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Zhou et al. (Reports, 5 October 2018, p. 69) claim to have proven dominance of “hot” electrons over
thermal effects in plasmonic photocatalysis. We identify experimental flaws that caused overestimation of
the hot carrier contribution. As an alternative interpretation, we fully reproduce their data using a purely
thermal Arrhenius law with a fixed activation energy and intensity-dependent heating.

Recently, Zhou et al. (I) reported quantification of the con-
tributions of nonthermal (“hot”) carriers versus thermal
effects in plasmon-mediated photocatalytic ammonia de-
composition. The authors placed Cu-Ru nanoparticles with-
in a 300-um-thick layer of MgO and subjected this catalyst
pellet to pulsed illumination. They monitored the pellet sur-
face temperature 75 (using a thermal imaging camera) and
the H, production rate R as a function of illumination in-
tensity and wavelength, and fitted the H, production rate
with an Arrhenius activation function,

Ea(linc’k)
R=R e/ 1
Oexp kBT(IincJ\') ( )

where E,(lin, A) is an empirically determined intensity- and
wavelength-dependent activation energy, and R, is a con-
stant that depends on the exact details of the sample and
reaction. These simultaneous measurements were used to
extract the dependence of the activation energy on the illu-
mination intensity and wavelength, phenomena whose ori-
gins are theoretically unknown. Furthermore, by performing
a control experiment in the dark (thermocatalysis) at the
previously measured temperatures, Zhou et al. show that the
contribution of the “hot” electrons to the reaction is much
greater than the contribution of purely thermal effects. No-
tably, the authors did not fit their data with any theory,
such that the results remain empirical and specific to the
sample studied.

Unfortunately, it is apparent from the supplementary
materials of (I) that their measured temperatures are un-
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likely to be accurate. Figure S11 of (I) shows that the default
thermal camera settings were used, which are wholly inap-
propriate here. Of primary concern is the emissivity, set by
default to 0.95 but likely to be no more than 0.5 in the most
optimistic scenario, based on the emissivity literature for Cu
(2), Ru (3), Al,O3 (4), and MgO (5). Even a value of 0.02 is
not out of the question, but we estimate 0.2 on the basis of
the material composition reported in (). The exact sample
emissivity depends critically for any given material on tem-
perature, wavelength range, morphology, and direction (6);
suffice it to say that there is no practical substitute for em-
pirical calibration, and therefore the temperatures meas-
ured in (7) almost certainly contain systematic errors.

Crucially, such an error would inevitably lead to a
measured temperature lower than the true temperature.
Based on the Stefan-Boltzmann law, the measured surface
temperature is at least ~20% lower than the actual tempera-
ture and is highly likely to be substantially lower. For the
~1.27 eV activation energies measured in the dark in (7), the
exponential sensitivity of the reaction rate means that such
an error in the temperature causes an underestimate of at
least three orders of magnitude in the thermocatalysis reac-
tion rate at room temperature; a more accurate treatment of
the scaling of the radiance with temperature that accounts
for the limited spectral bandwidth actually detected by the
thermal camera by integrating over the 8- to 14-um band
yields an even larger error (7).

Additional doubts regarding the accuracy of the tem-
perature readings in (Z) arise from insufficient spatial reso-
lution and possible improper focusing of the camera.
However, more critical is the neglect of temperature nonu-
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niformities along the pellet depth (8, 9). These cause the
thermal contribution in the photocatalysis experiment to be
different from the thermal contribution in the dark control,
such that the differences of the latter from the photocataly-
sis rate are incorrectly interpreted as “hot” electron action.
More generally, the thermocatalysis control experiment is
inappropriate in practice, because the thermal camera
measures the average temperature throughout the sample,
whereas catalytic rates are exponentially sensitive to tem-
perature variations and thus “measure” an exponential av-
erage (9). For the conditions of (I), the exponential
sensitivity of the reaction on the temperature causes even a
1% change in the temperature (due to inhomogeneities in
space) to result in a reaction rate change of several tens of
percent.

In light of the above, we note that the data of () and
other related works can be straightforwardly reproduced
using a conventional thermal model with minimal fit pa-
rameters. Figure 1 shows that an excellent fit to all the
curves of figure 2 in () is obtained by assuming that the
reaction rate still obeys an Arrhenius form with an intensi-
ty-independent activation energy, and that the effective re-

actor temperature grows linearly with the incident
illumination (10, 11),
E
R=Ryexp| ————— 2)
kBT ( I incs }\')
T(Iinc,k)szJra(k)linc 3)

where T is the effective temperature of the reactor, 75 is the
surface temperature measured in (I), and Ii, is the average
incident intensity.

The coefficient a can be deduced by fitting just one set
of data points, corresponding to one value of intensity (e.g.,
squares in Fig. 1). We thereby find the value a ~ 180 K/
W cm™2. With E, and ¢ now known, the rest of the data
points in Fig. 1 (for different intensities, i.e., green triangles,
diamonds, and circles) can be reproduced with no addition-
al parameters.

This value of a predicts that for the reported data at an
average intensity of 3.2 W/cm? [figure 2A in (I)], the effec-
tive temperature of the reactor is ~1150 K, roughly twice
that measured by the authors (~566 K); this is in accordance
with the inappropriately high emissivity used in (I), as de-
scribed above. Furthermore, the independent calculation
predicts a significant temperature gradient across the depth
of the sample, thus confirming the inadequacy of the con-
trol thermocatalysis experiment. This fact, together with the
calculated weak sensitivity to the particle properties and
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density, allows us to conclude that potential particle melting
may affect the overall reaction rate only mildly. [See also the
Faraday Discussion meeting protocol associated with (12).]

The simplicity of the above argument (and the extraor-
dinary fit it provides to the data) implies that, if only by vir-
tue of Ockham’s razor, a thermal mechanism is far more
likely to be responsible for the reaction rates measured in
(I). We believe that conclusive experimental differentiation
between thermal and nonthermal effects will have better
prospects with thinner pellets, or ultimately in single-
particle studies (13, 14).
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Fig. 1. Reaction rates under different illumination intensities as a function of
inverse (average measured) temperature. The points correspond to the
experimental data of (). The solid lines are a fit to Eq. 2. The parameters (activation
energy E, and photothermal conversion coefficient a) are extracted from the circles
(in the dark) and the green squares (average intensity of 4 W/cm?). The curves for
the rest of the datasets (green triangles, diamonds, circles) are obtained without
additional fit parameters. Inset: Original data from (1).
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