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Modulation of the electron transfer processes in
Au–ZnO nanostructures†

M. E. Aguirre,a A. Armanelli,a G. Perelstein,a A. Feldhoff,b A. J. Tolleyc and
M. A. Grela*a

Plasmonic nanostructures comprising Au and ZnO nanoparticles synthesized by the spontaneous

reduction of HAuCl4 in ethylene glycol were used to assess the possibility of modulating the direction of

the electron transfer processes at the interface. One electron UV reduction and visible oxidation of the

reversible couple TEMPOL/TEMPOL-H was confirmed by EPR spectroscopy. The apparent quantum yield

for TEMPOL-H conversion under continuous wave visible excitation depends on the irradiation wave-

length, being 0.57% and 0.27% at 450 ± 12 and 530 ± 12 nm, respectively. These results indicate that both

the surface plasmon resonance and the interband transition from the 5d to the 6s level of Au nanoparti-

cles contribute to the visible activity of the nanostructure. In addition, by detecting free electron conduc-

tion band electrons in ZnO, after the visible excitation of Au/ZnO nanostructures, we provide direct

evidence of the photoexcited electron transfer from gold nanoparticles to ZnO.

Introduction

Photoinduced interfacial electron transfer is a key pheno-
menon which is central to molecular optoelectronics, energy
conversion and catalysis.1–5 Of particular interest is the ques-
tion whether and to what extent hot-electron carriers created
by surface plasmon excitation of metal nanoparticles can par-
ticipate in charge transfer processes at the interface.6 Small
domains of metal nanoparticles in which the high energy car-
riers can rapidly reach the interface seem essential to the
task.7

Current understanding of the dynamics of photoexcited
gold nanoparticles indicates that after optical excitation hot
electrons lose their energy in different processes having dis-
similar time constants, which involve electron–electron scatter-
ing (100 fs), electron–phonon coupling (1–10 ps) and,
ultimately, heat dissipation from the gold nanoparticle to the
environment through phonon–phonon coupling (∼100 ps).8–11

Chemical transformations of molecular adsorbates at metal
surfaces induced by plasmon excitations are well known. It has
been recognized that intense localized heating in the metal

nanoparticles can trigger adsorbate reactions.12–14 Besides,
although sparse, hot-electron transfer into specific electronic
states of molecules adsorbed on metal surfaces has proved to
induce their dissociation.15–19

In metal-semiconductor nanostructures, charge separation
following plasmon excitation may be favoured due to the injec-
tion of electrons into the conduction band of the semiconduc-
tor. The transfer of photoexcited electrons from a gold particle
to the conduction band of titanium dioxide has been put
forward by Tian and Tatsuma.20,21 Their work demonstrates
the development of anodic photocurrents on TiO2 films
loaded with Au nanoparticles, whose intensity correlates with
the extinction spectrum of the nanostructure under visible
irradiation and becomes inhibited in the presence of an accep-
tor (O2) in solution. However, the clearest evidence of the elec-
tron transfer from gold NPs to the conduction band of TiO2

was obtained by Furube and coworkers who observed a transi-
ent absorption of electrons in the conduction band of TiO2 at
3440 nm after light absorption by the surface plasmon reso-
nance band, SPR, of gold NPs.22,23

In this work, we present direct evidence that the direction
of the photoinduced electron transfer processes in Au/ZnO
nanostructures can be reverted from the semiconductor →
metal to the metal → semiconductor direction, by changing
the excitation wavelength from UV to visible. Although the con-
duction band positions of TiO2 and ZnO are very similar, their
electronic structure differs substantially. The conduction band
of titanium dioxide basically consists of empty 3d Ti4+ orbitals,
while that of ZnO mainly involves 4s orbitals of Zn2+. This
difference, in turn, affects not only the electron effective mass

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c5nr00364d

aDepartamento de Química, Universidad Nacional de Mar del Plata, Funes 3350,

B7602AYL Mar del Plata, Argentina. E-mail: magrela@mdp.edu.ar
bInstitut für Physikalische Chemie und Elektrochemie, Leibniz Universität Hannover,

Callinstraße 3a, D-30167 Hannover, Germany
cCentro Atómico Bariloche – R8400AGQ San Carlos de Bariloche, Río Negro,

Argentina

This journal is © The Royal Society of Chemistry 2015 Nanoscale, 2015, 7, 6667–6674 | 6667

Pu
bl

is
he

d 
on

 1
2 

M
ar

ch
 2

01
5.

 D
ow

nl
oa

de
d 

by
 T

IB
 u

nd
 U

ni
ve

rs
ita

et
sb

ib
lio

th
ek

 H
an

no
ve

r 
on

 0
8/

12
/2

01
5 

13
:2

9:
01

. 

View Article Online
View Journal  | View Issue

www.rsc.org/nanoscale
http://crossmark.crossref.org/dialog/?doi=10.1039/c5nr00364d&domain=pdf&date_stamp=2015-03-28
http://dx.doi.org/10.1039/c5nr00364d
http://pubs.rsc.org/en/journals/journal/NR
http://pubs.rsc.org/en/journals/journal/NR?issueid=NR007015


but also the density of states, ρ. Actually, considering that
ρ(TiO2)/ρ(ZnO) ∼ 20024 one would expect electronic coupling to
be much more efficient in TiO2 than in ZnO. Thus, it is not
possible to anticipate whether or not in metal/ZnO nano-
structures high energy electrons produced by metal excitation
can be transferred to the conduction band of the
semiconductor.25

Here we focus on the photoinduced changes in the oxi-
dation states of a molecular probe 4-hydroxy-2,2,6,6-tetra-
methylpiperidine 1-oxyl, TEMPOL (I), and its hydroxylamine,
TEMPOL-H (II). We observed direct evidence that (I) and (II)
can be interconverted by selective UV irradiation of the semi-
conductor and the metal in the visible region.

ð1Þ

We hypothesize that under UV excitation of the semicon-
ductor, the holes are scavenged by the solvent molecules,
while the electrons are used to reduce TEMPOL to TEMPOL-H,
however, under visible excitation the electrons are transferred
to the oxide, and then used in oxygen reduction, while hydro-
xylamine replenishes the hole left in the metal, accounting for
the TEMPOL regeneration.

The transfer of electrons in the Au to ZnO direction, after
selective irradiation of the nanostructures in the visible region,
was confirmed by direct observation of conduction band elec-
trons in ZnO by EPR spectroscopy,26–28 under anaerobic con-
ditions. Thus, we definitively probe that by modulating the
excitation wavelength the electron flow direction can be
switched, which is interesting for the development of logical
devices.

Experimental section
Materials

Hydrogen tetrachloroaurate trihydrate, 99.9%, (Aldrich),
4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (Aldrich), zinc
acetate dihydrate (Fluka), sodium hydroxide (Merck), tetra-
methylammonium hydroxide (Sigma) were of the highest avail-
able purity and used as received. Ethylene glycol (Biopack),
1-octanol (extra pure grade, Merck), ethyl acetate (Sintorgan),
heptane (Sintorgan) and dimethylsulfoxide (chromatographic
grade, Sintorgan) were used without further purification.

KCr(NH3)2(NCS)4 was prepared from the Reinecke salt29

(Aldrich) and recrystallized from warm water as described in
ref. 29.

Methods

Synthesis of Au/ZnO nanostructures. ZnO nanoparticles
were first prepared by alkaline hydrolysis/condensation

reactions using zinc acetate as the precursor, following
published procedures.27 Briefly, 6.25 mL of a 550 mM solution
of tetramethylammonium hydroxide in ethanol was slowly
added to 20 mL of a 0.1 M solution of zinc acetate in dimethyl
sulfoxide The reaction was stopped by precipitation of
the nanocrystals with ethyl acetate, and repeatedly purified
from the solvents and excess reagents by two cycles of
heptane-induced precipitation, and resuspension in ethylene
glycol.

Au/ZnO nanostructures were synthesized by the spon-
taneous room temperature reduction of HAuCl4 in the pres-
ence of the as-prepared ZnO nanoparticles dispersed in neat
ethylene glycol.30

Characterization

Optical absorption spectra of the Au/ZnO nanocomposites
were recorded on an Agilent 8453 diode array
spectrophotometer.

The crystalline properties of ZnO and Au/ZnO nano-
structures were examined via powder X-ray diffraction (XRD)
and by high resolution transmission electron microscopy
(HRTEM). For details see ref. 30.

Electron paramagnetic resonance (EPR) experiments
were performed at 298 K with a Bruker ELEXSYS E500 T
spectrometer, operating at the X band. Amplitude signals were
transformed in radical concentrations by comparing the area
under the EPR absorption spectrum of the sample to that of a
concentration standard of TEMPOL, recorded at the same
microwave power, modulation amplitude, and amplification
gain.31

Photolysis

To determine the interconversion between I and II, two
different setups were used. In the first one, experiments were
carried out by irradiating the samples in a square prismatic
cell using a 150 W Osram Xe lamp, provided with a PTI
101 monochromator to isolate the bands at 303 ± 20, 450 ± 12
and 530 ± 12 nm. The former band was used to produce
TEMPOL-H from TEMPOL. The regeneration of TEMPOL from
its hydroxylamine was first explored using two long-pass glass
filters (Schott GG-400 and GG-435) to prevent absorption of
wavelengths shorter than λ = 435 nm and then carefully scruti-
nized by isolating the bands at 450 and 530 nm with the above
mentioned monochromator. In the first setup, well deter-
mined volumes (20 µL) of the suspension were withdrawn
from the cell and transferred to thin cylindrical silica EPR
tubes in order to record the EPR spectrum. Alternatively, to
minimize possible errors, the samples were directly irradiated
in the EPR tubes using the same light sources.

For the detection of conduction band electrons by EPR
spectroscopy, about 15 μL of concentrated samples of ZnO and
Au/ZnO nanostructures dispersed in ethylene glycol were
loaded in a sealable thin quartz tube. The samples were irra-
diated inside the EPR cavity during the irradiation with a
150 W Osram Xe lamp using the above mentioned Schott
GG-400 and GG-435 long-pass glass filters.

Paper Nanoscale

6668 | Nanoscale, 2015, 7, 6667–6674 This journal is © The Royal Society of Chemistry 2015

Pu
bl

is
he

d 
on

 1
2 

M
ar

ch
 2

01
5.

 D
ow

nl
oa

de
d 

by
 T

IB
 u

nd
 U

ni
ve

rs
ita

et
sb

ib
lio

th
ek

 H
an

no
ve

r 
on

 0
8/

12
/2

01
5 

13
:2

9:
01

. 
View Article Online

http://dx.doi.org/10.1039/c5nr00364d


Incident photon fluxes were determined using the Reinecke
salt as actinometer.29

Results and discussion

We have recently shown that the reduction of HAuCl4 by ethy-
lene glycol in the presence of ZnO nanoparticles yields stable
nanostructures in good electron contact.30 In addition, the as
synthesized materials show a relatively sharp visible peak at
535 nm, and negligible light scattering, see Fig. 1. Analysis by
HRTEM demonstrated that the nanostructures consist of small
ZnO nanoparticles (5.0 nm) in contact with bigger (15 nm)
spherical Au nanoparticles.

TEMPOL ↔ TEMPOL-H interconversion

The EPR spectrum of TEMPOL shows the well-known three-
line spectrum of a nitroxide (Fig. 2) resulting from 14N hyper-
fine coupling (aN), (curve b).32,33 It is apparent that the heights
of the peaks decrease at higher fields, a fact that is character-
istic of anisotropic motion about the axis of the N–O bond,
due to solvent viscosity.33,34 As observed in the inset of Fig. 2,
each line is widened by the contribution of the hydrogen
hyperfine coupling constants, aH, mainly arising from the
equatorial methyl and methylene protons.35 Unresolved hyper-
fine interactions alter the line width and line shape of the m =
0, 1 and −1 lines.

The experimental spectrum was simulated using the com-
putational package Easyspin,36,37 to derive the g factor, the
hyperfine coupling constants and the rotational correlation
time. See ESI† for details.

UV irradiation at 303 ± 10 nm of a sample of 10 µM
nitroxide in ethyleneglycol in the presence of the Au/ZnO
nanocomposite, ([Au] = 0.625 mM, [ZnO] = 8.1 mM) leads to
the sudden disappearance of the paramagnetic signal, see

upper panel of Fig. 3. It is apparent that TEMPOL can be
either reduced to the corresponding hydroxylamine (II), or oxi-
dized to the oxoammonium cation (III), as described by reac-
tions (2) and (3):

ð2Þ
Fig. 1 UV-Vis spectrum of the Au/ZnO nanostructures dispersed in
ethylene glycol. The nanocomposite was obtained by reduction of a
62 µM HAuCl4 solution in ethylene glycol in the presence of ZnO ([ZnO]
= 8.1 mM) see ref. 30. Inset: HRTEM showing contact between Au and
ZnO.

Fig. 3 Upper panel: decay of TEMPOL under UV irradiation. Lower
panel: regeneration of TEMPOL in the dark (curve a) and under exci-
tation of the nanostructures with wavelengths larger than 435 nm,
(curve b).

Fig. 2 Room temperature EPR spectra of degassed TEMPOL dissolved
in ethylene glycol, hollow circles in black account for the experimental
data. The red lines are the results of the simulation, see text. The inset
shows the peak centered at 345.75 mT with higher resolution.
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ð3Þ

Considering that the concentration of TEMPOL ([TEMPOL]
= 10 µM) is much lower than that of ethylene glycol ([EG] =
17.8 M) and that the oxidation of TEMPOL (E0(III/I) = 0.81 V)38

would probably occur in the inverted Marcus region,39,40 the
decay of the paramagnetic signal is ascribed to its reduction to
hydroxylamine, and not to its conversion to the oxoammo-
nium cation. This assumption is confirmed by observing that
the paramagnetic signal is slowly regenerated by bubbling O2

in the dark. This fact is taken as a proof that, under UV
irradiation of the nanocomposite, the most important fate of
the nitroxide is its reduction, while ethylene glycol, D, acts as
the donor, as described by eqn (4)–(10) below.

Au=ZnOþ hνð303+10 nmÞ ! Au=ZnOðeCB�;hVB
þÞ ð4Þ

hVB
þðZnOÞ þ D ! D•þ ð5Þ

eCB�ðZnOÞ ! e–ðAuÞ ð6Þ

½eCB�ðZnOÞ; ðe�ðAuÞ� þ O2 ! O2
•� ð7Þ

TEMPOLþ eCB� þHþ ! TEMPOL-H ð8Þ

TEMPOLþ e�ðAuÞ þHþ ! TEMPOL-H ð9Þ

TEMPOLþ O2
•� þHþ ! TEMPOL-Hþ O2 ð10Þ

TEMPOL reduction may be mediated by either conduction
band ZnO electrons directly, reaction (8), by electrons trans-
ferred to the metal, reactions (6) + (9), or through the for-
mation of superoxide radicals formed upon oxygen reduction,
reactions (7) + (10). The above experiments do not provide any
evidence to discriminate which mechanism prevails, but we
will address this issue later. It is also interesting to recall that
by monitoring the UV-Vis spectra of pure ZnO and Au/ZnO
nanostructures, we have recently demonstrated the effective
transfer of electrons in the ZnO → Au direction. Accordingly,
we found that under UV irradiation, the excitonic band of ZnO
progressively shifts to the blue until it reaches a steady state.
However the irradiation of the Au/ZnO nanostructures under
the same conditions, additionally results in a shift of the
plasmon band from 535 to 520 nm (see Fig. 5 of ref. 30). This
experiment unequivocally demonstrates the increased electron
density in the metal, and can be taken as strong evidence that
the junction between ZnO and Au nanoparticles in the nano-
structure allows the transfer of electrons across the interface.

The reversible nature of the couple I/II lead us to envisage
that this system is adequate to analyze the direction of the
electron transfer process by changing the excitation wave-
length. Thus, in an exploratory experiment, after the complete
disappearance of TEMPOL we exposed the sample to visible
irradiation, λ > 435 nm.

The result is shown in the lower panel of Fig. 3, curve b,
and indicates that TEMPOL is regenerated at a rate substan-
tially different than that observed in the dark.

In addition, we carefully examine the EPR spectrum of
TEMPOL after its regeneration under visible irradiation, i.e., in
the presence of Au/ZnO nanostructures.

Our aim was to explore possible differences in the coupling
constants and the rotational mobility of TEMPOL due to the
interaction with the semiconductor and/or metal components
of the nanocomposite. As it is known, nitroxides are com-
monly used as spin labels due to their stability and sensitivity
of their spectra to the chemical environment. Experimental
results are presented in Fig. 4 for the m = −1 peak.

Again, the spectra were simulated with the Easyspin,36,37

program. We observe that the derived mean correlation time
slightly changes from 1.82 ns to 1.62 ns on going from the
spectrum taken in pure ethylene glycol to that determined in
the presence of the nanocomposites dispersed in the same
solvent. The details of the simulation and other differences in
the spectra are summarized in the ESI.† Although the differ-
ences are not very significant, the decrease in the correlation
time is consistent with the nitroxide interaction with the nano-
composite surface.

To gain additional insight, we take the spectrum of
TEMPOL in an 8 mM sol of pure ZnO nanoparticles, i.e.,
before Au loading. See Fig. 5.

It is apparent that the g-factor of TEMPOL in the 8 mM sol
of ZnO nanoparticles is clearly distinguishable from that
obtained either in the presence or absence of Au/ZnO nano-
structures. Also the simulations indicate that the mean corre-
lation time in this case is 3.52 ns, nearly a factor twice higher
than that obtained for free TEMPOL. This is taken as evidence
that the presence of gold in Au/ZnO nanostructures, somewhat
impedes the interaction of ZnO with TEMPOL. Notice that

Fig. 4 Comparison between the room temperature EPR spectra of
degassed TEMPOL dissolved in ethylene glycol. The black and red lines
in the spectra obtained in the absence and presence of Au/ZnO
nanostructures.
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while the correlation time is derived from a simulation pro-
cedure, the g factor is a direct experimental parameter. This
last result indicates a different environment of the radical.
Thus, the experimental evidence points to discarding the ZnO
surface as the reactive interface of our studies. This may be
indicative of the fact that the reduction of TEMPOL under UV
irradiation should be accounted for by reactions (6) + (9) or (7)
+ (10), rather than by reaction (8). On the other hand, one may
be tempted to ascribe the oxidation of the hydroxylamine to a
Au–hole replenish process after the excitation of the plasmon
band, according to the successive elementary steps rep-
resented by reactions (11)–(14).

The above mechanism explains TEMPOL regeneration by
considering that the oscillation of the plasmon band rep-
resented by reaction (11), leads to the transfer of an electron in
the metal → semiconductor direction, reaction (12), leaving a
hole in the Au surface, which is able to oxidize TEMPOL-H,
reaction (13), while electrons in ZnO surface are depleted by
their reaction with oxygen, reaction (14).

It is worthwhile to say that, in order to confirm the role of
O2 as an electron scavenger, a control experiment was per-
formed, as described below. In this run, the sample was irra-
diated by UV light to deplete the signal of TEMPOL. After this
procedure air was eliminated by freezing and pumping and
the sample was fully irradiated inside the EPR cavity at wave-
lengths larger than 435 nm for 90 min. During this period, no
signal of TEMPOL could be observed, confirming the mechan-
ism proposed by reactions (10)–(14).

Au=ZnOþ hνðVisibleÞ ! Auðδþ; δ�Þ=ZnO ð11Þ

Auðδþ; δ�Þ=ZnO ! hþðAuÞ=ZnOðeCB�Þ ð12Þ

hþðAuÞ þ TEMPOL-H ! TEMPOLþHþ ð13Þ

eCB� þ O2 ! O2
•� ð14Þ

The experiment shown in the lower panel of Fig. 3 was per-
formed by polychromatic visible excitation of the nano-
structures at wavelengths larger than 435 nm. Although
chemical transformations induced by visible irradiation are
often assigned to the excitation of the plasmon band, it
should be stressed that by irradiating at wavelengths higher
than 400 nm, one not only induces the oscillation of the 6s
valence band electrons, but also facilitates the promotion of
the electrons from the 5d to 6s levels of Au nanoparticles.41 At
variance with the behaviour observed for Ag, the SPR band and
the interband transitions in Au nanoparticles are partially
overlapped.41 It is also apparent that interband transitions
dominate the absorption of the metal nanoparticles for
wavelengths shorter than 475 nm,41 a fact that has been recog-
nized in very few cases in the reports on plasmonic
photocatalysis.42–44

Thus, quantitative experiments were performed to evaluate
the amount of TEMPOL regenerated as a function of the
irradiation time by exciting the samples at 450 ± 12 and 530 ±
12 nm. Results are shown in Fig. 6. As already stated the 530
and 450 bands were selected because at the former wavelength
the extinction spectrum of Au nanoparticles is dominated by
the oscillation of 6s electrons, while at 450 nm both, the SPR
and the electronic excitation from the 5d to 6s levels are
operative.

By combining the data shown in Fig. 6, with an indepen-
dent estimation of the incident photon flux in each experi-
ment we estimated the apparent quantum yields for the
photoinduced TEMPOL regeneration. Results are summarized
in Table 1. It should be stressed that in the absence of
irradiation the rate of TEMPOL regeneration was not
measurable.

Fig. 5 Comparison between the experimental degassed spectrum of
free TEMPOL with those obtained in the presence of ZnO and Au/ZnO
nanostructure. The spectrum obtained in the presence of ZnO is clearly
different from the others, revealing the interaction of the TEMPOL with
the semiconductor surface, see text.

Fig. 6 Regeneration of TEMPOL and under excitation of the nano-
structures with wavelengths at 450 and 530 nm, curves a and b,
respectively.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2015 Nanoscale, 2015, 7, 6667–6674 | 6671

Pu
bl

is
he

d 
on

 1
2 

M
ar

ch
 2

01
5.

 D
ow

nl
oa

de
d 

by
 T

IB
 u

nd
 U

ni
ve

rs
ita

et
sb

ib
lio

th
ek

 H
an

no
ve

r 
on

 0
8/

12
/2

01
5 

13
:2

9:
01

. 
View Article Online

http://dx.doi.org/10.1039/c5nr00364d


The data obtained above indicate that at 450 nm the appar-
ent efficiency is near a factor 2.1 higher than at 530 nm, a fact
that points to a substantial contribution of the interband tran-
sitions at the former wavelength.

To our knowledge there is no data to compare our results,
however it is worthwhile to notice that Ohtani and coworkers
have found that the action spectra of Au/TiO2 are almost
coincident with the total absorption spectra of the nanocom-
posites, which comprise the SPR as well as the interband
transition.45

Below, we describe the experiments that allowed us to
monitor the presence of conduction band electrons in ZnO
under visible excitation of the nanostructures. In this way
we were able to confirm the mechanism indicated by
eqn (11)–(14).

Does the transfer of electrons from Au to ZnO actually account
for the visible activity of Au/ZnO nanostructures?

To answer the above question, we designed an experiment
which could be used to sense the presence of electrons in ZnO
after the visible excitation of the nanostructures.

Gamelin and co-workers have thoroughly analyzed the EPR
signature of conduction band electrons in colloidal ZnO
quantum dots under accumulation conditions caused by the
anaerobic irradiation of the semiconductor.46 By combining
NIR and EPR measurements they unequivocally ascribed the
signal at g ∼ 1.96 to free conduction band electrons.

Thus, about 15 μL of concentrated samples of ZnO and Au/
ZnO nanostructures dispersed in ethylene glycol were loaded
in sealable thin quartz tubes and examined by EPR spec-
troscopy, in the dark and under visible irradiation in anaerobic
conditions. The results are represented in Fig. 7.

ZnO samples before Au deposition do not show any para-
magnetic signal in the dark, indicating a probably low concen-
tration of defects. In fact, different EPR signals with g-factors
near 2.01, 1.96 and 1.97, have previously been detected and
assigned to oxygen vacancies, Zn interstitials, and hydrogen
interstitials, respectively.47–49

However, a different behaviour was found for the syn-
thesized Au/ZnO nanostructures in the dark, which showed a
small feature at g = 1.9655, as shown in curve (b) of Fig. 7.

We assign the new signal to the presence of free electrons
in the conduction band that result from the charge transfer

process taking place during the synthesis of the nano-
structures until the building blocks attain the new Fermi
energy level.50

The transfer of electrons occurs in the direction Au → ZnO
because of the larger work function of the semiconductor and
is also noticeable by XPS analysis which shows that the
binding energy of Au 4f in the nanocomposite sample is
higher than the value of reference for bulk Au°, in line with
the proposed reduction of the electron density in gold
nanoparticles.51,52

Curve (c) in Fig. 7 shows that visible irradiation (λ >
435 nm) of the sample leads to a sudden outstanding increase
of the singlet at g ∼ 1.96 (which is now centred at g = 1.9623,
i.e., shifted to higher fields with respect to the signal obtained
in the dark). It is worth noticing that the signal intensity
remains stable during prolonged (1 hour) continuous visible
excitation and, also, no noticeable changes could be detected
in the spectrum after interrupting the irradiation (during a
comparable period of time). It is interesting to recall that the
Gamelin studies also reveal a size-dependence of the g-factor
in the range 1.960 < g < 1.968 for quantum dots with diameters
between 3.0 and 7.0 nm. Also, for a given nanoparticle dia-
meter, g values increase with <n>, the average number of elec-
trons per ZnO nanocrystal.26,27 Taking into account the
combined facts we considered that the change from g = 1.9655
to 1.9623, that occurs as a result of the irradiation process,
reflects that the number of electrons per particle is low, and
that they preferentially reside in larger sized particles which
favour electron delocalization.24 Irradiated samples also show
the emergence of a weak signal centred at g = 2.0045. By
double integration of the digitalized first-derivative EPR
signals we estimate that the number of spins that contribute
to this signal is about 40 times lower than those ascribed to
CB electrons in ZnO. On the other hand, the g value of this
signal is very close to that of the free electron (ge = 2.0023) and

Table 1 Apparent quantum yields for TEMPOL regeneration from
TEMPOL-H obtained under visible irradiation of the Au/ZnO
nanostructures

λ/nm va/nM s−1 ξb (%)

530 ± 12 0.553 0.27
450 ± 12 0.873 0.57

a Rate of TEMPOL regeneration obtained from the data in Fig. 6 at 450
and 530 nm. The incident photon fluxes at 450 and 530 nm are,
respectively, 121 and 186 nM s−1. b Apparent efficiencies defined as the
ratio between v and the incident photon flux.

Fig. 7 Room temperature EPR spectra of as-prepared ZnO nanoparti-
cles suspended in ethylene glycol (a), and Au/ZnO nanoparticles before
(b), and during continuous irradiation at wavelengths longer than
435 nm (c).
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can be assigned to an organic radical derived from solvent
oxidation.47

We have also observed a moderate enhancement of the
signal at g ∼ 1.96, by selectively irradiating the sample with
blue and green leds, results not shown for simplicity. The
lower intensity is accounted by the decrease in the photon flux
in comparison with the polychromatic experiment.

Although the photoinduced charge transfer mechanism in
the metal to semiconductor direction has been assessed in
TiO2 films loaded with Au nanoparticles, to our knowledge, no
related evidence existed up to this moment for zinc oxide.

Conclusions

By analyzing the fate of the TEMPOL/TEMPOL-H redox couple
we showed that ZnO/Au nanostructures can be used to modu-
late the direction of the electron transfer process at the Au–
ZnO interface. The population of the ZnO conduction band
under continuous, low power, visible excitation of the nano-
structure, unequivocally proved in this work, is of practical
interest for photocatalysis and is also relevant for the under-
standing of plasmon photoinduced charge-transfer processes
at the metal–semiconductor interface.
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