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Localized surface plasmon has been extensively studied and used for the photocatalysis of various chemical reactions.
However, the different contributions between plasmon resonance and interband transition in photocatalysis has not been
well understood. Here, we study the photothermal and hot electrons effects for crystal transformation by combining con-
trolled experiments with numerical simulations. By photo-excitation of NaYF4:Eu3+@Au composite structure, it is found
that the plasmonic catalysis is much superior to that of interband transition in the experiments, owing to the hot electrons
generated by plasmon decay more energetic to facilitate the reaction. We emphasize that the energy level of hot electrons
plays an essential role for improving the photocatalytic activity. The results provide guidelines for improving the efficiency
of plasmonic catalysis in future experimental design.
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Collective oscillation of conduction electrons in metal
nanostructures, which is known as localized surface plasmon
resonance (LSPR), has been widely studied in the past few
decades due to their unique optical properties such as tun-
able resonance energy and enhanced optical absorption.[1]

Various noble metal nanostructures such as Au nanoparticles
(NPs), can be employed for such properties. LSPR can de-
cay radiatively via photons or non-radiatively via excitation
of hot electrons.[2] On the one hand, the hot electrons gener-
ated from plasmon decay can transfer to antibonding state of
foreign molecules to catalyze the chemical reactions, which
has been widely applied in water splitting,[3] dissociation of
H2,[4] and so on.[5,6] On the other hand, part of the hot elec-
trons through the scattering between electrons and electrons
and the scattering between electrons and phonons, eventu-
ally converts the absorbed photon energy into heat,[7] which
is called the photothermal effect. Thermal energy is used to
heat the particles themselves and the media environment sur-
rounding the particles.[8] The heat loss from plasmon is pre-
viously considered an undesirable effect, until it is realized
that LSPR can convert electromagnetic energy into thermal en-
ergy very efficiently on the nanoscale with great potentials in
applications.[9] Furthermore, compared to a conventional heat
source, the advantages of nanoparticles as heat sources include
high local temperature and short thermal response time.[10]

Therefore, the photothermal effects from LSPR is often used

for photothermal therapy,[11] purifying sea water,[12] catalysis
of the chemical reactions, and so on.[13]

When the wavelength of incident light is less than plas-
mon resonant wavelength, Au NPs also have strong intrin-
sic optical absorption due to interband transition.[14] Similar
with the excitation of LSPR, the hot electrons excited by the
interband transition can also convert the photon energy into
heat energy through the non-radiative relaxation or transfer
to molecules to catalyze the chemical reactions.[15,16] Zhou
et al.[17] reported that hot electrons from both plasmon and
interband transition could contribute to the hydrogen dissoci-
ation on aluminum nanocrystals. However, more details on
the difference between plasmon and interband transition for
photocatalysis are not clear even it is helpful for better under-
standing the atomic mechanism in photochemistry.

Here, the different contributions between plasmon res-
onance and interband transition in photocatalysis are inves-
tigated by combining finite element method[18] simulations
with experiments. We analyze the photothermal effect and
hot electrons for crystal transformation by photo-excitation
of NaYF4:Eu3+@Au composite structure samples with differ-
ent wavelength of the light. Transformation rate of plasmon-
induced reaction is thousand times that of the interband tran-
sitions. We ascribe the main difference between the plas-
mon and interband transitions on the catalytic efficiency to the
energy for hot electrons rather than the photothermal effect.
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These findings suggest that energetic hot electrons are crucial
for achieving high efficiency in photocatalysis.

The numerical calculations were performed by finite el-
ement method with three-dimensional numerical simulation.
In order to avoid the influence of reflection or scattering at
the boundary on the calculation results, the perfectly matching
layer (PML) was applied for the boundary. The medium envi-
ronment around Au nanosphere was set to be air with refrac-
tive index n = 1. Considering that the laser spot used in the ex-
periment is much larger than the diameter of gold nanospheres,
the incident laser can be treated as a plane wave approxi-
mately, and the absorption cross section of gold nanosphere
was calculated with the equation[19]

σabs =
k

ε0 |E0|2
∫

NP
Im(εω)

∣∣E(r)
∣∣2 dr, (1)

where k is the wave vector, is the permittivity of the nanoparti-
cle material, E0 is the electric field amplitude of the incoming
light considered as a plane wave, and E(r) is the total electric
field amplitude.

We firstly investigate the photothermal effect of Au NPs
in the visible range. The optical properties of Au NPs can
be determined by LSPR and interband transition. LSPR for
Au NPs is the collective oscillation of free electrons within
the sp-band, while interband transition is essentially electrons
transition from d-band to sp-band.[20] The optical response of
the collection of free electrons can be described by a classi-
cal Drude model,[21] and that of electron transition from va-
lence band to conduction band can be described by a similar

Lorentz model.[22] The dielectric function is determined by
Drude–Lorentz model[23]

ε = εDrude + εLorentz. (2)

Based on the heat diffusion equation, the temperature for the
steady state of Au nanosphere is proportional to its absorption
cross section,

δTNP =
Q

4πκR
=

σabsI
4πκR

, (3)

where κ is the thermal conductivity of the surrounding
medium, R is the radius of the nanosphere, Q is the heat pro-
duction power, and I is the power density of the incident light.

For the Au NPs with radius of 50 nm, the absorption cross
sections were calculated by the above three models using fi-
nite element method. In Fig. 1(c) for Drude–Lorentz model,
it is obvious that the absorption of gold nanosphere around
530 nm is mainly due to LSPR, and the absorption at wave-
lengths below 450 nm is mainly due to the interband transition
according to the Drude model in Fig. 1(a) and Lorentz model
in Fig. 1(b). Our calculation results are in accordance with the
experiment data for gold film.[24] Optical absorption originat-
ing from interband transition is approximately 80% of the ab-
sorption from LSPR. Under the excitation of light with same
power density, Au NPs at the plasmonic wavelength should
show the better photothermal effect than that for interband
transition if we assume Eq. (2) could well describe the tem-
perature of NPs.
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Fig. 1. Optical absorption of a gold nanosphere (R = 50 nm) immersed in air: (a) Drude model; (b) Lorentz model; (c) Drude–Lorentz model and
experimentally measured gold film data.

The energy of hot electrons is an important factor for elec-
tron transfer-driven chemistry.[25] Next, we analyze the hot
electron of Au NPs excited by the interband transition and
plasmon decay. As shown in Fig. 2(a), the energy band for Au
NP consists of two bands (d and sp), and intraband transitions
(sp–sp) occur for LSPR. Since the electrons in the conduc-
tion band are excited and these electrons are usually located
near the Fermi level, the energy of the hot electrons from plas-
mon decay can be considered close to the energy of the inci-
dent photon.[26] By comparison, in the photo-excitation of in-
terband transition (d–sp), the energy of hot electrons greatly
weakens by the existence of the band gap between d band

and sp band.[27] Therefore, hot electrons from plasmon de-
cay have higher energy than that from interband transitions in
most cases.

The probability of hot electron generated from plasmon
decay at a certain point is proportional to the square of the
electric field strength at that point,[28] thus we integrate the
square of plasmon-induced electric field over the volume
VMFP:

E2
MFP =

1
VMFP

∫ ∣∣E(r)
∣∣2 dr, (4)

where MFP is the mean free path of electron and taken as
25 nm for Au NPs here. Using this method, we calculated
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the distribution of hot electrons in the gold nanosphere (R =

50 nm) with the varied wavelength of incident light. As shown
in Fig. 2(b), the number of hot electrons by plasmon decay for
gold nanosphere decreased rapidly on both sides of the peak
around 530 nm.
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Fig. 2. (a) Schematic diagram of the hot electrons from interband transi-
tion and intraband transition. (b) The red line represents absorption cross
section, and black line represents hot electrons related to intraband transi-
tion determined by the plasmon-induced local electric field. Both curves are
normalized.

From the above discussion, both the photothermal and hot
electrons effects for plasmon excitation are better than that for
the interband transitions. In this sense, we estimate that the
photocatalysis of plasmon is more effective than that of the
interband transitions. In order to verify our prediction, we de-
signed a catalytic experiment of the Au NPs attached to the
NaYF4:Eu3+ nanoflower by laser irradiation.[29] NaYF4:Eu3+

nanoflowers with a size of about 500 nm were synthesized by
coprecipitation method, and then gold nanoparticles with a ra-
dius of about 4 nm were attached to NaYF4:Eu3+ nanoflowers
by wet chemical procedure. Compared to the instability of
molecules at high temperature, the transformation of the crys-
tal at high temperature is relatively stable. XRD patterns, ab-
sorption spectra, and TEM images of NaYF4:Eu3+@Au com-
posite are in the supporting information.

As shown in Fig. 3(a), after the nanoflower irradiated
by continuous lasers with different wavelengths in the same
power (23 mW), both the NaYF4 nanoflowers transform into

single crystal Y2O3 due to the catalysis of Au NPs. This trans-
formation can be clearly seen through the fluorescence spec-
trum of the product before and after the reaction. Under the
irradiation of 442 nm corresponding to interband transition,
the catalytic transformation takes 120 s. In contrast, under
the irradiation of 532 nm corresponding to plasmon excitation,
the catalytic transformation only takes 27 ms. We define the
transformation rate as the inverse of time needed for transfor-
mation, and the details for transformation rate are in the sup-
porting information. There is a huge difference in the trans-
formation rate between the 442-nm and 532-nm excitations,
and the ratio of transformation rate is more than 4000 times
(Fig. 3(b)). In spite of our simple experimental approach,
we find that plasmon-induced reaction is much more effec-
tive than interband transition, which may provide the support
for similar catalysis experiments by selecting the appropriate
excitation wavelength.
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Fig. 3. (a) The black line represents the luminescence spectra of NaYF4:Eu3+

composite structure without any laser irradiation, and the purple and green
lines represent in situ transformed Y2O3:Eu3+ nanoparticle after laser irra-
diation with wavelengths of 442 nm and 532 nm, respectively. The insets
show scanning electron microscope images of the corresponding particles
after laser irradiation; (b) Transformation rate under different laser wave-
lengths.

To gain further insights into the photothermal catalysis
and hot electrons catalysis, we studied the power dependence
for photocatalysis under 532-nm laser excitation. As shown in
Fig. 4, the transformation rate is linearly proportional to the
laser power, implying a single-photon process.[30] In experi-
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ments, this linear relationship has been observed for hydrogen
dissociation on Au NPs[31] and ethylene epoxidation on Ag
nanocubes.[32] The deviation from the linearity at the tail of
the curve may be due to laser heating leading to the signifi-
cant deformation or even fusion of Au NPs. In order to elimi-
nate the effect of photothermal effect, we exclude the influence
of the difference in absorption cross section between the two
wavelengths of incident light on the steady-state temperature
by reducing the laser power at 532 nm from 23 mW to 19 mW
based on the data in Figs. 1 and 4.
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Fig. 4. Power-dependent transformation rate under continuous laser irradia-
tion with the wavelength of 532 nm. The filled triangle symbol is the point
we used to compare with the case of excitation wavelength of 442 nm.

Considering that the spot size used in the experiment is
fixed, we simply consider the spot size to be 1 µm2 to sim-
plify the calculation. In this way, we can get the same value
of heat production power Q as 0.36 mW for both excitation
wavelengths of 442 nm and 532 nm based on Eq. (3) under the
laser powers of 23 mW and 19 mW (the filled triangle sym-
bol in Fig. 4), respectively. Specifically, based on Q = σabsI,
σabs is taken as 0.016 µm2 and 0.019 µm2 according to opti-
cal absorption, and I is taken as 23 mW/µm2 and 19 mW/µm2

for the wavelengths of 442 nm and 532 nm, respectively. That
is, heat production power for interband transitions and plas-
mon are almost same in this case. In contrast, the transfor-
mation rate of the sample under the laser of 532 nm is still
1700 times that of the transformation rate under the laser of
442 nm. This suggests that hot electrons mainly contribute to
the catalysis in addition to thermal catalysis since redox reac-
tions are involved. In our experiment, hot electrons may trans-
fer to molecules on the surface of gold nanosphere. Specifi-
cally, the hot electrons can transfer to antibonding O–O state
of molecular O2 inducing the formation of ion,[33] and the re-
active oxygen with higher utilization efficiency will facilitate
the oxidization reaction of NaYF4. Overall, hot electrons can
promote the formation of and further promote the crystal tran-
sition of NaYF4.

Next, we discuss the difference in hot electron catalysis
between LSPR and interband transition for Au NPs. The low-
est transition energy for the electron from the d band to the
lowest energy of the sp band is 1.6 eV, and there still needs an

additional 0.8 eV to reach the Fermi level.[34,35] So the elec-
trons in the d band need at least 2.4 eV to reach the Fermi
level.[36] Photon energy for the laser wavelength of 442 nm
is about 2.8 eV. Therefore, the electrons in the d band can be
excited at a maximum of 0.4 eV above the Fermi level for
interband transition. However, the energy of this part of the
electrons is too low to enter the antibonding state of molecu-
lar O2. In this case, the hot electrons excited by the interband
transition could not catalyze the transformation due to the low
energy. Therefore, under the excitation of 442-nm laser, the
photothermal effect of Au NPs dominates the reaction. In con-
trast, the photons of λ = 532 nm excite the electrons on the
conduction band by plasmon excitation. Hot electrons exceed
the Fermi level about 2.3 eV and still have enough energy to
participate in the catalytic reaction. In this case, both pho-
tothermal effect and hot electrons from plasmon decay con-
tribute to the catalysis. Hence, despite the photothermal effects
of plasmon and interband transitions are almost same as dis-
cussed above, the effect of hot electrons determines the sharp
difference of the transformation rate between the catalysis of
plasmon and the interband transition.

In conclusion, the hot electrons and photothermal effects
of Au NPs on catalysis of crystal transformation are investi-
gated by combining theoretical calculations with experiments.
The calculated results show that both the photothermal and
hot electron effect of plasmon are better than that of interband
transition for catalysis. In experiments, that transformation
rate of plasmon-induced reaction is thousand times that of the
interband transitions, owing to the difference of the energy
for hot electron between interband transitions and plasmon.
Hot electrons by plasmon decay are energetic enough to facil-
itate the reaction, while that from interband transition are en-
ergy deficiency. Photothermal effect dominates the interband-
transition-induced reaction, while both hot electrons and pho-
tothermal effects contribute to the plasmon-induced reaction
based on our analysis. Thereby, the energy of hot electrons
generated in the process of photocatalysis is crucial for im-
proving the catalytic rate, and the proper choice of the photon
energy is an effective approach in manipulating chemical re-
actions.
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