for 24 h at 200 °C to ensure the complete
conversion to Ru metal.”> A schematic of the catalyst-loaded
quartz frit is shown in Figure 2.

2.3. Optical and Structural Characterization. Optical
microscopy images are collected using a VHX-7000 4K digital
microscope (Keyence). Scanning electron microscopy (SEM)
images are collected using a TESCAN MIRA3 FEG SEM with
an accelerating voltage of 5 kV. To prepare samples for high-
angle annular dark field scanning transmission electron
microscopy (HAADF-STEM), the 4 wt % Ru/TiO, catalyst
is dropcast onto Cu mesh grids. HAADF-STEM is performed
on a Thermo Fisher Talos F200X G2 S/TEM, operated at 200
kV with an X-FEG, high-brightness Schottky-type emission
gun as the electron source. A Super-X windowless EDS
detector is used for EDS mapping. The Ru particle size is
determined using Image] software. The transmittance and
reflectance of the Ru/TiO,-loaded quartz frit are measured by
using a UV—vis—NIR spectrophotometer with an integrating
sphere attachment (Shimadzu, Model UV-2600). X-ray
photoelectron spectroscopy (XPS) is conducted using a Kratos
Axis Ultra XPS with a monochromatic Al X-ray source
operating at 10 mA and 12 kV. The pass energy is 40 eV, with
a dwell time of 60 s. XPS spectra are normalized to the
adventitious carbon (C 1s) binding energy (284.8 V) and
deconvoluted in the CasaXPS software using the Gaussian—
Lorentzian-like fit, which is also supported in the literature
(Supplementary Note #1). The Brunauer—Emmett—Teller
(BET) surface area was determined using a Micromeritics
ASAP 2020. The samples were degassed at 350 °C for 8 h prior
to surface area measurements, which were conducted at 77 K.

2.4. Catalytic Activity Characterization. A custom batch
reactor (Series 4793, Parr) capable of reaching temperatures
up to 225 °C and pressures of up to 40 bar, equipped with a
12.7 mm diameter exposed quartz window, is used to probe
the reaction rate using various reaction inputs. The reactor
volume is ~110 mL. The exterior of the reactor is heated, and
the reactor temperature is controlled using a PID controller.
The Ru/TiO,-loaded quartz frit is held in front of the window
inside the reactor. The same photocatalyst-loaded frit was used
throughout the study to avoid discrepancies from the random
distribution of the Ru/TiO, catalyst on the frit during solution
deposition. The catalyst is illuminated with either a UVP Blak-
Ray B-100AP High-Intensity UV Inspection Lamp (Fisher
Scientific, intensity = 48 W/m”) or a high-power LED
(M375L4, Thorlabs, intensity = 430 W/m?) with an emission
peak at 365 nm. A thermocouple is positioned at the backside
of the catalyst frit to measure the reported reaction
temperature. To determine the temperature of the gas, the
same thermocouple was moved out of contact with the frit
during a separate experiment under the same conditions. To
estimate the light-induced temperature increase of the front
surface of the frit relative to the backside of the catalyst frit, a
continuum-level heat transfer model is used (Supplementary
Note #6). By this estimate, LED irradiation increases the front-
surface temperature of the catalyst frit by less than 0.6 and
0.058 K, using the 365 nm LED or Hg lamp, respectively
(relative). The output of the LED is collimated with an
aspheric condenser lens (ACL2520U-DG6-A, Thorlabs) to
illuminate the entire sample area. For both light sources, the
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Figure 1. (a) CAD model of the reactor and the light source assembly. The black polycarbonate enclosure and gas lines connected to the reactor
are not shown. (b) Scheme showing the gas line connections in the reactor system. This scheme specifically shows the moment when a small
sample is taken from the reactor, within the sampling volume.
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Figure 2. (a) Schematic showing the catalyst support, which is a porous quartz frit loaded with Ru/TiO, particles under UV light illumination. (b)
Schematic showing the presence of Ru/TiO, clusters on the surface of the frit at the microscale. (c) Schematic showing the nanoscale geometry of
the Ru/TiO, clusters, which consist of Ru and TiO, nanoparticles. (d) Optical microscopy image of quartz frit. (e) Optical microscopy image at
higher magnification showing the Ru/TiO, clusters, which are dark in appearance. (f) HAADF-STEM image of Ru/TiO, powder. The larger
particles are TiO,, while the smaller particles are Ru.

same distance between the light source and sample is used, and about the calibration process can be found in Supplementary
Note #2.

the light intensity is measured using a GaP photodiode L . )
The interior reactor temperature is measured using a

(Thorlabs) inside the reactor prior to testing. Further details thermocouple in contact with the backside of the quartz frit.
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Figure 3. Reported CH, rates as a function of pressure at temperatures of (a) 100 °C and (b) 150 °C in terms of the total catalyst mass (only the
Ru/TiO,). Different y-axis scales are used in panels (a,b). The error bars on some of the data points (1—10 bar) are small enough that they are
contained within the symbol. (c) Quadratic fit to rate data at 100 °C. Arrows indicate the decrease in pressure enabled by irradiation to achieve the
equivalent dark rate. The R* values for the light and dark curves are 0.9996 and 0.9959, respectively. (d) Decrease in required pressure under
irradiation to achieve the equivalent dark rate at 100 and 150 °C. Error bars in panel (d) represent +1 standard deviation.

To limit UV exposure, the reactor and light source are covered
with a black polycarbonate enclosure screwed onto the optical
breadboard as part of the experimental setup shown in Figure
la. A computer-aided design (CAD) model of the reactor and
lamp is shown in Figure la.

The reactor is charged with gases at the beginning of each
experiment, including ultrahigh-purity (UHP) Ar (99.999%),
UHP H, (99.999%), and research laser grade CO, (99.999%)
until the desired partial pressure of each gas is present in the
reactor. A partial pressure ratio for CO,:H, of 3:7%° is used in
all cases. This ratio was chosen based on a study by Kawamura
et al. (2017), who found that CO, methanation rates increase
with increasing Py,; however, concentrations of H, exceeding
70% hinder CO, adsorption.”®

A schematic illustration of the reactor and gas lines is shown
in Figure 1b. To evaluate the composition of the gas mixture
inside the reactor, a small sample (~1 mL) is isolated from the
reactor between two valves (further details about the sampling
process can be found in Supplementary Note #2). To allow
time for diffusive mixing of the gases and detectable levels of
CH, formation, the first sample is taken at 90 min following
the start of the reaction. Four total samples are taken at 45 min
intervals. The reaction rate is calculated using a linear fit of the
CH, formation relative to Ar by comparing the m/z 15 signal
to the m/z 20 signal. Only the last three data points, where
good mixing had been achieved, are used to calculate the rate.

2.5. Mass Spectrometry. A quadrupole mass spectrom-
eter is used to measure the formation rate of CH,. The
electron energy is 70 eV, and the emission current is 100 pA.
The spectra were collected in the following m/z ratio windows:

18287

m/z 3—39, m/z 41—43, and m/z 45—100. H,, CH,, Ar, and
CO, are evaluated by monitoring m/z 3, 15, 20, and 22,
respectively. This choice of m/z values uses unique daughter
peaks for each species (eg, 3 m/z = hydrogen deuteride
(HD)) so that the chosen scanning ranges do not result in
detector saturation. Between samples, the mass spectrometer is
flushed using Ar, while still under high vacuum, to assist in the
removal of residual gases from the sample.

2.6. In Situ Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFTS). In situ DRIFTS is
conducted using a Tensor 27 FT-IR spectrometer with an
MCT detector (Bruker). At the start of each experiment, the
catalyst undergoes S pump/purge cycles at a temperature of
315 °C, during which N, is flushed over the catalyst and then
pumped out of the chamber. Subsequently, the catalyst is
treated at 315 °C in 80 sccm of 5% H,/N, for 1 h, and is then
cooled to 125 °C in N,. CO, and H, (3:7 ratio) are
sequentially fed into the chamber until a total gauge pressure
of 1 bar is achieved, and then the chamber is sealed to create a
batch environment. Spectra are gathered in 60 s intervals by
averaging 45 scans with a resolution of 4 cm™" for § h to match
the duration of a batch CO, reduction reaction. For light-on
tests, the catalyst is irradiated with a 365 nm Thorlabs LED
(M365LP1) at 430 W/m? for the duration of the experiment.

3. RESULTS AND DISCUSSION

3.1. Structural and Optical Characterization. Figure 2a
shows the experimental platform that was used to investigate
various reaction conditions, including variations in temper-
ature, pressure, and light intensity. The catalyst is loaded onto

https://doi.org/10.1021/acs.jpcc.4c05724
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a transparent, porous quartz frit substrate, which was selected
to increase the surface area and promote a more uniform
illumination of the catalytically active material. This quartz frit
was loaded with Ru/TiO, NPs that coalesced into clusters on
the surface of the frit (Figure 2b,c). Figure 2d,e shows optical
microscopy images of the quartz frit support following Ru/
TiO, loading. As shown in Figure 2b,e, at higher magnifica-
tions, the clusters of Ru/TiO, vary in size from one to tens of
micrometers.

HAADF-STEM imaging is used to visualize the Ru
nanoparticle size and distribution along the surface of the
TiO, nanoparticles prior to loading them onto the quartz frit
(Figure 2¢,f). The larger particles are P25 TiO,, while the
smaller, lighter-shaded particles are Ru. The distribution of Ru
NPs along the surface of P25 TiO, is relatively uniform, with
an average particle size of ~2 nm (Figure S1). UV—vis
spectrophotometry measurements indicate an increase in light
absorption after loading Ru/TiO, onto the quartz frit (Figure
S2).

Additionally, as determined by BET analysis, the surface
areas of the bare TiO, powder and the Ru/TiO, powder are
55.5 and 53.3 m’/g, respectively. BET analysis of the bare
quartz frit was also attempted; however, the surface area is
below the measurable threshold of the instrument, indicating
that the majority of the surface area of the catalyst is attributed
to the Ru/TiO, powder and not the quartz frit substrate.
Overall, these structural and optical properties suggest that the
Ru/TiO,-loaded quartz frit is an appropriate platform for
investigating photocatalytic CO, methanation, wherein the
distribution of the Ru/TiO, along the surface of the quartz frit
increases the catalyst surface area that is accessible to
illumination.

3.2. Photocatalytic Activity Characterization. To study
the effects of temperature, pressure, and UV-illumination on
the CH, production rate, the methanation activity of the Ru/
TiO,-based catalyst is measured at 100 and 150 °C, while
pressure is varied from 1 to 25 bar. The same photocatalyst-
loaded quartz frit was used for each experiment, as described in
Section 2.4. A summary of the photocatalytic activity for CO,
methanation is shown in Figure 3.

Figure 3a shows the dark and light CH, production rates as a
function of pressure at a temperature of 100 °C. At all
pressures, illumination is observed to increase the rate.
Additionally, as the pressure increases, the reaction rate
monotonically increases. Increasing pressure increases the
reactant surface coverage as well as the likelihood of reactant
collision and conversion. Equilibrium also favors the forward
reaction at a higher pressure. These factors led to greater
methane formation rates.

In Figure 3b, similar trends are observed when the
temperature is increased to 150 °C, although light enhance-
ment at 1 bar was negligible. The calculated percentage light
enhancement for all conditions can be found in Figure S6 and
Supplementary Note #3. The overall reaction rates are higher
at 150 °C than at 100 °C. However, while the absolute increase
in rate under illumination is greater at 150 °C (for a given
pressure), the relative enhancement (as a percentage of the
dark rate) is diminished at the higher temperature. Previous
observations of gas-phase photocatalysis for ethylene oxidation
over TiO, have also reported a decreased enhancement at
elevated temperatures, which was attributed to increased
carrier recombination rates in the TiO, semiconductor.’® To
gain a better understanding of these effects in our model

system, in situ DRIFTS experiments are carried out and will be
discussed in Section 3.4.

Figure 3¢ shows a Bayesian quadratic polynomial regression
model fit to the methanation rates at 100 °C in the dark and
light. The trend lines illustrate that irradiation of the catalyst
reduces the pressure necessary to achieve an equivalent dark
methanation rate. The decrease in required pressure to achieve
an equivalent dark rate, referred to as “pressure reduction”, is
shown in Figure 3d, along with + one standard deviation error
bars, as computed via the Bayesian regression uncertainty.
Supplementary Note #4 provides the fitted rate versus pressure
data collected at 150 °C and further details of the regression
model. The pressure reduction is more significant at lower
temperatures as absolute pressure increases.

Overall, Figure 3 demonstrates that for photocatalytic
methanation over Ru/TiO,, illumination can reduce the
pressure requirements by ~20% to achieve the same rate for
the Sabatier reaction. The peak rate of >15 mmol CH,/g_/h
(Figure 3a) is comparable to many recent reports of
photoenhanced CO, reduction,”***>*"~ aside from studies
that report a higher production rate but attribute it to
photothermal heating of the metal.”>*’

The results above demonstrate substantial pressure reduc-
tions under illumination and suggest that the photoexcited
charge carriers in the TiO, semiconductor facilitate CO,
methanation. To help rule out purely light-induced heating,
we replaced the broadband light source (Hg lamp) with a UV
light-emitting diode (LED) (Thorlabs, M36SLP1). The peak
emission of the LED is 365 nm, or approximately 3.4 eV,
which exceeds the bandgap energy of P25 TiO, (~3.2 eV).
Using monochromatic 365 nm illumination, we observe an
enhanced methanation rate that monotonically increases with
light intensity (see Supplementary Note #4 for discussion and
further statistical analysis). In contrast, when below-bandgap
illumination is used (450 nm or 2.76 eV, Thorlabs LED
MNWHLA{), no rate enhancement is observed (see Supple-
mentary Note #5), despite comparable light absorption
observed using UV—vis at 450 and 365 nm (Supplementary
Note #1). This provides evidence that the mechanism of light
enhancement involves the generation of electron—hole pairs in
the semiconductor, rather than a purely thermal effect.

Additional control experiments using the identical P25 TiO,
catalyst without a Ru cocatalyst showed negligible methane
production within the noise floor of the mass spectrometer
under both dark and light conditions at 10 bar and 125 °C.
This demonstrates that the synergy between Ru and TiO, is
necessary to drive a significant rate of CH, production under
our experimental conditions. Therefore, to further probe the
mechanism responsible for the measured light enhancement,
we performed additional experiments to determine the
apparent activation energy and monitor surface intermediates
(via in situ DRIFTS).

3.3. Light-Enhancement Mechanism. Temperature-
dependent rate measurements are conducted to investigate
whether UV illumination impacts the activation energy (E,) for
CH, formation (Figure 4). The reaction is evaluated at 110,
125, and 140 °C under 365 nm LED irradiation at 100% light
intensity (430 W/m?).

Figure 4 shows the CH, production rates in light and dark
conditions at 10 bar as a function of the temperature. At 110,
125, and 140 °C, the dark rates were 0.13, 0.47, and 1.2 mmol/
g-h, respectively, which increased to 0.16, 0.55, and 1.4 mmol/
g-h under illumination. In Figure 4, a vertical shift is observed
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Figure 4. Arrhenius plot of CO, methanation over Ru/TiO, at 110,
125, and 140 °C under a pressure of 10 bar, with and without 365 nm
irradiation (430 W/m?). The error in the activation energy values
reflects a 90% confidence interval on the fit.

under illumination, indicating an increase in activity. At 110
°C, the observed CH, rate is 0.13 mmol/g-h for dark
conditions. Under illumination, the CH, rate increases by
23% to 0.16 mmol/g-h, which is consistent with the results in
Figures 3 and S6. Nevertheless, similar activation energies were
observed with and without irradiation (94.8 and 96.6 kJ/mol,
respectively) suggesting that the photocatalytic and dark (pure
thermal) reaction rates are governed by the same rate-
determining step.

We note that in this study the catalyst material, geometry,
and loading were not optimized to maximize the rate
enhancements. Therefore, in the future, we anticipate that
the relative enhancement could be increased further by
optimizing the catalyst architecture (i.e, composition, geom-
etry, distribution) and ultimately the rate enhancement, which
can enable decoupling of absorption and surface kinetic
parameters.41

Nonetheless, the results from this study demonstrate that
illumination of the photocatalyst with above-band gap light

produces an enhancement in the catalytic activity, which
cannot be explained by purely thermal effects. Furthermore,
the measured activation energies suggest that there is no
significant difference in the overall reaction pathways under
illumination. This, in turn, suggests that the rate enhancement
under illumination is a result of changes in the pre-exponential
factor of the rate equation, which is associated with collision
probabilities and frequencies. Therefore, in situ DRIFTS is
performed to probe the hypothesis that light irradiation affects
the relative surface coverage of reaction intermediates during
the CO, methanation reaction.

3.4. In Situ DRIFTS. Figure S provides a schematic of CO,
methanation pathways, alongside the in situ DRIFTS spectra
that were used to probe the light-enhancement mechanism of
methanation of CO, to CH, over the Ru/TiO, catalyst.

There are two established pathways for CO, methanation
shown in Figure Sa. In the dissociative pathway, CO, adsorbs
on the catalyst to form CO before it is reduced, whereas in the
direct pathway, CO, absorbs and is directly hydrogenated to
methane.*”* Alternative CO, conversion pathways exist,
including the reverse water-gas shift (RWGS) reaction, which
would lead to the combined generation of CO and CH,.
However, the low reaction temperatures studied herein are not
conducive to the RWGS reaction.'® To study the influence of
light on the methanation pathway over Ru/TiO,, in situ
DRIFTS experiments are performed at 125 °C and 1 bar (3:7
ratio CO,:H,) according to the methods described in Section
2.6. Dark and light reaction conditions were tested separately
on the same catalyst sample using a cleaning cycle between
experiments. The cleaning procedure removes adsorbates
(such as OH or hydrocarbons) that formed during the
previous reaction from the Ru/TiO, surface as corroborated
through a DRIFTS scan (Supplementary Note #7).

Figure Sb compares the DRIFTS spectra under dark and
illumination conditions for the CO, methanation experiments
over Ru/TiO,. The broad band centered at 3250 cm™
corresponds to surface hydroxyl (OH) groups. Formyl
(HCO, 1865 cm™), carbonate (CO;>7, 1645 cm™), and
formate groups (HCOO, 1540 and 1400 cm™') are also

a) b) -
CO, +H, g
dissociativg,.-""“ direct :
(Co_}ads {cozlads g ,§.
’ b . S -"'leght Sh
l:c)ads [HCO}ads [HCOB}ads /If
‘ /—Ligm. 1h
(CH)ags (HyCOlss | (HCOO)y .. "] i Light, 30min
P/ =010 = A8
= g ™ 2 B AR [ a1k, 5h
I:CH}‘Ms [Hzco:lads E ’ -
%‘D.ﬂﬁ—- Dark, 1h
(H.CO) g 0.04
RS = 0.02- Dark, 30min
¥ 0.00- It
- > CH « v T . T v 1w v T b T A T ¥ T T
4 3600 3400 3200 2000 1800 1600 1400 1200

Wavenumber (cm™)

Figure S. (a) Diagram of two possible CO, reduction pathways. (b) In situ DRIFTS spectra at 125 °C and 1 bar with and without 365 nm
irradiation at 430 W/m?. Light and dark experiments are executed on the same catalyst independently on different days with identical pretreatments

to clean the catalyst surface between experiments.
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prominent on the Ru/TiO, surface.”* From literature, the
2000—2100 cm™" region is assigned to CO adsorbed on Ru or
at the Ru/TiO, interface.>** In Figure Sb, there are no peaks
from 2000 to 2100 cm™', showing that CO, is directly
hydrogenated to hydrocarbons and is subsequently reduced to
CH, over Ru/TiO,. Thus, under our experimental conditions,
the direct pathway, rather than the dissociative hydrogenation
pathway, is favored both in the dark and under illumination
(Figure Sa).

In Figure Sb, the progressive increase with time in the
abundance of formate (1540 and 1400 cm™), carbonate (1645
cm™!), and hydroxyl (3250 cm™) intermediates is comparable
under both dark and light conditions. However, within the first
30—60 min, formyl groups (1865 cm™') appear under
illumination and are significantly more abundant after S h of
light exposure compared with dark conditions. The difference
in the relative abundance of the formyl intermediate suggests
that the light-accelerated step is the cleavage of an oxygen from
formate (HCOO) to generate formyl (HCO) species.
Additionally, the growth of the formyl group cannot be
explained by light-induced heating alone (refer to Supple-
mentary Note #7). The in situ DRIFTS analysis indicates that
light primarily influences the relative concentration of surface
intermediates to accelerate the rate of CO, methanation over
Ru/TiO,.

The DRIFTS spectra further support the hypothesis that
photoexcited charge carriers in TiO, play a role in rate
enhancement, rather than purely light-induced heating of the
Ru nanoparticles (refer to Supplementary Note #7). Ru NPs
are thought to facilitate H, dissociation, subsequent migration
to the support (spillover), and OH group formation.*® A
comparison of XPS spectra on our catalyst before and after the
reaction indicates that the abundance of oxidized Ru
significantly decreases in the postmortem XPS spectra,
suggesting that Ru sites were reduced after repeated
methanation reactions (refer to Supplementary Note #]1,
Figure S4). On the other hand, carbonates, formates, and
formyl intermediates form on bare TiO, when it is exposed to
CO, and H,.” Therefore, the similar OH group abundance
(related to H, splitting on Ru), contrasted with the significant
difference in hydrocarbon coverage (related to the bare TiO,
or Ru/TiO, interface) in the dark and under irradiation, is
evidence that photogenerated charge carriers in the semi-
conductor may migrate to Ru sites to enhance the methanation
rate of CO, at low temperature and pressure. This is analogous
to a recent study by Qin et al of CO conversion to
hydrocarbons over a Ni—TiO, catalyst, which proposed that
C—C coupling is accelerated under illumination by the
migration of photogenerated electrons from TiO, to Ni sites,
influencing the surface coverage of CH intermediates.”’
Overall, the DRIFTS analysis provides valuable mechanistic
insights into the origins of photoenhancement of the reaction
rate, which is attributed to light-induced changes to the surface
coverage of reaction intermediates. The DRIFTS results also
indicate negligible CO formation over the Ru/TiO, photo-
catalyst.

4. CONCLUSIONS

This study investigates the combined effects of illumination,
temperature, and pressure on gas-phase CO, methanation over
Ru/TiO, using a versatile photoreactor capable of operating at
a wide range of pressures (1—25 bar) and temperatures (100—
150 °C). A Ru/TiO, loaded quartz frit is used as a model

18290

catalyst system. Exposure of the photocatalyst to UV
irradiation resulted in an increase in the catalyst activity and
a decrease in the pressure requirements to achieve reduction of
CO, to CH, Over a range of pressures, the observed
percentage of light enhancement is more pronounced at 100
°C than 150 °C. Since the charge carrier recombination rate is
known to increase at elevated temperatures, the greater percent
enhancement at lower temperature indicates that photoexcited
carriers influence the CO, reduction process. To further
support this claim, when a monochromatic LED with a
wavelength above the bandgap of the TiO, semiconductor is
used, rate enhancement is observed. In contrast, no statistically
significant difference in the reaction rate is observed using
below-bandgap illumination, confirming that the enhancement
is driven by charge carriers excited within the semiconductor.

To probe the light-enhancement reaction mechanism,
Arrhenius analysis was performed to quantify the temper-
ature-dependent activity in the dark and light. Similar
activation energies were observed in dark and light conditions,
indicating that illumination does not change the rate-limiting
step.

Collectively, these results point toward a change in the
preexponential factor of the rate equation. To test this
hypothesis, in situ DRIFTS reveals that CO, is directly
hydrogenated to CH, over Ru/TiO, without a CO
intermediate, and light increases the surface concentration of
the formyl (H,CO) intermediate species from formate
(HCOO) via oxygen cleavage. Therefore, the DRIFTS analysis
provides evidence that the rate enhancement is a result of light-
induced changes in the relative concentration of surface
intermediates.

We envision that this work will provide a better under-
standing of the reaction mechanisms of CO, methanation and
inform the design of future photocatalysts that harness the use
of light-mediated surface coverage to accelerate the trans-
formation of CO, into fuels. From a practical implementation
standpoint, these insights can be used to guide future system
design of modular, photocatalytic CO, conversion reactors,
where process parameters such as pressure, temperature, and
illumination can be synergistically optimized to maximize
performance and energy efficiency. A better understanding of
the interplay between these process parameters can help
promote distributed generation of fuels in a variety of contexts
or settings while mitigating rising concerns in supply chains.
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