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Quantifying hot carrier and
thermal contributions in
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Photocatalysis based on optically active, “plasmonic” metal nanoparticles has emerged
as a promising approach to facilitate light-driven chemical conversions under far milder
conditions than thermal catalysis. However, an understanding of the relation between
thermal and electronic excitations has been lacking. We report the substantial
light-induced reduction of the thermal activation barrier for ammonia decomposition

on a plasmonic photocatalyst. We introduce the concept of a light-dependent activation
barrier to account for the effect of light illumination on electronic and thermal excitations
in a single unified picture. This framework provides insight into the specific role of hot
carriers in plasmon-mediated photochemistry, which is critically important for designing

energy-efficient plasmonic photocatalysts.

umerous recent demonstrations of hot

carrier-driven photocatalysis by metal

nanoparticles (NPs) that support collective

electronic excitations, known as surface

plasmons, have greatly stimulated current
research activity (7). Hot carriers produced by
nonradiative decay of localized surface plasmons
can be more energetic than those generated by
direct photoexcitation (2). In contrast to semi-
conductor photocatalysis, a supralinear intensity
dependence of photocatalytic reaction rates has
been observed in multiple plasmonic photocatalytic
reactions, demonstrating higher quantum yields
with increasing photon flux (3-5).

In plasmonic photocatalysis, hot carrier-mediated
chemical conversion can be synergistic with ther-
mal excitation. For example, for plasmon-mediated
0, dissociation on Ag cubes, the photocatalytic
reaction rate increased exponentially with tem-
perature under constant white-light illumina-
tion (5). Recent studies have begun to address
the challenge of distinguishing thermal from
nonthermal effects (6, 7). The apparent activation
barrier for thermal catalysis can be decreased by
illumination of a plasmonic photocatalyst (8-10).
However, characterization of activation energies
under illumination conditions to examine the
mechanism of hot carrier-induced activation
barrier reduction has been lacking.

We studied the effects of optical illumination
on the apparent activation barrier E, for ammo-
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nia decomposition (2NH; — N, + 3H,) using a
plasmonic antenna-reactor (AR) photocatalyst (4).
We varied the illumination wavelength A and in-
tensity I and measured the surface temperature
T of the photocatalyst pellet with a thermal
imaging camera to account for photothermal
heating. Our analysis showed that photoinduced
reductions of the reaction barrier have an elec-
tronic origin. The reaction mechanism of NH3
decomposition is well studied, with no side re-
actions (11, 12), and NHj is a promising medium
for CO,-free hydrogen storage (13). With conven-
tional thermal catalysis, this application faces
substantial challenges because of the high E, of
NH; decomposition (1 to 2 eV), which requires
high temperatures to achieve a turnover frequency
(TOF) of 15! (one NH; molecule per active metal
site per second) (14, 15).

Our plasmonic AR photocatalyst was a Cu-Ru
surface alloy that consisted of a Cu NP antenna
and Ru reactor sites (Cu-Ru-AR) (Fig. 1A), syn-
thesized by coprecipitation (Z6) with subsequent
annealing and reduction in the photoreaction
chamber (supplementary materials). The photo-
catalytic reaction rate on Cu-Ru-AR was ~20 and
~177 times higher, respectively, relative to pure
Cu and Ru NPs (Fig. 1B). For illumination at
9.6 W cm 2, without external heating, the photo-
catalytic reaction rate of NH; decomposition over
Cu-Ru-AR was as high as 1200 ymol H, g s™.
The reaction rate dropped within the noise of
the measurement when the light was turned off.
This process was repeated reproducibly multiple
(five) times (Fig. 1C). The TOF based on Ru loading
was >15 s}, and the energy efficiency and quan-
tum yield were calculated to be 18 and 33.5%,
respectively, under this set of conditions (see
supplementary materials for calculation method).
The ratio of photocatalytic reaction rates based
on the measured amounts of NH;, Ny, and H,
were consistent with the stoichiometry of the

reaction, confirming the absence of unintended
side reactions.

To differentiate the contributions of plasmon-
induced hot electrons and photothermal heating,
the steady-state temperature on the photocatalyst
surface was measured in situ with a thermal imag-
ing camera (supplementary materials). 75 increased
with I and reached 475.4°C at a peak intensity of
9.6 W cm 2 (fig. S11A). When NH; decomposition
was performed without illumination, but with
external heating temperatures equivalent to those
achieved under illumination, the thermocatalytic
rates of H, production were one to two orders of
magnitude below the observed photocatalytic
rates (Fig. 1D). Because of limited light penetra-
tion into the catalyst pellet (17), the effective amount
of catalyst was appreciably smaller for photo-
catalysis than for thermocatalysis (in the dark).
On the basis of this observation, we conclude that
plasmon-induced hot carriers are the predom-
inant effect that catalyzes NH; decomposition.
Although the transient local temperature on the
NP surface under illumination can be higher than
the static temperature (78), the local temperature
was calculated to be less than 0.1 K higher than
that of the environment because the energy inten-
sity of each laser pulse was very low (~0.12 uJ cm ™)
and essentially independent of NP size in this
(sub-10-nm-diameter) regime (fig. S12, B to D)
(19, 20).

To quantify the effect of illumination on E,, we
measured reaction rates over a range of surface
temperatures by varying chamber temperature for
each A and 1. We derived E,(\, I) from the mea-
sured reaction rates and T values using the
Arrhenius equation (table S2). Figure 2, A and B,
shows the wavelength dependence of E, for a
fixed I at 3.2 W cm ™2 and the intensity depen-
dence of E, for a fixed excitation wavelength at
550 nm, corresponding to the localized surface
plasmon resonance (LSPR) frequency of the Cu-Ru-
AR photocatalyst (A = 550 nm, fig. S4). Without
light, the E, was 1.21 eV (black line in Fig. 2A).
Illumination on resonance at an intensity of
3.2 W cm 2 led to the greatest reduction of E,,
from 1.21 to 0.35 eV. For longer 2, the reduction
in E, is less because of reduced optical absorption
that decreased hot carrier generation. At shorter
A, the absorption was still high, owing to Cu in-
terband transitions (2I), but the reduction in
E, was smaller, because the energetic electrons
produced by interband transitions in Cu have
substantially lower energies than those produced
by plasmon decay (2). This is in contrast to recent
observations that more, but less energetic, carriers
generated by interband transitions in Au NPs
were more efficient than those generated by
plasmon resonant excitation in solution phase cat-
alysis (22). In each case, however, the specific
energetics of the reaction itself are likely to be
very important in ultimately determining pho-
tocatalytic efficiencies. For resonant illumination
(Fig. 2B), E, decreased with increasing light in-
tensity. A three-dimensional (3D) contour map of
the light-induced E, (Fig. 2C) shows that the wave-
length dependence is similar for all light intensities
and that the trend of decreasing E, with increasing

1 of 4

8T0Z ‘2z 19quianoN uo /1o’ Bewasualas aaualos)/:dny woly papeojumoq


http://science.sciencemag.org/

RESEARCH | REPORT

Fig. 1. Catalytic ammonia decomposition.
(A) Schematic of the structure of Cu-Ru-AR
consisting of a Cu NP antenna with a
Cu-Ru surface alloy, where the Ru provides
the reactor sites. (B) H, formation rate

of photocatalysis (9.6 W cm™2) and
thermocatalysis (482°C) on Cu-Ru-AR, Cu,
and Ru NPs. (C) Multiple-hour measurement
of photocatalytic rates on Cu-Ru-AR

under 9.6 W cm~? white-light illumination
without external heating. (D) Comparison
of photocatalytic and thermocatalytic
rates on Cu-Ru-AR. The horizontal axis
corresponds to the surface temperature

of the catalyst caused by photothermal
heating (photocatalysis) or external
heating (thermocatalysis). The light
intensity differences between successive

data points are 0.8 W cm™.

Fig. 2. Light-dependent activation barrier.
(A and B) Arrhenius plots of apparent
activation barriers for (A) different
wavelengths under constant intensity of

3.2 Wem™ and (B) various light intensities
at 550 nm. The black line represents
thermocatalysis in the dark. The surface
temperatures of the catalyst were measured
with an infrared camera and used for the
Arrhenius analysis. (C) A 3D representation
of E5(A, I) for different wavelengths and
intensities through interpolation of 46 data
points. (D) Reaction order with respect to
PnHs in photocatalysis (6.4 W cm™

white light) and thermocatalysis (427°C).

r, Ho production rate; n, reaction order.

I holds for all A studied. Under optimal illumi-
nation, at the LSPR frequency and an intensity of
4 W cm 2, E, was reduced to ~0.27 eV.

By mapping E, as a function of illumination
conditions (Fig. 2C), we could predict catalytic
performance. For example, according to the
Arrhenius curve obtained for 3.2 W cm ™2 illumina-
tion at 550 nm (green line in Fig. 2A), the catalytic
reaction rate was calculated to be 22.7 pmol
H, g s at 203°C, which is also the 7T for this
illumination condition without external heating
(fig. S11C). This value was in good agreement with
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the measured reaction rate of 19.0 pmol H, g s7*
(fig. S16). Furthermore, because the light-induced
heating of nanostructures for arbitrary illumina-
tion conditions can be calculated (23, 24), a knowl-
edge of the light-induced E,(\, I) can provide a
direct relation between total energy input and
reaction rates. With this insight, it is possible
to optimize the efficiency of plasmonic photo-
catalysis in terms of overall energy efficiency (per
mole product divided by per unit energy input).

In the present study, E,(\, I) was determined
by measuring the T of the catalyst during the
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reaction, making it possible to clearly distinguish
the hot carrier contributions from photothermal
heating. In situations where the temperature
change of the catalyst cannot be determined in-
dependently or through calculations, the measured
light dependence of the activation barrier will also
include contributions from photothermal heating.
In the supplementary materials, we discuss how
the intrinsic light-dependent barrier can be deter-
mined from the measured barrier in that case.
The E, of a reaction is defined as the sum of
the activation barriers for the rate-determining
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step (RDS) (E..rps), the enthalpy of the steps
that produce species involved in the RDS, and a
coverage-dependent term related to the enthalpy
required to clean active sites occupied by reaction
intermediates (25). For NH3; decomposition on a
Ru surface, there are two reported RDSs: (i) N-H
bond scission (one of the three N-H breaking steps)
and (ii) associative desorption of N, (26, 27).
Measurements of the reaction rate dependence
on NH; partial pressure (PnxHz) show a zeroth
order dependence for the thermocatalytic reac-
tion and a first-order dependence for the photo-
catalytic reaction (Fig. 2D). In the thermocatalytic
experiments, the RDS is the associative desorp-
tion of N,, with the reaction intermediates, mostly
N, adsorbed on the surface, blocking reaction
sites (28, 29). This model was confirmed by the
large measured E, (1.21 €V), which stems from the
sum of E, rps and the energy penalty associated
with cleaning active sites occupied by adsorbed
intermediates. For photocatalysis with 6.4 W cm™
white-light illumination (7 of 403°C, fig. S11B), the
reaction order with respect to PNH3 increased sub-
stantially, to 0.88. This increase in reaction order,
along with a reduction in E, upon illumination,
suggests that hot carriers induced by resonant il-
lumination modify the reaction kinetics by reduc-
ing the activation barrier for associative desorption
of N, (E,rps), While simultaneously decreasing the
surface coverage of adsorbed intermediates. It is
plausible that higher-intensity illumination shifted
the RDS from associative desorption of N, to N-H
bond scission. Both processes decrease E,, syner-
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°Cu

gistically promoting efficient plasmon-mediated
NH; decomposition.

Hot carriers can influence the energetics of
adsorbed N (N®®) and enhance the net reaction
rate, as verified by an analysis of the micro-
kinetics for this reaction (30) discussed in the
supplementary materials. More importantly, the
E, rps, and thus the E,, can be reduced by ac-
tivating the Nads through hot carriers, in many
ways, along the reaction pathway (Fig. 3A). Hot
electrons and holes can transfer into N and
electronically excite the Ru-N surface species, thus
facilitating the N, desorption process (red dashed
arrow in Fig. 3A). The Ru-N bond activation then
occurs through an excited state with a lower ac-
tivation barrier (dark red and yellow dotted lines
in Fig. 3A). This process requires resonant con-
ditions between the hot carriers and the acceptor
levels of the Ru-N surface species (dark red and
yellow dashed arrows in the inset). Once created
by plasmon decay, hot carriers rapidly relax toward
the Fermi level through a carrier multiplication
process induced by electron-electron scattering
(31). Electron-phonon scattering on a monometallic
particle plays a relatively minor role, because such
phonons involve atoms of the same charges and
do not possess electrical multipolar moments.
However, the interaction can be strong for local-
ized vibrational modes involving atoms of differ-
ent charges, such as the Ru-N surface species.

Thus, another possibility for activation of the
Ru-N bond is inelastic electron-vibrational dipole
scattering (red solid arrow in Fig. 3A). This pro-

Fig. 3. Mechanisms for hot carrier-mediated
reduction of activation barrier. (A) Schematic
energetics of elementary reaction steps for
NH3 decomposition. The  denotes transition
state, and the two relevant RDSs, N-H bond
scission and associative desorption of Ny, are
labeled. N* refers to excited Ru-N surface
species: either vibronic levels in an excited
electronic state (red dashed arrow and box)

or vibrational excitations in the electronic
ground state (red solid arrow and box). The
activation barriers after excitation (red, yellow,
and blue dotted lines) are all lower than that

of the ground state (black dotted line). The
Franck-Condon diagram inset illustrates the
mechanisms in more detail. Dark red and yellow
dashed arrows denote possible hot carrier
transfer into or electronic excitation of the
Ru—N surface species. Blue solid arrows denote
multiple vibrational excitations of the

electronic ground state. e, electron; h*, hole.
(B) Schematics of surface coverage under
heating versus light-illumination conditions.

In contrast to thermocatalysis (left),
photocatalysis and hot carrier generation (right)
can promote desorption of “poisoning”
adsorbed intermediates. hv, light.

cess does not require resonant conditions and
can occur as long as the hot carriers have energies
greater than the vibrational quantum. The excited
electrons can induce multiple vibrational transi-
tions of the Ru-N bond (blue solid arrows in the
Franck-Condon diagram inset in Fig. 3A), and as
the vibrational energy stored in the bond increases,
the activation energy is reduced. In particular, a
recent report showed that the excited vibrational
state of surface species could exhibit 100-ps-long
lifetimes and thus assist the barrier-crossing pro-
cess (32). Overall, both excitations (hot carrier,
energy transfer, and electron-vibrational scatter-
ing) could contribute to accelerating the associa-
tive desorption of N,, which has been described
previously as desorption induced by electronic
transitions (DIET) on metal substrates under light
excitation (33-36). With more molecules excited to
higher vibronic states by higher light intensities,
closer-to-resonant photoexcitation, or both pro-
cesses, the E, grps decreases, as does the E, of the
entire reaction. Although the DIET mechanism
would also apply to other species such as H,,
desorption of these species is not the RDS here
and would have little effect on the E,. Hot carrier-
induced desorption of intermediates (Fig. 3B) also
contributes to the decrease of E, by decreasing the
coverage of intermediates and releasing the active
sites, as discussed in the supplementary materials.
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Hot carriers reducing thermal barriers

Plasmonic catalysts can generate hot charge carriers that can activate reactants and, in turn, reduce the overall
barrier to a reaction. Zhou et al. studied the decomposition of ammonia to hydrogen on a copper alloy nanostructure that
absorbed light and generated electrons that activated nitrogen atoms on ruthenium surface atoms (see the Perspective
by Cortés). By measuring reaction rates at different wavelengths, light intensities, and catalyst surface temperatures, the
light-induced reduction of the apparent activation barrier was quantified.
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