
https://pubs.acs.org/toc/jpccck/126/38?ref=pdf
https://pubs.acs.org/toc/jpccck/126/38?ref=pdf




Photoluminescence (PL) measurements were collected in
the range of 300−600 nm using a built on purpose system
equipped with a He−Cd laser from Kimmon as the excitation
source. The laser emit at 325 nm with a maximum power of
200 mW per spot (about 0.5 cm in size on the sample). The
fluorescence is detected trough a Hamamatsu multichannel
photomultiplier analyzer (PMA). The distance from the
sample and the laser is about 20 cm. The laser beam was
further filtered with a pass filter centered on 325 nm to
attenuate any parasite emissions from the laser source. The

PMA detector is at about 45° from the sample and at a
distance of 10 cm. Between the sample and the detector there
is a pass filter allowing a range of 340 to 600 nm to eliminate
the reflected peak from the incident beam at 325 nm.
Time-resolved photoluminescence (TRPL) spectroscopy

measurements were performed using Excipro pump−probe
spectrometers (CDP, Moscow). A pulse energy of the
fundamental output of a Ti:sapphire fs regenerative amplifier
operating at 800 nm with 100 fs pulses and a repetition rate of
1 kHz was used. The pump pulses at 310 and 340 nm were

Figure 1. (a) Absorbance spectra and (b) Tauc plots for the Au loaded ZnO powder oxides. LSPR areas were computed following a linear
background subtraction, as shown in Figure 1a.

Figure 2. STEM images of x wt % Au/ZnO and Au particle size distribution. (a) 1 wt % Au/ZnO; (b) particle size distribution of 1 wt % Au/ZnO;
(c) 0.7 wt % Au/ZnO; (d) particle size distribution of 0.7 wt % Au/ZnO; (e) 0.5 wt % Au/ZnO; (f) particle size distribution of 0.5 wt % Au/ZnO;
(g) 0.3 wt % Au/ZnO; (h) particle size distribution of 0.3 wt % Au/ZnO.
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high resolution TEM/FFT (fast Fourier transform), Au
particles on ZnO for the 1 wt % sample. As seen in Figure
S2, it appears that Au particles have their (111) plane aligned
at about 18° from the dominant nonpolar plane (101 bar0) of
ZnO.
The mean particle size is given in the inset in each graph (b,

d, f, and h). The relation between the wt % and at.% (as
extracted from XPS Au 4f peak areas) is given in Table S1, see
Figure 4 for more details.
Very few particles are noticed in the case of 0.1 wt % loading

making it difficult to extract with reasonable accuracy their
sizes. Based on the Au particles detected, the mean size was
found to be around 7.5 nm much. It is worth noting that
despite their very low number they do have a clear LSPR signal
(Figure 1a) and that is probably in line with their larger size.
The increase of the number of Au particles per ZnO particle
ranges from about one Au particle for five ZnO particles, for
0.1 at. % (0.1 wt %), to about 360 Au particles per ZnO
particle, for 3 at.% (1.0 wt %) Au/ZnO (Figure 3a−c). The
individual size of ZnO particles range from 100 to 120 nm in
size with mean particle size of about 105 nm (Figure 3b). ZnO
particles seem, however, not to be separated, but fused
together, and this may have implications on the charge transfer
in the bulk.
To further probe into Au dispersion on ZnO, XPS of the

same series was conducted. This is important for further
quantification of the luminescence signal. Because e-h
recombination may occur in the bulk, far away from the
surface, those at (2D) and close to the surface (3D) would be
most affected by Au presence. Spectra are referenced to XPS C
1s of adventitious surface carbon at 284.7 eV. XPS Zn 2p, Zn
3p, O 1s, and Au 4f were monitored and quantified. There is
an overlap between the XPS Zn 3p3/2 and Au 4f5/2, as shown in
Figure 4. Quantification is therefore conducted using the Au
4f7/2 peak area. Furthermore, a ratio is made with respect to Zn
2p to avoid further complication due to the unavoidable
presence of adventitious carbon. The empirical sensitivity
factor of 2.8 for the peak area of Au 4f7/2 and of 4.8 for the
peak area of Zn 2p3/2 (with respect to XPS F 1s) were taken
(see Experimental Section). As seen in Figure 4, there is no
shift in the binding energy of Au 4f7/2 (at 83.8 ± 0.1 eV) with
increased loading. At high loading the Au 4f5/2 can be noticed
at the low binding energy side of XPS Zn 3p3/2 peak. The
difference between Au 4f7/2 and Au 4f5/2 binding energies (ΔE
= 3.6 eV) together with their binding energy positions indicate
that Au atoms are present in all cases on the surface in their
metallic (Au0) state.
Photoluminescence. Figure 5a,b shows photolumines-

cence spectra of the Au/ZnO series. All presents the two
characteristic emission peaks in the UV (380 nm) and visible
(550 nm) regions of ZnO. The visible luminescence is more
pronounced and much wider than the UV one. The visible
luminescence has multiple origins, as indicated in the
Introduction. Because of its sensitivity to, in particular, surface
and bulk oxygen vacancies in ZnO it is prone to changes of the
environment and therefore more complex to study ex situ.
Here we focus on the UV emission of the series. Quantitative
analyses are presented in Figure 5b in which the signal
intensity of the 380 nm emission is plotted as a function of the
Au atomic % (as obtained from XPS) of the oxide series.
Because gold particles are present on the surface of ZnO
particles, it is more accurate to consider the atomic %, as
determined from XPS than the nominal ones. The presence of

Au, even at the level of 0.1 at.%, decreases the UV signal by
about 40%. Further increase of Au at.% resulted in further, but
less pronounced, decrease of the UV signal. For example,
increasing Au loading on the surface 30 times (3 at.% Au) only
doubled the UV signal attenuation (when compared to that of
the 0.1 at.% Au).
Time-Resolved Photoluminescence (TPRL). The fact

that Au particles change the band to band electron−hole
recombination rate can be explained as due to electron transfer
from the CB of ZnO to Au particles due to their work function
difference. This would be dependent on a few factors: (i) Au
coverage, (ii) the diffusion length of excited electrons (and
holes), and (iii) the number of excited electrons each particle
can hold. Time-resolved spectroscopy at the ps range may
probe into the electron transfer between ZnO and Au particles
upon monitoring the luminescence of the former.
Figure 6 presents the effect of excitation power on the UV

emission signal of ZnO. The power indicated is per light spot
which is about 0.1 mm in diameter. In the figure the signal at
385 nm (slightly away from the peak maximum) was
monitored as a function of time in ps at the indicated
power. The signal decay rate decreases with decreasing the
pump power. The faster decay rate with increasing power is
due to the effect of high light intensity on the PL that includes
lasing, heat, and an increase of the nonradiative recombination
fraction, among other factors,31,32 and is not a focus in the

Figure 4. XPS (Zn 3p, Au 4f) of the Au/ZnO series in which Au wt %
are 0.3 (blue), 0.5 (red), 0.7 (green), and 1 (black) of the as-prepared
oxides. The computed atomic % are indicated on each signal; ΔE =
Au 4f5/2 − Au 4f7/2 in eV. See Table S1 for the relation between wt %
and at.%.
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present study. The main observation is that the signals at 0.05
and 0.2 mW are similar, which was considered adequate to use
while keeping a good signal-to-noise ratio. Following this we
have monitored, using 0.2 mW, the signal in the UV and vis
regions to see for possible changes in the decay rates within the
same luminescence peak. As seen in Figure 7a,b, there is a
range where no changes occur. This is in the 375−385 nm
range of the UV emission and in the 480−500 nm range in the
visible emission. Thus, we have used this wavelength range for
the comparative study between ZnO and Au/ZnO.
Figure 8 shows the decay of the 385 nm signal of the

complete series containing Au, with an improved signal-to-
noise ratio that allowed using a power of 0.073 mW. The decay
rate increases with increasing Au content and this can be best
seen by the curvature of the profiles at about 100 ps. Many
authors have found that the TRPL signal of ZnO could be fit
with a biexponential decay function.33 The exact meaning of
this is still under study and each may not be attributed to a
unique physical property. While some authors gave evidence

that the two-decay (or life) time t1 and t2 are related to bound
and free excitons (e-h),34,35 the exciton has a dissociation
energy of about 60 meV,36 others have attributed them to
nonradiative (quench of the luminescence due to phonon
interaction) and radiative (CB to VB e-h recombination)
decay, respectively.37 Still others have linked the decay to
surface-mediated e-h recombination events.38 A biexponential
function with R2 = 0.99 was obtained for all traces. Fitting the
decay rate with a single exponential function was not adequate
(see Figure S3), triexponential function was possible with the
same R2 as for the biexponential fit, but gave no further clarity
on the data. The results are shown in Table 1. Yet, there is no
trend to be noticed. While the mean lifetime, ⟨t⟩, initially
decreased, it increased again then decreased further.
To further probe into the effect of Au, we opted to integrate

the emission from each oxide (number of photons × time)
with the difference between them traced to the presence of Au.
Figure 9a presents the integral function of the biexponential
decay function for the Au/ZnO series.
It is seen that the fraction of photons emitted up to about 20

ps has an equal contribution in each sample. This may mean
that the emission up to this time is not related to the presence
of Au on top of ZnO particles. After which, a deviation
occurred that has accentuated with time. While a trend is
observed in which the integrated signals get smaller with
increasing Au content (with the exception of the 0.3 wt %),
further quantification nominally including Au atoms would be
needed. Figure 9b presents the change in the value of the
integrated signal before and after normalization to the number
of atoms of Au (in %) as a function of Au at.%.
The normalized values represent the quenching power per

gold atom (or %) on top of the excited semiconductor. This
quenching can be linked to the trapping of CB electrons by
gold particles. The data can be fit with a single exponential
function with respect to Au content (y(x) = A exp(−ax)). The
value a (2.4 approximated to 2) may not have a direct physical
meaning yet since x is effectively the “number of photons in a
unit time divided by the number of atoms of gold”, the value of
two may indicate that each gold atom prevents two photons
from being emitted by quenching two electrons from the

Figure 5. (a) Photoluminescence spectra of the Au/ZnO series at the indicted Au wt % of the as prepared oxides. (b) Signal height intensity of the
PL at 380 nm as a function of the Au at.% on ZnO. The correspondence between the nominal wt % and the surface atom % of Au is given in Table
S1. The vertical arrows represent the magnitude of the signal decrease with increasing Au atoms.

Figure 6. Time-resolved photoluminescence (TPRL) of pure ZnO
powder at 385 nm at different excitation power from 10 to 0.05 mW
per spot. Excitation light wavelength = 340 nm.
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conduction band. Moreover, the exponential decay does
indicate that, while adding more Au atoms increases the e-h
recombination rate, the overall efficiency, per Au atom, of the
system has decreased. If all Au particles affected independently
the electron transfer rate, their effect would be linear. This
observation is similar, albeit in a different field, to many
observations related to the effect of metal coverage on n-type
semiconductors on their photoreaction for hydrogen ions
reduction to molecular hydrogen.39−43 In all this work there is
a small window in which the catalysts have a high activity and

that is typically in the 1−2 wt % range (which is about 0.5 at.%
of Au deposited on 3d oxide semiconductors).
Increasing Au coverage on the surface results in decreasing

the interparticle distance in general. The following explanation
may then be postulated. Au particles of a few nm in size absorb
UV light.44,45 This may then create high energy electrons that
leak back into the semiconductor (ZnO). This, in turn, would
increase the electron density at the interface Au/ZnO. This
would repel the excited electrons transfer rate from ZnO to Au
and, thus, “collectively” decrease the trapping efficiency per
particle. Because the excited electron diffusion length in ZnO is

Figure 7. Time-resolved photoluminescence (TPRL) of pure ZnO powder of the UV (a) and visible (b) emissions at different wavelengths.
Excitation light wavelength = 340 nm; Excitation light power = 0.2 mW/spot.

Figure 8. Normalized time-resolved photoluminescence (TPRL) of the Au/ZnO series of the UV emission. The inset is an enlarged area in the
30−160 ps range. The spectra for the 0.5 and 0.7 wt % gold had a linear background subtraction of about 0.03.
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