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Plasmon-Enhanced Reverse Water Gas Shift Reaction over Oxide
Supported Au Catalysts

Aniruddha A. Upadhye®, Insoo Ro®, Xu Zeng®, Hyung Ju Kim®, Isabel Tejedor®, Marc A. Anderson”,
James A. Dumesic’, George W. Huber"*

Abstract

We show that localized surface plasmon resonance (LSPR) can enhance the catalytic activities of
different oxide-supported Au catalysts for the reverse water gas shift (RWGS) reaction. Oxide-supported
Au catalysts showed 30 to 1300% higher activity for RWGS under visible light compared to dark
conditions. Au/TiO, catalyst prepared by deposition-precipitation (DP) method with 3.5 nm average Au
particle size showed the highest activity for the RWGS reaction. Visible light is converted into chemical
energy for this reaction with up to a 5 % overall efficiency. A shift in the apparent activation energy (from
47 kJ/mol in dark to 35 kJ/mol in light) and apparent reaction order with respect to CO, (from 0.5 in dark
to 1.0 in light) occurs due to the LSPR. Our kinetic results indicate that the LSPR increases the rate of
either the hydroxyl hydrogenation or carboxyl decomposition more than any other steps in the reaction
network.

1.0 Introduction

Environmental concerns over anthropogenic CO, emissions combined with increased petroleum costs are
causing our society to develop new sustainable methods for production of renewable transportation fuels
and commodity chemicals. Technology breakthroughs in photovoltaics are making solar-driven electricity
production more efficient'”. This renewable electricity could be used to produce hydrogen via water
electrolysis®. There are several other approaches being developed to produce hydrogen directly from solar
photoelectrochemical water splitting” > **. However, hydrogen cannot power heavy machinery including
jet and diesel engines. Furthermore, using hydrogen in an internal combustion engine would require a
major change in the existing infrastructure. Liquid carbon-based fuels are the preferred fuel option for the
transportation sector because they: (1) are easy to store, (2) have an established distribution infrastructure,
and (3) have higher energy density. Ideally, renewable hydrogen can be reacted with carbon dioxide to
produce liquid fuels in an economically viable process. Thus, the area of CO, reduction to fuels and
chemicals has recently received significant attention’'%. The first step of reduction of CO, using H, is the
reverse water gas shift (RWGS) reaction as shown in Equation 1. This reaction is endothermic with a
standard heat of reaction as 41.27 kJ/mol.

CO,+ H, < CO + H,0 AH’ = 41.27 kJ/mol (1)

The carbon monoxide produced in the RWGS reaction can then be upgraded to “drop-in” transportation
fuels and chemicals through mature technologies such as methanol synthesis and Fischer-Tropsch
synthesis'. Both of these downstream processing options are exothermic. Thus, RWGS reaction is the
only energy intensive reaction involved in catalytic reduction of CO, to useful fuels and chemicals.
Hence, it would be highly desirable to develop photocatalytic processes which would provide energy for
the RWGS reaction from solar energy.
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Solar energy is the ultimate source of renewable energy. The amount of solar energy intercepted by the
earth in one hour (4.3x10% J) is sufficient to satisfy the annual global energy consumption (4.1x10* J)*
" For the past few decades researchers have been trying to harness solar energy to drive chemical
reactions for fuel production using inorganic materials. Traditionally, photocatalytic reactions have been
carried out over semiconductor based materials* *. Most of these materials are photocatalytically active in
the ultraviolet (UV) region. Only 4% of solar spectrum contains UV radiation, while 46% of the solar
energy is contained in the visible part of the solar spectrum. Numerous approaches including doping'”,
quantum confinement'¢, dye-sensitization'” '® have been proposed to move semiconductor based
photocatalysis in visible range and this remains one of the most researched areas in solar energy
conversion.

Recent studies have shown that the phenomenon of localized surface plasmon resonance (LSPR) can be
applied to catalytic reactions to enhance the activity of LSPR exhibiting materials under visible light
illumination'***. The phenomenon of LSPR occurs when the size of metal particle is in the range of the
penetration depth of the light for that metal®®. For metals such as gold, copper, silver etc. the light
penetration depth is around 25 nm?. As a result of LSPR, three main effects have been reported to arise in
a plasmonic material®>*": (1) localized heating, (2) enhanced electromagnetic fields, and (3) electron-hole
pair generation. All of these three effects have been proposed to enhance the activity of catalytic
materials™> ?’. One of the advantages of plasmonic catalysts is that the LSPR frequency is a strong
function of type of metal, and structure (i.e. size and shape) of the metal nanoparticle’®". This behavior
allows the engineering of catalytic materials to increase the light absorption in the visible region. Au, Ag,
and Cu are considered the most promising plasmonic materials because of their (i) optical properties (i.e.
low loss factor and LSPR frequency in the visible range) and (ii) catalytic properties for certain
reactions'”.

The primary objective of this paper is to elucidate how LSPR can be used to change the kinetics of the
endothermic RWGS reaction for CO, reduction. In addition, we will demonstrate how visible light can be
used to drive this reaction. It has previously been reported that visible light can enhance the activity for
WGS on Au/TiO, catalysts” and CO2 reduction on Au/ZnO catalyst’’. Thus, we anticipate that the
Au/TiO, catalyst would be active for RWGS reaction as well. However, it is unknown how the plasmons
change the intrinsic kinetics of these surface reactions™.
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2.0 Experimental
2.1 Reactor and analytical setup

Figure 1 shows the experimental setup used to measure the activity of different catalysts for RWGS
reaction. The flow rate for the reactant gases CO, and H,, and inert gas He were controlled using Cole-
Parmer mass flow controllers (FF-32907-59). Research grade CO, (CDR200), Ultra high purity (UHP) H,
(UHP HY300) and He (UHP HE300) gas cylinders from Airgas were used. The reactor was purchased
from Harrick scientific (HVC-MRA-5) and operated in the temperature range of room temperature to 400
°C and pressures up to 150 psi. 3-30 mg of catalyst was loaded in the heater cup of the Harrick reactor as
shown in Figure 1. The bottom part of the cup was loaded with the catalyst support which showed
minimal catalyst activity as described below. Only the top 1-2 mm of the cup were loaded with the
catalyst to ensure illumination of catalyst bed. The reactor had SiO, windows which allowed catalyst
illumination with visible light. The temperature of the catalyst bed was controlled by a PID temperature
controller. The heating block was located at the bottom of the catalyst bed, while the window of the
reactor was exposed to room temperature as seen in Figure 1. To measure the temperature gradient, the
heater cup was filled with sand (about 5 mm depth). The window of the reactor was removed and
temperature of the sand was measured ex-situ with another thermocouple. This temperature gradient was
estimated as the difference between sand temperature and the set point temperature. The gradient was less
than 10% of the set point temperature as measured in °Celsius (e.g. the sand bed temperature was 366 °C
at set point temperature of 400 °C). The difference in apparent activation energy values calculated with
the temperature gradient and without the temperature gradient was only 6%. The temperature had a small
effect on the apparent reaction order, i.e. we obtained apparent rate order with respect to CO, as 0.5 at set
point temperature of 200 °C and 0.6 at 260 °C. These results show that the temperature gradient did not
affect our measurement of apparent activation energy or apparent reaction orders. The reactor pressure
was maintained using a back pressure regulator. The product gas flow rate was measured by a bubble
flow meter.

The composition of the product gases was analyzed by an online Shimadzu-gas chromatograph with
barrier discharge ionization detector (GC-BID) system with auto-sampling 6-port valve. The BID uses a
helium plasma to detect permanent gases such as CO,, CO, H, with high sensitivity. The products were
separated using four different columns in the GC. First, all the gases were passed through Haysep T and Q
Bond column to separate CO, and organics from permanent gases such as CO, H,, CHy, N, and O,. The
permanent gases which elute early were loaded on the molecular sieve column. The remaining gases
flowing through Q Bond column were sent to the BID through the Shim Q column to detect CO, and
other organics. After achieving elution of all the organics from the Q Bond and Shim Q columns,
permanent gases from molecular sieve column were sent to the BID to detect gases such as Hj, O, N,
CO, and methane. The GC-BID system was calibrated using Scotty specialty gases (P/N 34507 and
34512).

The catalyst bed was illuminated using a Dolan-Jenner broadband visible light source (MI-150) with fiber
optic cable as shown in Figure 1. The intensity and spectral distribution of the light were measured using
NIST-traceable, ISO-17025 calibrated spectroradiometer (ILT950) from International Light
Technologies. For this measurement, the light passed through the SiO, window to account for losses in
transmission through the window. Using this setup the light intensity reaching the catalyst bed was
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measured as 5216 W/m’ (refer to Figure S1 for spectral distribution of the light). For dark reaction, the
window was covered with an opaque metal disc as seen in Figure 1.
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Figure 1. Experimental setup for test of activity of different catalyst for RWGS reaction under light and
dark conditions

2.2 Catalyst synthesis

Catalyst investigated in this study were prepared by deposition-precipitation (DP)**** and impregnation

(I) methods®" **. The AwTiO, (DP), Au/CeO, (DP), and Au/ALO; (DP) catalysts were prepared by
deposition-precipitation (DP) method****. Degussa P25 TiO, (Aldrich, >99.5%), CeO, (Aldrich), and
ALOs (Strem Chemicals) were used as supports. HAuCl,-3H,0 (Aldrich, >99.9% trace metal basis) was
used as the precursor for Au catalysts, while CuSO,-5H,0 (Aldrich, 99-100.5%) was used as a precursor
for the Cu/TiO, catalyst. For preparation of supported Au catalysts by DP method, supports (i.e. TiO,,
CeO, and Al,O3) were dried in the air at 110 °C overnight. One hundred ml of aqueous HAuCl, solution
(4.2x10” M) was heated to 80 °C and the pH was adjusted to 8 by drop-wise addition of NaOH (1 M).
Then, 1 g of support was dispersed in the solution, and the pH was readjusted to 8 with NaOH. The
suspension was maintained at 80 °C with continuous stirring. After 2 h the suspension was centrifuged.
The solids were then washed, dried, and calcined at 300 °C under the flow of air (30 cm’(STP)/min) with
a heating rate of 2 °C/min and maintained for 4 h. The Cu/TiO, (I) catalyst was prepared by impregnating
1 g of TiO, with a solution of 53 mg of CuSO,4 5H,0 in 10 ml of DI water’**. The slurry was stirred for
4 h at room temperature, then all liquid was evaporated and the solid was dried at 110 °C overnight. The
catalyst was calcined at 300 °C under flowing air (30 ml/min) with a heating rate of 2 °C/min and
maintained for 4 h. Prior to the reactions, the catalysts were reduced in-situ under flowing H, ( 10
cm’(STP)/min) with a heating rate of 1 °C/min and maintained for 2 h at 300 °C.

2.3 Catalyst characterization

The metal loadings of the catalysts were measured using Inductively Coupled Plasma (ICP) analysis. For
ICP analysis, 8-10 mg of the catalyst was dissolved in an acid solution of HF, HCI, and HNO; in a Teflon
beaker at 110 °C until the particles dissolved. The Au ions were detected using Perkin Elmer Plasma 400
ICP emission spectrometer. Gold (2.5-25 ppm) standards were prepared from a purchased Au 1000 ppm
standard (38168, Fluka). The amount of Cu on Cu/TiO, catalyst was estimated from the CuSO, amount
used during impregnation as all of the Cu is deposited on the support in this procedure. The synthesized
catalysts were characterized using transmission electron microscopy (TEM) to obtain the particle size
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distribution of the Au. A Tecnai T12 TEM at 120 kV was used for TEM analysis. The light absorption of
the catalyst was characterized using diffuse reflectance ultra-violet visible spectroscopy. Thermo
Scientific Evolution 300 UV-Vis spectrometer was used with Praying Mantis diffuse reflectance
accessory to collect UV-Visible absorption data.

3.0 Results
3.1 Catalyst Characterization

Table 1 shows the RWGS activity of different Au and Cu catalysts supported on different oxides such as
TiO,, Ce0,, and Al,O; with and without light. The metal loading of the catalysts was estimated using ICP
analysis post-catalyst synthesis. Using TEM analysis, the Au particle size for the catalysts was estimated
to be between 3 to 11 nm as shown in Figure 2. The gold metal nanoparticles in these size ranges have
been shown to exhibit LSPR”. For example, Garcia and co-workers have observed LSPR with 3-5 nm
size Au particles for water gas shift reaction’’. The LSPR was further characterized by UV-Visible
extinction spectra as seen in Figure 3. The absorption peak around 520-580 nm is clearly seen in all the
Au catalysts corresponding to LSPR of Au nanoparticles. Difference in peak area and height can be
attributed to the different gold loading amounts. For Cu/TiO, catalyst, a sharp LSPR peak like Au-based
catalyst is not seen in Figure 3 (a). This behavior is consistent with the literature that shows Cu has a
lower light absorption compared to Au due to lower absorption coefficient of Cu'>**?7. As seen from the
Figure 3, all the metal supported catalysts show increased visible light absorption compared to their
supports.

Figure 2. Transmission Electron Microscopic (TEM) pictures of Au/TiO, prepared by deposition
precipitation (DP) method
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Figure 3. Diffuse reflectance UV-visible absorption spectra for (a) TiO, supported catalysts: (i) TiO,
support, (i1) Au/Ti0, (DP), (iii) Cu/TiO, (I); (b) CeO, supported catalysts: (i) CeO, support and (iii)
Au/CeQO, (DP); and (c¢) Al,Os supported catalysts: (i) Al,O; support, (i) Au/ Al,O; (DP)

3.2 Activity of different catalysts for plasmon-enhanced RWGS reaction

The activity of the catalysts was measured at 400 °C and 2:1 H;, to CO, molar ratio. The Au/TiO, (DP)
catalyst had the highest activity for RWGS reaction with and without light as seen in Table 1. The activity
of Au catalysts for water gas shift reaction has been reviewed extensively in the literature®*’. It is known
that metallic Au by itself is a poor catalyst for WGS reaction but when supported on oxides supports like
TiO, and CeO,, the activity of Au catalysts increases*' ™. Similar results were obtained in this study in
dark conditions, in which Au/TiO, and Au/CeO, showed the highest activity, while Au/Al,O; showed low
activity. The TiO,, CeO,, and Al,O; supports, by themselves, exhibited low activity for RWGS reaction.
All of the metal supported catalysts showed higher activity under light compared to dark. The plasmonic
enhancement of the CO, conversion rate was described by two parameters: (i) the difference between
reaction rates under light and dark (rate difference), and (ii) the ratio between the reaction rate under light
to dark (rate enhancement). The Au/CeO, had the maximum rate difference between the light and dark
reaction rates of 761 pmol/gm-cat/min at 400 °C followed by Au/TiO, (DP). Au/Al,O5 (DP) and Cu/TiO,
(D) catalysts showed low activity in both light and dark conditions that were comparable to the supports
themselves. The Au/CeQO, catalyst showed the maximum rate enhancement of 2.2, followed by Au/Al,O4
(DP), Au/TiO, (DP) and Cu/TiO, (I) catalysts. All of these catalysts showed at least 30% higher rates
under light compared to dark conditions. Because of the inherent high activity of Au/TiO, (DP) catalyst
under light and dark, the performance of Au/Ti0, catalyst was investigated further.

200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
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Table 1. Activity of different catalysts for plasmon-enhanced reverse water gas shift reaction.
Experimental conditions: P= 110 psi, T= 400 °C, PP¢(,=36.7 psi, PPy, = 73.3 psi, Total flow rate= 15
cm’(STP)/min

Metal Metal particle Catalyst CO, conversion rate
Sr. No. Catalyst loading® size” amount (nmol/gm-cat/min) Enhancement
wt%) (nm) (mg) Dark Light (Light-Dark) (Light/Dark)
1 Au-TiO, (DP) 1.4 3.5+1.0 7.4 2033 2663 630 1.3
2 Au-CeO, (DP) 33 5.0£1.2 12.8 656 1417 761 2.2
3 Au-ALO5 (DP) 0.7 10.9+4.7 16.6 77 118 42 1.5
4 Cu-TiO, (I) 1.3 15 to 30° 8.6 20 25 6 1.3
5 TiO, 0 NA 12.2 21 19 -2 0.9
6 CeO, 0 NA 23.9 21 22 1 1.0
7 AlL,O, 0 NA 30.0 67 74 6 1.1

*Au loading was measure by ICP analysis, Cu loading was calculated from amount of Cu precursor used
during synthesis; °Particle size of Au was estimated using TEM analysis; “Particle size Cu estimated
based on literature Ref*'; NA: Not Applicable

3.3 Reaction Kkinetics studies on Au/TiO; catalysts

The effect of heat and mass transport were estimated for our system using the dimensionless criteria
shown in Table S1**. Reaction data (i.e. reaction rate, activation energy, heat of reaction, reaction
order) under dark conditions at 200 °C, 110 psi pressure and a 2:1 molar H, to CO, ratio were used for
these calculations. Heat and mass transfer coefficients and material properties were estimated using
correlations available in the literature’*. A catalyst particle size of 150 um was used for these
calculations. This particle size was estimated from sieving analysis. All of the computed values for
estimating intraparticle and interphase heat and mass transfer limitations are smaller than the controlling
regime criteria. For example, the calculated intraparticle mass transfer number or Weisz-Prater number
for the system was 5.9x10™ suggesting the absence of intraparticle pore diffusion limitations*> *°. The
pore diffusion limitations are dominant for Weisz-Prater numbers above 0.3** *. Thus, these reactions
were carried out in the absence of any mass or heat transport limitations.
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Figure 4: Dependence of CO, conversion rate on total gas flow rate in plasmon enhanced RWGS reaction
over Au/TiO, catalyst under light and dark conditions. Experimental conditions: P= 110 psia, T=200 °C,
PP¢o,=36.7 psi, PPy, = 73.3 psi, catalyst amounts= 7 mg and 3.3 mg.

The reactor was operated in differential mode at low conversions, typically less than 5% and also less
than 30% of the thermodynamic limit. For example, at 200°C the conversion was about 1% which is
below the thermodynamic limit of 9%. At 300°C the conversion was about 4% which is below the
thermodynamic limit of 21%. The CO, conversion rate was independent with respect to total gas flow rate
under both light and dark as shown in Figure 4. These experiments are consistent with our calculations
that suggest that external mass and heat transfer were negligible in these studies. To investigate light
transfer limitations, the depth of the catalyst bed was varied by loading 3.3 and 7 mg of the catalyst. As
seen by Figure 4, the reaction rates under light for 3.3 and 7 mg catalyst loading were similar. This result
indicates that even at higher 7 mg catalyst loading, most of the catalyst bed was illuminated by the light.
Thus, we ensured that the reactor was operated in absence of mass, heat and light transport limitations to
obtain intrinsic kinetic data for the reaction.

3.3.1 Effect of temperature on the activity of Au/TiO, catalyst for RWGS

The temperature of the reaction was varied between 100 to 400 °C at constant pressure as shown in
Figure 5 (a). We observed that the reaction rate was higher with light compared to dark at all temperatures
tested. Figure 5 (b) shows that the rate enhancement decreased as the temperature increased from 100 to
400 °C. These results indicate that the plasmonic effect becomes less dominant with increasing
temperature. The rate enhancement below 175 °C cannot be calculated because the catalytic activity
under dark condition at this temperature is too low to be detected with GC. Figure 5 (¢) shows that the
difference between light and dark reactions increases with temperature in the temperature range of 100 to
325 °C and decreases beyond 325 °C.
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Figure 5. Temperature dependence of CO, conversion rate plasmon-enhanced reverse water gas shift
reaction over Au/TiO, (DP) catalyst: (a) CO, conversion rate vs temperature under light and dark
conditions; (b) Rate enhancement i.e. ratio of CO, conversion rate under light to CO, conversion rate
under dark condition vs temperature; (¢) Difference in CO, conversion rate between light and dark
conditions vs temperature. Experimental conditions: P= 110 psi, PP;o,=36.7 psi, PPy, = 73.3 psi, Total
flow rate= 15 cm’(STP)/min, catalyst amount= 7.4 mg

The Au/TiO, catalyst was characterized before and after reaction using UV-Vis spectroscopy and TEM
imaging. Figure 6 (a) shows that the Au LSPR peak slightly red-shifted after the reaction. Figure 6 (b)
shows that the Au particle size distribution increases slightly after reaction. These results indicate that the
catalyst did not undergo major structural change during the reaction.
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spent catalyst; (b) particle size distribution obtained from TEM image analysis of Au/TiO, (DP) fresh and
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The reaction rate versus temperature data were plotted in an Arrhenius plot as seen in Figure 7. The
apparent activation energy for the RWGS reaction over Au/TiO; catalyst decreased from 47 kJ/mol under
dark conditions to 35 kJ/mol with visible light. This change in apparent activation energy suggests that
the LSPR is changing the energetics of the reaction. One theory that has been proposed to explain these
effects is that plasmons induce localized heating’" *'**. Govorov and Richardson estimated temperature
rises of less than 1 °C for colloidal gold nanoparticle solution under similar light intensities™. In our
system, the heat dissipation from the plasmonic Au nanoparticle would be even faster due to faster
conductive heat transfer in TiO, support compared to convective heat transfer in colloidal Au solutions.
Thus, the local temperature rise in our system should be even smaller than 1 °C. To observe such a large
increase in rate due to localized heating effect, a local temperature rise of greater than 50 °C would be
needed (see Figure 5 (a)). Hence, localized heating effects cannot explain the plasmonic enhancement of
the reaction rate. In addition, if only localized heating were responsible for this enhancement, then the
apparent activation energy for the reaction would remain the same under light and dark conditions with
such small temperature rises.
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Figure 7. Arrhenius plot for CO, conversion rate under light and dark conditions for plasmon-enhanced
reverse water gas shift reaction over Au/TiO, (DP) catalyst. Experimental conditions: P= 110 psi,
PP¢o,=36.7 psi, PPy, = 73.3 psi, Total flow rate= 15 cm’(STP)/min, catalyst amount= 7.9 mg

3.3.2 Effect of CO, and H, partial pressure on activity of Au/TiO, catalyst for RWGS reaction

The dependence of the reaction rate on CO, and H, partial pressures was investigated to gain more
insights into how plasmons influence the reaction mechanism. Figure 8 (a) shows the dependence of the
reaction rate on the CO, partial pressure under light and dark conditions at constant H, partial pressure.
The reaction order with respect to CO, changes from 0.5 under dark conditions to 1.0 under light. These
results can be interpreted using Hougen-Watson type models for heterogeneous catalytic reaction based
on Langmuir adsorption*” *°. According to this model, a reaction order of less than 1 indicates the
presence of adsorbed surface species inhibiting the rate of the reaction*’. Thus, under dark conditions, the
reaction rate could be inhibited by adsorbed CO, species or intermediates produced from the CO, on the
catalytic surface. The increase in order with respect to CO, to 1 under light suggests that the inhibition
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due to surface coverage of adsorbed species is reduced by the LSPR. Under dark conditions, temperature
had little effect on the apparent reaction order with respect to CO,. Similar apparent reaction orders with
respect to CO, were obtained at 260 °C (n=0.6) and 200 °C (n=0.5) under dark conditions.

Figure 8 (b) shows the dependence of reaction rate on H, partial pressure under light and dark conditions
at constant CO, partial pressure. As seen from Figure 8 (b), the reaction rate is a weak function of the H,
partial pressure. The order of the reaction with respect to H, only slightly changes from 0.07 in dark
conditions to 0.17 under light. In Hougen-Watson models, such behavior is observed under high surface
coverage of adsorbed species when the reacting molecule is readily adsorbed on the catalyst surface®’.
This observation is consistent with FTIR studies by Boccuzzi and co-workers, who showed that H,
dissociatively adsorbed strongly on edge and corner Au sites™’. In the study, they found that formation of
Au-H and Au-OH species due to adsorption of hydrogen on metallic Au sites and sites in contact with
oxide support®®. Spillover of H atoms was also observed in their study with monotonous increase in H
adsorption with contact time and pressure™.
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Figure 8. Dependence of CO, conversion rate in plasmon-enhanced reverse water gas shift reaction on
(a) CO, partial pressure and (b) H, partial pressure under light and dark conditions over Au/TiO, (DP)
catalyst. Experimental conditions: P= 104 psi, Total flow rate= 15 cm’(STP)/min, T=200 °C, catalyst
amount= 7.9 mg, partial pressure of the other reactant kept constant at 52 psi using He as an inert gas.

3.3 Light to chemical energy efficiency

We calculate the light to chemical energy efficiency by assuming that the difference in reaction rates
under light and dark conditions results from the light input given by Equation 2. The difference in CO,
conversion rate (Light-Dark) is the difference between reaction rates under light and dark conditions.
AH,caciion 18 the heat of the reaction (AH cacion = 41.27 kJ/mol), Intensity is the intensity of light input to the
reactor (5216 W/m?) and catalyst surface area is the cross sectional area of the catalyst bed exposed to
incoming light radiation. The heat of reaction changes slightly from 41.27 kJ/mol at room temperature to
38.35 klJ/mol at 400 °C. This weak dependence of heat of the reaction on temperature was neglected in
these calculations. We further validated this assumption by measuring the energy input to the heater from
the temperature controller. The energy input from the heater was, in fact, lower under light compared to
dark conditions. This result indicated that the light input did not just catalyze the reaction but also
provided the energy for the endothermic reaction.
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Dif ference in CO, conversion rate (Light — Dark) X AHyeqction

Light efficiency (%) = X 100%

Intensity X Catalyst surface area

2

In Figure 9 (a) we estimate the corresponding light to chemical efficiency. The light efficiency increases
with temperature up to 325 °C and then decreases beyond 325 °C. The maximum efficiency for the
process is obtained at 325 °C as 4.5%. This efficiency is higher than values reported in the literature for
other photocatalytic CO, reduction processes’ . Most photocatalytic CO, reduction approaches focus on
aqueous phase conversion in an electrochemical cell using UV light. The efficiencies of these processes
are less than 1% even with UV light’’. Thus, the approach in this work provides a promising alternative
towards utilization of CO, to reduced forms using solar energy. Figure 9 (b) shows the dependence of
light to chemical efficiency on H,:CO, molar ratio at 200 °C. Because of the higher reaction order with
respect to CO,, a lower H,:CO, results in higher light efficiency. At low H,:CO, ratio of 0.25, we
observed the highest light to chemical efficiency of 4.7%. At the same conditions, we obtained 13 times
enhancement of reaction rate due to LSPR as shown in Figure S2.
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Figure 9. (a) Difference in CO, conversion rate between light and dark (Conversion rate due to light) vs.
temperature in plasmon-enhanced reverse water gas shift reaction over Au/TiO, catalyst (primary axis)
and Light to chemical efficiency corresponding to the conversion rate due to light (secondary axis).
Experimental conditions: P= 110 psi, PP;o,=36.7 psi, PPy, = 73.3 psi, Total flow rate= 15 cm’(STP)/min,
catalyst amount= 7.4 mg. (b) Dependence of difference in reaction rates between light and dark reactions
(primary axis) and light efficiency (secondary axis) on H,:CO, ratio in plasmon enhanced reverse water
gas shift reaction over Au/TiO, catalyst. Experimental conditions: P= 103 psi, T=200 °C, Total gas flow
rate= 15 cm’(STP)/min, catalyst amount= 7.9 mg.

4. Discussion

Three main effects have been reported in the literature to occur to explain how LSPR influences the
reaction chemistry as shown in Figure 10. These effect are: (1) Intense scattering of the light
(electromagnetic radiation) around the metal nanoparticle®® *°, (2) electron-hole pair generation through
electron excitation from the metal nanoparticle*” ** °“** and (3) localized heating effect resulting from

dissipation of energy in phonons®">" 2,

Light Efficiency (%)
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Figure 10. Effects of LSPR resulting in enhanced activity of plasmonic photocatalysts

Our reaction kinetics results show that the apparent activation energy and apparent reaction order with
respect to CO, changes when visible light is used for Au/TiO, catalyzed RWGS reaction. These results
suggest that the surface plasmons change the energetics of this reaction which could occur by two
different processes: 1) the surface plasmons could modify the transition state of the rate determining steps
or 2) the surface plasmons can modify the heat of adsorption of different reactants or intermediates. The
reaction mechanism of WGS and RWGS has been extensively studied under dark conditions™ *' 7 Tt
is known that the WGS activity of Au catalysts is enhanced when it is supported on an oxide support like
TiO, and CeO,""™*. It has been proposed that the oxide support increases the activity of the Au catalysts
by catalyzing the water dissociation step*” ** . These studies propose that the WGS reaction over
Au/TiO, goes through carboxyl and hydroxyl intermediates*” *> ®. Burch showed that the dominant
reactive intermediates depend upon the H,O:CO, ratio in the reacting mixture®® . Under high H,0:CO,
ratio, hydroxyl species dominate the surface coverage; whereas under low H,0:CO, ratios,
carbonate/carboxyl species dominate the surface coverage®. It has also been proposed that the WGS
reaction takes place at the interface of the gold and oxide support* ®. Ribeiro and co-workers have
shown that the activity of Au/TiO, catalysts for WGS reaction changes with Au particle size’””". They
concluded that the corner and peripheral sites are the most active sites for the WGS reaction™.

Consistent with these literature studies, Burch proposed a mechanism for dry RWGS reaction (low
H,0:CO, ratio) on Au/TiO, catalyst under dark conditions, as shown in Figure 11 and with Equations I-
V**. The reaction proceeds by five elementary steps: (I) first, hydrogen dissociatively adsorbs on gold
sites, (II) CO, adsorbs on oxygen vacancies on the metal oxide, (III) adsorbed H atoms react with
adsorbed CO, molecule to form carboxyl species at sites on the interface of the metal oxide and gold, (IV)
the carboxyl species dissociate to give gaseous CO and adsorbed OH on metal oxide sites, and (V) the
adsorbed OH reacts with another adsorbed H atom to form H,O at interfacial Au and metal oxide sites.
These elementary steps are represented by Equations [-V, where * is a metal oxide (TiO,) site, and x is a
Au site. The equations for the surface coverage of adsorbed carbon dioxide and hydrogen are given by
Equations 4 and 5, respectively. These equations assume that adsorption Steps I and II are in quasi-
equilibrium. Equating the rates of Steps III, IV, and V, a rate expression for RWGS reaction can be
derived as given by Equation 6.

Hy, +x & 2 X xH D
CO, + * & CO, (1D
€05+ xH - COOH™ + x (1)
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COOH* - CO + OH* (Iv)

OH* + xH - H,0 + x + * V)
9c02 = K,P, CO, 0y 4)

_ JKiPm,
XH = 1+m (5)
Kak3Pco,XH
R = L 6
RWGS 1+K2P(;02(1+k3(é+£)) ©)
Table 2. Reaction rate equations for RWGS on Au/TiO, for various MASI assumptions
Case MASI Rate equation under dark Proposed result of LSPR Rate equation under light
1 OH* RRWGS — wlgzpk—zopzczlz (7) k5 T K2k3PCO2xH
1+ =2

2 COOH™ Rpyes = _KZKkzizC:—gf):gH (®) ks T KaksPeo, xn

Equation 6 can be further simplified by making assumptions about the most abundant surface
intermediate (MASI). Table 2 shows the resulting rate equations assuming that either the OH* or COOH*
is the MASI. The rate of RWGS reaction is given by the Equation 7 which assumes that OH* is the
MASI. This expression can result in fractional order with respect to CO, if the ratio Kyk;Pcoo/ks>1. The
apparent rate order with respect to CO, can change to 1.0, under light, if the LSPR increases the rate
constants for Step V (i.e. ks) more than any other steps. In case 2, COOH* is considered to be the MASIL
With this assumption, the rate of RWGS reaction is given by Equation 8. If KyksPcooxu/ks>1, then a
fractional order with respect to CO, can be obtained. In this case, the apparent rate order with respect to
CO; can change to 1.0, under light, if the LSPR increase the rate constant for Step IV (i.e. k4) more than
any other steps. The effect of light can be further evaluated by fitting the experimental data to a simple
two constant linear rate equation shown in Equation 9. Table 3 illustrate how the rate and equilibrium
constants in Equations 7 and 8 correspond to the slope and intercept in Equation 9.

1 slope .
= 2% 4 intercept 9
Rrwes  Pco,

Table 3. Interpretation of slope and intercept given in Equation 9 to kinetic parameters under different
MASI assumptions

OH MASI COOH MASI
slope 1 1
Kyk3xy Kyksxy
intercept 1 1
ksxy k_4

The reaction kinetics data from Figure 8a at 200 °C were then fit to Equation 9. The fitting results are
shown in parity plot given in Figure S3. The slope of the fit changes from 0.236+0.015 under dark to
0.111+0.002 under light. This change in slope corresponds to 2.1 times enhancement in the product of K,
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k; and xy. At the same time the intercept for the fit changed from 0.015+0.001 under dark to
0.00006+£0.0002 under light. The change in the intercept corresponded to 242.9 times enhancement of
either ky or ksxy. Thus, the LSPR affects the rates of Steps IV or V more than any other step involved in
the catalytic mechanism. This increase in rate constants with LSPR corresponds to a decrease in
activation energy of either Step IV or V of 21.6 kJ/mol.

In Figure 11 we illustrate the two possible mechanisms through which LSPR can increase these
elementary Steps, IV and V. Hot electron generated from LSPR of Au can get transferred to the adsorbed
OH or COOH species which accelerates the desorption of H,O and CO, respectively. The electron affinity
values of OH (1.827 eV)™* and COOH (1.510 eV)” are higher than other species involved in this reaction
mechanism (e.g. electron affinity of CO, is -0.922 eV and electron affinity of H is 0.754 eV)™ ™. Higher
electron affinities of OH and COOH intermediates suggest that these species are more likely to accept the
hot electrons generated by the LSPR and form transient negative ion (TNI). The formation of these TNI
states has been proposed as one of the possible mechanisms for plasmonic enhancement in the recent
studies®™ ”°. Alternatively, intense electromagnetic fields around Au nanoparticle can polarize the O-H or
C-O bonds present in the OH* and COOH* intermediates as shown in Figure 11. This effect can facilitate
the bond breaking steps and result in higher desorption rates. Both of these mechanisms could lower
surface coverage of adsorbed species and explain changes in apparent rate orders and activation energy
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Figure 11. Proposed mechanism for plasmonic enhancement of reverse water gas shift reaction over
Au/TiO, catalyst
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5. Conclusion

We demonstrate that the localized surface plasmon resonance can increase the RWGS activity of Au
supported catalysts by 30 to 1300% using visible light illumination. The enhancement was a function of
the type of oxide support used. Au/TiO, and Au/CeO, showed the highest activity for RWGS reaction. A
visible light to chemical efficiency of up to 5% for plasmonic RWGS reaction over Au/TiO, catalyst was
observed. The LSPR causes a shift in the energetics of the reaction mechanism for the Au/TiO, catalyst.
The apparent activation energy decreased from 47 kJ/mol to 35 kJ/mol with visible light for this catalyst.
The reaction order with respect to CO, increased from 0.5 without visible light to 1.0 with visible light.
The reaction order with respect to H, was similar with and without light. These results demonstrate that
the LSPR changes the intrinsic reaction kinetics on the catalyst surface. Our analysis suggests that the
LSPR increases the rate constants for either carboxyl decomposition or hydroxyl hydrogenation more
than any other step in the RWGS mechanism. Both of these steps are proposed to occur at the interface of
the Au and TiO,. This rate enhancement could occur via either hot electron generation mechanism or
adsorbate polarization mechanism resulting from LSPR.
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Abbreviations

BID: Barrier-discharge ionization detector
DFT: Density functional theory

DP: Deposition precipitation

FTIR: Fourier transform infrared spectroscopy
GC: Gas chromatograph

I: Impregnation

ICP: Inductively coupled plasma

LSPR: Localized surface plasmon resonance
MASI: Most abundant surface intermediate
PID: Proportional integral derivative
RWGS: Reverse water gas shift

TEM: Transmission electron microscopy
TNI: Transient negative ion

UHP: Ultra high purity

UV: Ultraviolet

WGS: Water gas shift

Nomenclature

AH: Heat of reaction

Bi,,: Biot number at the wall

C,: Concentration of reactant at the external surface of the catalyst particle
D.: Effective diffusivity

E: Activation energy of the reaction

h: Heat transfer coefficient
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K.: Mass-transfer coefficient between the catalyst and bulk phases
k;: forward rate constant for elementary step i

K;: Equilibrium rate constant for elementary step i

k.: Effective thermal conductivity of the catalyst bed

n: Reaction order

P;: Partial pressure of reactant i

ULN

T

Reaction rate per catalyst volume

R: Universal gas constant

R,: Outer radius of reactor

r,: Catalyst particle radius

Ty: Temperature of bulk phase

T,: Catalyst surface temperature

T,: Reactor wall temperature

xy: Surface coverage of H on Au

0;: Surface coverage of species i on the catalyst support
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