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Abstract

In this work we demonstrate a strategy for identifying experimental signatures of
thermal and non-thermal effects in plasmon mediated heterogeneous catalytic chem-
istry, a topic widely debated and discussed in the literature. Our method is based
on monitoring the progress of plasmon-induced (or thermally-driven) reaction, carried
out in a closed system, all the way to equilibrium. Initial part of evolution of the
reaction provides information about kinetics, whereas at later times the equilibrium
concentrations provide information about effective temperature at the reaction sites.
Combining these two pieces of information we estimate the activation energies. Using
this strategy on Hy(g) + Dy(g) == 2HD(g) isotope exchange reaction, catalyzed by
Au nanoparticles under thermally-driven and light-induced conditions, we estimate the
activation energies to be 0.75 +0.02 eV and 0.21 4+ 0.02 eV, respectively. These vastly
different activation energies observed are interpreted as a signature of different reaction

pathways followed by the system under thermally-driven and light-induced conditions.



Introduction

Study of plasmonic nanoparticles has become an expeditiously growing field due to several
exciting applications in a diverse range of fields such as chemical and biological sensing,!™
harvesting light energy for solar cell applications*® and driving chemical reactions.”® In
particular, the use of plasmonic nanoparticles in the field of heterogeneous catalysis for
achieving enhanced reactivity at relatively milder operating conditions has gained significant
attention. The key features driving these developments are, ability to tailor properties of
plasmonic nanoparticles towards harnessing light energy to catalyze chemical reactions and
obtaining chemical selectivity, otherwise not readily possible using conventional methods.!°
An important question emerging from these studies is regarding the nature of energy
transfer from electronically excited nanoparticles to the reactants, ultimately leading to
product formation. Mukherjee and coworkers!! have reported enhanced rates of Hy + Dy
isotope exchange reaction catalyzed by plasmonic excitation of Au nanoparticles on TiO,
support. With the aid of first principles calculations along with experimental data, they
conclude that enhanced rates result from a transient electron transfer process where the
hot electrons generated from plasmonic excitation transfer to the anti-bonding orbitals of
adsorbate molecules (reactants) thereby reducing the dissociation barrier. Upon using SiOy
as a support they report up to two orders of enhancement in reaction rates, compared to
TiO,.'2 These observations were rationalized on the basis of quenching of hot carriers which is
expected in case of TiO,, but not for SiO,. In essence, catalytic effect of plasmonic nanopar-
ticles in this case is understood to result from generation of hot carriers (electrons) which
ultimately leads to charge transfer processes and thereby driving the chemical reactions.
On the other hand, it is also well known that electronic excitation in nanoparticles can
relax in a non-radiative manner by means of electron-electron and electron-phonon scattering,
ultimately leading to localized heat generation.® This photo-thermal effect can also cause
increased temperatures leading to enhanced reaction rates in a manner completely different

from the hot carrier mediated pathway described above. Sivan and coworkers have argued



along these lines and have hypothesized that some of the so called plasmon-induced catalytic
effects can be explained largely on the basis of localized heating of nanoparticles upon light
absorption. 1419

Over the years, attempts have been made to understand the relative contribution of
thermal and non-thermal reaction pathways and find its experimental signatures. Willets
and co-workers have demonstrated this using scanning electrochemical techniques. 7 By a
careful choice of tip and substrate potential difference for a chosen redox reaction, they are
able to isolate the thermal and hot carrier mediated effects. Using surface enhanced Raman
spectra of adsorbates on plasmonic nanoparticles, Linic and co-workers!®? have observed
hyperthermal distributions of vibrational modes, which are interpreted as a signature of
electron transfer like process, a key player in non-thermal catalytic pathway. A few guide-
lines have also been put forward recently to aid researchers in correctly interpreting and
disentangling thermal vs non-thermal effects.?? 23 Despite these developments, unambiguous
identification of thermal vs non-thermal effects, in general, remains a challenging task as
they are often closely entangled with each other and difficult to separate due to the fast
temporal and small spatial scales involved. At the same time, identifying contributions of
thermal and non-thermal pathways for a given set of reaction conditions is essential to build
a mechanistic understanding of plasmon-induced catalysis, a question of both fundamental
and practical interest.

In this work we study the previously reported H,(g) + D,(g) == 2HD(g) isotope ex-
change reaction, catalyzed by plasmonic Au nanoparticles supported on silica particles,'?
to understand the role of thermal vs non-thermal effects. Our method is based on follow-
ing the progress of plasmon-induced reaction, carried out in a closed system, to obtain the
necessary kinetic (rate constants) and thermodynamic parameters (equilibrium constant).
Using equilibrium constants we estimate the effective temperatures of reaction sites under
light illumination. This effective temperature combined with initial rate measurements, al-

lows us to determine the activation energy of plasmon induced reaction. A comparison with



activation energies obtained under thermally-driven conditions (dark) allows us to identify
characteristic signatures of thermal and non-thermal pathways. In the following sections we
describe our experimental strategy in detail. This is followed by a description of a systematic
comparison and evaluation of our results obtained under thermal (dark) and light-induced

reaction conditions.

Methods

Reaction considered in this study is the isotope exchange reaction among Hs and D, with
gold (Au) nanoparticles supported on silica particles as a catalyst, represented by the fol-

lowing equation:

Hy(g) + Dy(g) == 2HD(g) (1)

The catalyst was prepared using wet chemical deposition and precipitation method fol-
lowed by heat drying, as described in the literature.'? This resulted in formation of the
catalyst in the form of a dry powder. Characterization was carried out using diffuse re-
flectance measurements where a strong plasmon absorption band was observed at 520 nm
(see SI-1), confirming the presence of Au nanoparticles in size range of 10 to 20 nm. In
a typical experiment, a loosely packed bed of catalyst was placed in the reaction chamber
and purged with dry nitrogen for a few hours and subsequently, the reaction chamber was
evacuated. Following this, Hy and Dy gases (both 99.99% pure) were filled in equal amounts
with a total pressure of 1 bar. Reaction was carried out in a closed system (with intermittent
sampling), either by heating the catalyst bed using a heater under dark conditions (thermal)
or under light illumination of the catalyst bed (light-induced).

A schematic diagram of our experimental setup is shown in figure 1 (left panel). It

consists of a custom-made stainless steel reaction chamber equipped with several gas inlets
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Figure 1: (left) Schematic diagram of the reaction chamber along with the mass spectrometer
based detection system used to monitor the progress of the reaction. Black colored arrows
with labels correspond to the inlets for reactant gases Hs, Dy and Ny used for purging. A
small part of the gas from reactor is sent to the low pressure sampling chamber, by means of
an electronically controlled solenoid valve (nozzle), for analysis using a mass spectrometer.
(right) Relationship between among the temperature and K., The markers depict data
available from literature?* and the blue line depicts the calculated values.

and a CaFy window to allow for illuminating the sample for plasmon-induced chemistry
experiments. Progress of the reaction with time was monitored using a mass spectrometer
(SRS-RGA200, quadrupole mass spectrometer) mounted on a vacuum chamber (sampling
chamber), coupled to the reaction chamber via a normally closed solenoid valve (Parker 009-
1643-900). The mass spectrometer was positioned away from the line of sight of the nozzle
outlet. Sampling chamber was pumped by a turbo molecular pump (Hipace 80, Pfeiffer)
backed by a rotary vane pump (Duoll, Pfeiffer) and had a base pressure of 1 — 5 x 1078
mbar (sampling off). For monitoring progress of the reaction, a small part of gas mixture
(less than 1 %) from the reaction chamber was sent into sampling chamber via the solenoid
valve. This valve was typically operated with a pulse duration of 100 microseconds (approx)
at 30 Hz repetition rate for a duration about 60-100 sec. These settings ensured that there
is a steady state build up of gas pressure in the sampling chamber (typically, 1 —5 x 107°
mbar) which is detected by the mass spectrometer.

For thermal experiments, a stainless steel cup shaped holder for the catalyst bed with a
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cartridge type heater attached at the bottom (outside the reaction chamber) was used. A
home-built temperature controller was used to control the catalyst bed temperature within 1
K of the set temperature over the entire course of measurements. Temperature was monitored
using a K-type thermocouple tip (0.3 mm diameter) immersed in the catalyst bed. Thickness
of the catalyst bed was 5 mm for thermal experiments and temperature difference over this
thickness was measured to be less than 3 K. Reactant gases, Hy and Dy were allowed to mix
for 20 to 30 min in the reaction chamber before heating was started. Sampling of gas mixture
was started after a steady temperature was attained on catalytic sample. For the light driven
reaction, second harmonic of pulsed Nd™:YAG laser (Spectra Physics, Ascend, pulse width:
200ns, repetition rate: 1 kHz, wavelength: 532 nm) was used at different intensities. A
collimated laser beam with 8 mm cross sectional diameter was made incident on the catalyst
(1 mm thick bed) sample to excite the Au nanoparticles.

For both thermal and light-induced reactions, sampling performed at initial stages of
the reaction was used to determine the change in fraction of HD, using which initial rate
and rate constants were calculated. In the case of light-induced reaction, measurement of
temperatures is particularly challenging and error prone.?° Instead, we rely on a strategy
where effective temperature of the reaction sites were estimated using the well-defined re-
lationship among K., and temperature as shown in figure 1 (right panel). Here, the blue
curve depicts K, evaluated using statistical thermodynamics over a range of temperatures
(see SI-2 for details) and the points show values available in literature.?* From the variation
in rate constants observed with temperature, activation energies were evaluated for both
light and thermally-driven reactions. A comparison of these allows us to deduce signatures
of different pathways in both these cases.

In order to test the possibility of any spurious signal HD signal originating from catalytic
activity of the metallic walls of the reaction chamber, control experiments were carried
out with only the silica powder (Au nanoparticles absent). In case of thermally-driven

reaction, HD fraction observed in absence of Au nanoparticles was smaller than 5% of the



total HD produced (SI-3). For light-induced reaction, this quantity was several orders of
magnitude smaller (SI-3). These observations establish that HD production in our system
is mainly catalyzed by the presence of Au nanoparticles and contribution of any other part
of the reaction chamber (such as stainless steel surface etc.) is relatively much smaller.

Consequently, we have ignored this small fraction of HD in further analysis of our results.

Results and discussion

Thermally-driven reaction

Progress of a typical thermally-driven reaction is shown in figure 2 (458 K, 1 bar total
pressure). Top panel depicts the partial pressures measured by mass spectrometer as the
reaction progresses towards equilibrium. It can be clearly seen that with increasing time
H, and Dy are consumed and a corresponding increase is seen in HD. Middle panel shows
the fraction of Hy, Dy and HD (fy,, fp, and fyp, respectively) in the gas mixture observed
as a function of time. It is worth pointing out that fractional pressures are a more robust
quantity than the partial pressures themselves since variations in sampling signal caused
by changes in nozzle performance over time and overall pressure increase in the reaction
chamber due to temperature increase gets cancelled out. It can also be seen that at longer
times (greater than 20000 seconds, approximately) the system reaches a steady state and
the change in fraction (concentration) of each component is very small. Bottom panel shows
the quantity fgff—fDDQ plotted as a function of time. Clearly, at longer times this quantity
reaches steady state, which corresponds to the equilibrium constant. It should be noted that
different gases have different sensitivity factors for detection by the mass spectrometer. In
these thermal experiments, since steady state temperatures of the catalyst bed (measured
using a thermocouple) and hence K, are known quantities, these measurements are used to
derive the gas dependent sensitivity factors. Using these gas sensitivity factors, evaluation of

K.q values in case of light-induced experiments (where temperature is unknown) was carried
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Figure 2: (a) Partial pressure of Hy, Do, and HD measured as a function of time using mass
spectrometer for thermally driven reaction (dark) with the catalyst bed at 458 K and 1 bar
pressure in the reaction chamber. (b) Partial pressure fraction of the individual components
(using data in panel a) plotted as a function of time. As the reaction progresses, Hy and Do
fractions decrease along with an increase in HD fraction, ultimately reaching a steady value
at longer times. The first two measurements (around t = 0 sec) were performed before the
catalyst bed was heated (at room temperature) and is used to check the initial composition
of the gas mixture in the reaction chamber. The arrow corresponds to the time point where

2
a steady temperature of 458 K was achieved. (c) % as a function of time. Steady
2 2

state value at longer times corresponds to the equilibrium constant under these reaction
conditions.



out (see SI-4 for details).

A series of similar measurements were carried out at different temperatures ranging from

AfHapD

(393 K to 473 K) and the quantity oot e

is plotted as a function of time (figure 3, left
panel). This quantity denotes the change in HD fraction in the reaction chamber normalized
by Hs and D, fractions to account for any variations in the starting concentrations of the
reaction mixture. Assuming second order kinetics for this reaction, rate of change of this

quantity at given temperature, in region of initial progress of the reaction, is approximately

equal to the forward rate constant (k¢) at that temperature (equation 2).
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Figure 3: (left) Initial progress of the thermally driven reaction as a function of time at
different steady temperatures (393 K to 473 K). The dots and dashed lines represent experi-
mentally observed values and linear fits, respectively. (right) Arrhenius plot for determining
activation energy of the thermally-driven reaction. In this case, activation energy determined
from the slope of line of best fit (dashed) is 0.75 + 0.02 eV. Uncertainty corresponds to the
standard error obtained from the best fit.
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It can be seen that rate of formation of HD and the corresponding rate constants (slope)

increase with temperature. Logarithm of the rate constants obtained at different tempera-



tures are plotted in figure 3, right panel. Activation energy under thermally-driven conditions

from this Arrhenius plot is determined to be 0.75 £ 0.02 eV.

Light-induced reaction

For the light-induced reaction, thickness of catalyst bed was reduced to 1 mm. In our
experiments we observed that light absorption leads to heating of the catalyst bed, and hence
a thinner sample was preferred to reduce the thermal contribution which could potentially
obscure our results. Figure 4a shows progress of the reaction measured at four different

average laser intensities (7.1 W/cm? to 11.8 W/cm?). As observed in case of thermally-driven

reaction, the quantity f;f ffﬁ) 5 increases steadily with time and eventually reaches steady
state yielding the equilibrium constant under these conditions. Since control experiments
(in absence of Au nanoparticeles) already establish that reaction is mainly driven by the
presence of Au nanoparticles, we interpret the temperature corresponding to the value of
K., at a given light intensity to be a measure of energy available to the reactants at the
active site. We denote this quantity as an effective temperature (Teg) of the reaction site.
A closer look at these curves (figure 4b) shows that as laser intensity is increased, resulting
value of K., and hence T obtained increases systematically (see table 1). Progress of initial
part of the reaction, analogous to thermally-driven case, is depicted in figure 4c. Quite clearly,
as laser intensity (and hence Tog) increases, rate of formation of HD and corresponding rate
constants increase. Using rate constants obtained at different T.g, we estimate the activation
energy in this case to be 0.21 £ 0.02 eV (figure 4d). Most significant point emerging from
these observations is that, activation energy obtained in the case of light-induced reaction is
more than three times lower than that observed in the thermally-driven scenario (figure 4e).
Before we elaborate on the possible interpretation of these different activation energies,
a careful consideration of the uncertainties and possible experimental artefacts arising from
the pulsed nature of laser based illumination are discussed. Random uncertainties in our

measurements arise mainly from the variations observed in partial pressure measurements.
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Figure 4: (a) Progress of light induced reaction as a function of time for different incident
light intensity. The dashed curves show a best fit to a second order kinetics model (see
SI-5). (b) A zoomed in view of the region marked by dashed rectangle in panel (a). With
increasing incident light intensity, the final steady state value (equilibrium constant) and
hence the Ty also increases. (c) Initial progress of the light-induced reaction as a function
of time at different incident intensities. (d) Arrhenius plot for determining activation energy
of the light-induced reaction. For light-induced reaction, the activation energy is determined
to be 0.21 4+ 0.02 eV. Uncertainty corresponds to the standard error obtained from best fit.
(d) Comparison of activation energies determined for the thermally-driven and light-induced
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reaction. Uncertainties correspond to the standard error obtained from the best fit.
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Having said that, we observe that its contribution is rather small and of the order of one to
two percent. Systematic errors in our measurements majorly arise from uncertainties in the
determination of gas sensitivity factors, based on which the concentrations (partial pressures)
of Hy, Dy and HD are obtained. These will lead to an uncertainty in K., and hence the
estimation of temperatures. However, even a conservative estimate of £5% uncertainty in
the calibration factors does not make much difference to the calculated activation energies.
Most importantly, qualitative nature of these results remain same i.e., activation energy in
case of light-induced reaction is much lower than its thermal counterpart.

Another point that needs to be considered is that the pulsed laser used in our measure-
ments can possibly cause a much larger temperature jump due to transient heating, leading
to an underestimation of T.g and hence the activation energy. In order to understand if this
problem affects our measurements or not, a separate series of measurements under similar
experimental conditions were carried out, to compare the results obtained using a pulsed
vs ¢/w illumination (Sprout-D5W, Lighthouse Photonics, 532 nm). Progress of the reaction
observed with pulsed vs ¢/w laser illumination is shown in figure 5. These results show
quite clearly that initial rates observed for ¢/w and pulsed laser experiments, carried out
under similar experimental conditions are very close to each other. Although this compari-
son is limited to relatively lower intensities that are available from our c¢/w laser, the close
correspondence among the observed rates suggests that this trend should also hold true at
higher intensities too. Based on these observations, we believe that any major differences
resulting from the pulsed vs ¢/w nature of light used in our experiments can be ruled out.
Consequently, any underestimation of T,¢ in case of pulsed laser based experiments can also
be ruled out.

Above presented results clearly show that activation energy for light-induced reaction is
much lower than the thermally-driven case. We interpret this large difference in activation
energies as a signature of different reaction pathways followed under thermally driven and

light induced conditions. These observations are also qualitatively consistent with the earlier
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proposed hypothesis based on first principles calculations,!! where it was suggested that
plasmonic excitation causes transient electron transfer to the adsorbate molecules leading to
bond weakening, thereby lowering the activation barrier and leading to enhanced reaction

rates compared to the thermal reaction pathway.
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Figure 5: Comparing initial progress of the light-induced reaction under illumination with
pulsed (open circle) and c¢/w laser (filled triangles) for different incident intensities (other
reaction conditions kept same). Dashed lines depict linear fit to the data points obtained with
pulsed laser, and have been included to indicate the trend. For a given incident intensity, the
observed initial rates using pulsed or ¢/w laser are very similar. This rules out any major
artefacts in T,g estimation based on the equilibrium measurements done with the pulsed
laser (see results and discussion for details).

Another point worth highlighting here is that, the activation energy for the thermally
driven reaction is estimated to be 0.7540.02 eV, which is significantly lower than the ground
state barrier of 2.3 eV estimated from first principle simulations.!' At this moment based
on these results alone, it is not possible for us to pinpoint the exact reason behind this
discrepancy. Nonetheless, we believe that our experimentally determined values will provide

a valuable reference for comparison with theoretical estimates in future.
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Table 1: Equilibrium constant and respective effective temperatures obtained at different
laser intensities for the light-induced reaction. Uncertainties denote standard error obtained
from fitting .

Intensity (W /cm?) Keq Tor (K)
7.1 3.418%0.007 | 363.5+£4
8.5 3.49440.011 405£7
10.3 3.5594+0.009 44717
11.8 3.621£0.008 | 496=£7

Concluding Remarks

This work demonstrates a robust experimental strategy by means of which we identify dis-
tinct signatures of thermal and non-thermal pathways in plasmon induced Hy 4+ D5 exchange
reaction. Much lower activation energies obtained in case of light-induced compared to the
thermal reaction is indicative different pathways followed by the system under these con-
ditions. These observations are consistent with the idea that for the reaction under study,
plasmon-driven reactions are assisted by the hot carriers which leads to an reduced acti-
vation barrier, a pathway which is different from the thermally driven reaction under dark
conditions. Finally, we believe that the measurement strategy presented in this work based
on determining kinetic and thermodynamic parameters using a closed system is robust and
widely applicable as it can be extended to different plasmon-driven chemical reactions. This
will greatly contribute to our understanding of thermal vs non-thermal effects and mecha-

nistic aspects of plasmon-induced chemistry in general.
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