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Abstract

In the field of metal-semiconductor composites based plasmon-mediated chemical reactions, a clear and in-depth
understanding of charge transfer and recombination mechanisms is crucial for improving plasmonic photocatalytic
efficiency. However, the plasmonic photocatalytic reactions at the solid-liquid interface of the electrochemical systems
involve complex processes with multiple elementary steps, multiple time scales, and multiple controlling factors.
Herein, the combination of photoelectrochemical and electrochemical as well as spectroscopic characterizations has
been successfully used to study the effects of traps on the photo-induced interfacial charge transfer of silver-titanium
dioxide (Ag-TiO2). The results show that the increase of surface hydroxyl groups may be the key reason leading to the
increase of traps after the Ag deposition on the surface of TiO2. The increased traps of Ag-TiO2, including deep and
shallow traps, subsequently lead to the quenching of fluorescence and the reduction of photocurrent in the UV region.
But the enhanced trap recombination may also prolong the lifetime of carriers. The modulation of traps is bound to
affect the interfacial charge transfer, and thus, change the amount and lifetime of hot carriers, which can be exploited
to manipulate the molecular reactions at the Ag surface. Our work highlights the importance of traps at metal-
semiconductor electrodes that may help utilize the hot carriers in plasmonic mediated chemical reactions.

Keywords: Plasmonic; Silver-titanium dioxide; Trap state; Charge transfer; Photoelectrochemical characterization

1. Introduction

Under light excitation, a collective oscillation
phenomenon, which is called localized surface
plasmon resonance (LSPR), will occur when the
vibration frequency of free electrons on the surface
of noble metal nanoparticles (Au, Ag, Cu, etc.)
matches the frequency of the excitation light. After
the plasmons of noble metal nanoparticles (NPs)
were excited, the hot carriers generated by non-
radiative relaxation of the plasmons may be
transferred to the adsorbed molecules through the
interface, thereby inducing the interfacial oxida-
tion or reduction reactions [1e3]. Compared with
traditional photocatalytic reactions, plasmon-
mediated chemical reactions (PMCR) have the

advantages of low energy input, high selectivity,
and mild reaction conditions [4]. However, hot
carriers with higher energy tend to have shorter
lifetime. The lifetime of hot carriers generated by
plasmonic relaxation of metal NPs is generated on
the femtosecond-picosecond time scale, while the
time scale of interfacial reactions, especially elec-
trochemical reactions, is usually in microsecond or
even longer [5]. Therefore, most of the hot carriers
are consumed by recombination before reacting
with adsorbed molecules on the surface, which
leads to the low photochemical energy conversion
efficiency of metal NPs. The Schottky barrier at the
metal-semiconductor interface is formed when
semiconductors such as TiO2 or ZnO2 are com-
bined with metal NPs. The Schottky barrier can
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separate the hot electron-hole pairs with energy
higher than the barrier and prolong their lifetime
[5]. Hence, the construction of metal-semi-
conductor composite is considered to be one of the
hopeful solutions to improve the utilization effi-
ciency of hot carriers [6e8].
Among noble metal NPs, Ag NPs have signifi-

cant advantages in light scattering properties,
near-field enhancement, and economical effi-
ciency. However, the high carrier recombination
efficiency and poor chemical stability limit their
wide application. TiO2, as one of the most widely
used wide band-gap semiconductors in photo-
catalysis, has good photochemical stability and
electron transport properties. The combination of
Ag and TiO2 can improve the stability of Ag NPs
and also prolong the lifetime of carriers. In recent
years, Ag-TiO2 composite has been widely exploi-
ted in the fields of water splitting [6], CO2 reduc-
tion [9], and degradation of organic pollutants
[10,11]. However, most of the researches on Ag-
TiO2 composites were from the perspectives of
enhancing the light absorption of semiconductor
and improving the efficiency of photocatalytic re-
actions that occurred mostly on semiconductors,
while less attention was paid to PMCR at the Ag
surface in the composites. It is obvious that the
behaviors of photogenerated carriers (including
generation, separation, transfer, and recombina-
tion) are crucial to improving the efficiency of
photocatalytic reactions. Thus, more in-depth in-
vestigations are needed to find out how the elec-
tronic and structural properties of TiO2 affect the
charge transfer between Ag and TiO2, and then the
PMCR on Ag. Furthermore, the surface defects of
TiO2 usually result in different intra-band gap
states and traps. The traps are distributed within
the band gap of the semiconductor which can be
divided into deep and shallow traps in terms of
their energy. The deep trap states may impede
carrier transfer. In contrast, shallow traps may
contribute to carrier transfer. It is essential to un-
derstand the chemical nature of these traps and
their effects on interfacial charge transfer in metal-
semiconductor composites so that they could be
manipulated for a PMCR application.
Previous studies in the interfacial charge transfer

mechanism of the plasmonic-semiconductor com-
posite were mainly conducted at the gas-solid
interface by using femtosecond transient absorp-
tion spectroscopy [12]. Thus, the interfacial charge
transfer mechanism of solid-liquid interface and
photoelectrochemical system operating in solution
was not well established. Part of the reason
was that solid-liquid interfaces in photo-
electrochemical systems are more complex than

gas-solid interfaces, which brings difficulties to the
utilization of transient absorption spectroscopy.
But knowledge of the charge transfer mechanism
at the solid-liquid interface is important for in-
depth understanding and further utilization of
PMCR. Since the generation and change of pho-
toelectrochemical response (photocurrent and
photopotential) are closely related to the transport
and recombination behaviors of carriers, photo-
electrochemical methods seem to be one of the
effective methods to study interfacial charge
transfer [13].
Herein, the Ag-TiO2 NPs were synthesized and

the interfacial charge transfer mechanism was
investigated in detail using photoelectrochemical,
electrochemical, and spectroscopic methods. The
traps of Ag-TiO2 electrode were investigated by
photoluminescence spectroscopy and chro-
noamperometry. The interfacial transfer and
recombination behaviors of photogenerated car-
riers of Ag-TiO2 were studied by transient photo-
current and photopotential methods. Finally, the
charge transfer mechanism is proposed and the
effects of traps of the Ag-TiO2 composite are dis-
cussed, which may provide insight into the pho-
tocatalytic processes of the plasmonic metal-
semiconductor composite system.

2. Experimental

2.1. Chemical reagents and instrumentations

Chemical reagents of AgNO3, poly-
vinylpyrrolidone (PVP, K30), NH3$H2O, H2O2

(30%), and NaClO4 were purchased from Shanghai
Chemical Reagent Company. TiCl4 (99.6%) was
purchased from Alfa Aesar. All the chemicals were
used as received without further purification.
Milli-Q water (18.2 MU cm) was used in all
experiments.
Scanning electron microscopic (SEM) images

were acquired with HITACHI S-4800 and the
average size of the NPs was obtained by individ-
ually measuring at least 100 NPs. Transmission
electron microscopic (TEM) and high-resolution
transmission electron microscopic (HRTEM) im-
ages were collected using FEI-tecnai F30. X-ray
powder diffraction (XRD) measurements were
performed in Rigaku Ultima IV diffractometer with
Cu Ka radiation (l ¼ 1.5417 Å). X-ray photoelectron
spectroscope (XPS) with monochromatized Al Ka

radiation (VG, Physical Electrons Quantum 2000
Scanning ESCA Microprobe) was used to obtain
the surface chemical composition and electronic
state. The light absorption of samples was
measured using a UVeVis/NIR spectrophotometer
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(Varian, Cary 5000). Photoluminescence (PL)
spectra were acquired using a Hitachi F-7000
fluorescence spectrophotometer with a Xenon
lamp as the excitation source (lex ¼ 375 nm).

2.2. Preparations of TiO2 and Ag-TiO2 NPs

Ag-TiO2 NPs were synthesized in two steps
[14,15]. Fig. 1 shows the schematic representation
for the syntheses of TiO2 and Ag-TiO2 NPs. Initially,
the TiO2 NPs were synthesized by a hydrothermal
process. Under vigorous stirring, NH3$H2O
(1 mol$L�1) solution was added to ice-cold water
(50 mL) containing Ti4þ solution (0.005 mol$L�1) to
retain its pH at 9 and kept in an oven at 90 �C for
3 h. Later, the obtained precipitate was thoroughly
washed with water and dispersed in 100 mL
deionized water. H2O2 (30%, 100 mL) was added to
the above content to obtain the orange-yellow
colored peroxotitanic acid (PTA) solution. Then, the
mixture was transferred into a Teflon-lined auto-
clave and kept in an oven, and heated at 140 �C for
24 h. Finally, the anatase TiO2 sol was obtained.
The prepared TiO2 sol (25 mL) was washed and

dispersed in 50 mL of deionized water. The pH was
adjusted to 9 with diluted NaOH (1 mol$L�1) so-
lution. Then, PVP (0.8 g) was sequentially injected
under vigorous stirring. Finally, AgNO3

(10 mmol$L�1, 11.7 mL) solution was slowly added
to the TiO2 solution by a stepper. Here, PVP serves
as a surface stabilizer and reducing agent. PVP
adsorbs on the surface of Ag particles and slowly
reduces Ag þ to Ag NPs under hydrothermal
condition. After the addition of AgNO3, the reac-
tion was carried out at 90� for 8 h. Then the ob-
tained Ag-TiO2 NPs were kept aside to cool at
room temperature.

2.3. Fabrications of TiO2 and Ag-TiO2 NPs
electrodes

F-doped tin oxide (FTO) substrates were previ-
ously cleaned in a mixture of acetone (10 mL),
2-propanol (10 mL) and deionized water (10 mL)
using ultrasonication for 1 h. Previously synthe-
sized TiO2 and Ag-TiO2 NPs (2 mL) were centrif-
ugally washed with deionized water and
concentrated to 200 mL, then drop-coated on the
FTO surface to form a dense membrane electrode
(the area of the FTO with NPs was about
1 cm � 1 cm).

2.4. Electrochemical and photoelectrochemical
measurements

Electrochemical and photoelectrochemical ex-
periments were carried out using a CHI630A
electrochemical workstation (CH Instruments,
China) with a three-electrode system: the as-pre-
pared Ag-TiO2 or TiO2 electrode acted as the
working electrode, a piece of 1 cm � 1 cm plat-
inum sheet as the counter electrode, and a satu-
rated Ag/AgCl electrode as the reference
electrode. 0.5 mol$L�1 NaClO4 was used as the
electrolyte. Potential step chronoamperometric
(CA) tests were carried out in dark condition. The
electrode was first polarized at 0.25 V for 30 s, then
the potential was stepped immediately to a lower
potential and the transient current was recorded.
The photocurrent experiment was carried out
using the amperometric current-time (i-t) tech-
nique and the light exposure interval was set to be
10 s. The photopotential of the nano-electrode was
recorded by the open circuit potential (OCP)
technique, and the electrode was first equilibrated

Fig. 1. Schematic diagram for the syntheses of TiO2 and Ag-TiO2 NPs.

Journal of Electrochemistry, 2023, 29(8), 2208101 (3 of 16)



in the dark for 100 s, then the potential was
recorded under intermittent illumination. The
charge recombination process was recorded after
turning off the light.

3. Results and discussion

3.1. Crystal structure and morphology
characterization of NPs

Fig. 2a shows the XRD patterns of TiO2 and Ag-
TiO2 NPs. Among the diffraction peaks, the peaks
located at 25.2�, 37.8�, 47.8�, 54.3�, and 61.6� are
ascribed to anatase TiO2 (101), (004), (200), (105),
and (213) planes (#21e1272), respectively. The
peaks at 37.8� and 44.5� are assigned to Ag (111)
and (200) planes (#04e0783), respectively, indi-
cating that Ag exists in an elemental form in Ag-
TiO2 NPs. Except for the diffraction peaks of SnO2

from the FTO substrate, no other unattributed
diffraction peaks were detected. In the Ag-TiO2

composites, the peaks of anatase TiO2 at 25.2�,
54.3�, 69.5�, and 70.3� are weaker than those of
TiO2, which may be due to the covering and
shielding effects of Ag. Besides, no shifts in the

positions of diffraction peaks are observed. This
means that Ag is not doping in the TiO2 lattice but
is mainly deposited on the surface of TiO2 [16].
XPS analyses were conducted to further explore

the elemental composition and valence state of
TiO2 and Ag-TiO2 NPs. Compared with the XPS
pattern of TiO2, the presence of the Ag peak in Ag-
TiO2 NPs further demonstrated that Ag had suc-
cessfully located at the surface of TiO2 (Fig. 2b).
The element content ratio of Ti and O is about 1:2
in pristine TiO2 NPs, while 1:2.5 in the Ag-TiO2

NPs. Then a high-resolution spectral analysis of
each element was performed, as shown in Fig. 2c,
the O 1s peak can be fitted into two peaks that are
ascribed to the TieO bond (529.9 eV) and the
surface hydroxyl oxygen (531.5 eV). Compared
with the pristine TiO2, the content of hydroxyl
oxygen (the green area) for the Ag-TiO2 NPs in-
creases obviously, indicating that the improving
oxygen content can be assigned to the improving
hydroxyl oxygen on the surface of Ag-TiO2 NPs.
The small displacement for the peaks of pristine
TiO2 and Ag-TiO2 NPs indicates the electron
transfer process between Ag and TiO2. The Ag 3 d

Fig. 2. (a) XRD patterns of TiO2 and Ag-TiO2 NPs; (b) XPS survey spectra of TiO2 and Ag-TiO2; high-resolution XPS spectra of (c) O 1s and (d)
Ag 3 d.
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peaks are located at 368.2 eV and 374.2 eV with an
energy difference of 6 eV. The position and energy
difference of these two peaks also demonstrate that
Ag exists in an elemental (Ag0) form in the Ag-
TiO2 NPs [17].
The morphologies of TiO2 and Ag-TiO2 NPs

were analyzed by SEM and TEM. As shown in
Fig. 3a, the pristine TiO2 NPs display spindle shape
with uniform morphology. After the Ag NPs were
loaded on the surface of TiO2, there is no signifi-
cant change in the morphology of TiO2, and Ag
NPs are distributed on the surface of TiO2 in
spherical form (Fig. 3b and c). The length and short
diameter of TiO2 NPs were about 49 nm and
25 nm, respectively, and the average size of Ag NPs
was about 6 nm. As displayed in Fig. 3d, the lattice
spacing values of 0.234 nm and 0.354 nm deter-
mined by HRTEM correspond to the Ag (111)
plane and TiO2 (101) plane, respectively, indicating
that Ag0 had successfully attached to the surface of
TiO2 [18], which is also consistent with the XRD
and XPS data.

3.2. Optical properties of TiO2 and Ag-TiO2 NPs

The UVeVis absorption spectra of synthesized
TiO2 and Ag-TiO2 NPs are displayed in Fig. 4a. The

onset wavelength of the TiO2 absorption spectrum
at about 385 nm corresponds to the fundamental
absorption of anatase TiO2. The Ag-TiO2 NPs
exhibited a broader absorption in the visible light
region with a peak near 420 nm, which may be
attributed to the SPR effect of Ag. However, the
absorbance of composite samples decreases in the
region of 200e350 nm, which is due to the coverage
with Ag NPs. The band gaps of TiO2 and Ag-TiO2

NPs were calculated using the Tauc formula
(Fig. S1), which are 3.20 eV and 2.87 eV, respec-
tively. The Ag NPs were not doping into the lattice
but deposited on the surface of anatase TiO2 ac-
cording to the previous results of XRD and
morphology analyses. Therefore, the narrowing
band gap of Ag-TiO2 NPs can be attributed to
changes in surface states, which can form quasi-
continuous defect energy levels between the CB
and VB of TiO2. The calculated band gap of Ag-
TiO2 NPs is also called the pseudo-band gap.
Fig. 4b presents the photoluminescence (PL)

spectra of TiO2 and Ag-TiO2 NPs excited at 385 nm.
Because the Ag NPs cannot result in new fluores-
cence phenomena, the PL peak positions of Ag-TiO2

and TiO2 are similar, showing two main PL emission
peaks located at 501 nm and 607 nm, respectively.
However, the PL peak intensities of Ag-TiO2 are

Fig. 3. SEM images of (a) TiO2 NPs and (b) Ag-TiO2 NPs; (c) TEM and (d) HRTEM images of Ag-TiO2 NPs.
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much lower than those of TiO2 NPs. It also can be
seen from the PL spectra that the peak at 501 nm is
higher than 603 nm for both in TiO2 and Ag-TiO2

NPs, and the ratio of Peak501/Peak607 in TiO2 is about
3.86. This phenomenon is possibly the result of more
trapped holes than trapped electrons in both NPs.
The PL intensities of the Ag-TiO2 NPs decrease in
contrast to those of the TiO2 NPs, and the ratio of
Peak501/Peak607 also decreases to 3.47. According to
the previous results, the loading of Ag NPs results in
an increase in the content of surface hydroxyl
groups (OH�), so there is no doubt that the traps
formed by the surface OH� are bound to increase
accordingly. The reasons for more surface traps
resulting in low PL intensity in the Ag-TiO2 NPs
may be due to the following facts: Firstly, the
covering of Ag NPs on TiO2 may weaken the UV
light irradiation onto TiO2 by scattering or absorp-
tion, which would reduce the photogenerated car-
riers and lower the overall PL activity. Secondly, the
conduction band electrons generated by photoexci-
tation will inject electrons into Ag NPs under UV
light irradiation, which may reduce the radiative

recombination of TiO2. Thirdly, the increase of traps
may also contribute to non-radiative recombination,
which competes with radiative recombination. This
also makes the PL intensity decreases. The lower
ratio of Peak501/Peak607 in Ag-TiO2 than in TiO2 in-
dicates that there is more radiative recombination of
traps corresponding to the peak at 501 nm in Ag-
TiO2 electrode.
According to the PL results and other previously

reported results [19,20], we propose the fluores-
cence generation mechanism of TiO2 and Ag-TiO2

as shown in Fig. 5. Undoubtedly, the fluorescence
emissions of TiO2 and Ag-TiO2 NPs come from the
traps including oxygen vacancies, defects, surface
hydroxyl groups, etc. At first, the photo-excitation
induced TiO2 interband transition generates elec-
trons and holes. Then radiative recombination of
carriers generates fluorescence, and non-radiative
recombination dissipates energy as thermal energy
at the interface or bulk. A small portion of un-
combined carriers would migrate across the
interface and generate photocurrent. The detailed
process is given as follows.

Fig. 4. (a) UV-Vis, (b) PL and (c) TRPL spectra of TiO2 and Ag-TiO2 NPs. In the TRPL test, the TiO2 and Ag-TiO2 samples were excited at 385 nm
and detected at 500 nm.
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As shown in Fig. 5, the equation (5) is denoted

as the process 1, which is the recombination of free
electrons in the conduction band (CB) with trapped
holes. The fluorescence peak of this process is
located at 501 nm, indicating that the maximum
density of trapped holes, which can undergo radi-
ative recombination subsequently, is located at
0.72 eV above the valence band (VB) in terms of
energy level. In contrast, the equations (6) and (7)
are denoted as the process 2, which are the

recombination of free holes in VB with trapped
electrons [21]. The fluorescence peak of this process
is located at 607 nm, indicating the maximum
density that can undergo radiative recombination is
located at 1.36 eV below CB. Therefore, the trapped
electrons are dominated by the deep traps. In other
words, the fluorescence emission of the process 2
mainly comes from the recombination process of
deep trap states. The reason for the decreased ratio
of Peak501/Peak607 of Ag-TiO2 to 3.47 possibly is the
increased surface hydroxyl groups mostly acting as
electron traps rather than hole traps. The increased
electron traps offset part of the process 2 is the
electron fluorescence quenching process. Although
surface hydroxyl groups can trap both electrons and
holes, surface hydroxyl groups act mainly as elec-
tron traps in this work.
The lifetime and recombination dynamics of

carriers were analyzed by the time-resolved
photoluminescence (TRPL) spectrum. The ob-
tained TRPL results and corresponding fitting
parameters are given in Fig. 4c and Table S1,
respectively. In the TRPL test, the lifetime of car-
rier was detected at 500 nm corresponding to the
process 1. Thus, the process of recombination
takes place between conduction band electrons
and trapped holes. After loading Ag on the sur-
face of TiO2, the average carrier lifetime only
slightly decreased from 1.79 ns to 1.72 ns. It in-
dicates that the surface hydroxyl groups have a
feeble effect on the recombination process of
holes and surface hydroxyl groups mainly trap
electrons rather than holes. Therefore, the main
reason for the fluorescence quenching of the Ag-
TiO2 composite is the weakening of UV light ab-
sorption of TiO2 and the electrons transferring
from the TiO2 conduction band to Ag NPs.

Fig. 5. Schematic diagram of the fluorescence emission mechanism for (a) TiO2 and (b) Ag-TiO2 NPs.
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3.3. Electrochemical investigation of traps in TiO2

and Ag-TiO2 NPs electrodes

The traps of semiconductor electrodes include
surface dangling bonds, adsorbed molecules, sur-
face and bulk defects, etc. Traps can capture car-
riers, and significantly affect the transfer of
electrons and holes at the interface, which has
been shown in previous spectroscopic results. To
further understand the changes of traps before and
after Ag loading, the distribution of traps in TiO2

and Ag-TiO2 electrodes at different potentials was
investigated by the CA curve. In principle, when
the potential was applied to a nano-semiconductor
electrode, the Fermi energy level of the electrode is
controlled by the applied potential, and the traps
around the energy level will be filled with elec-
trons, which are injected from the applied electric
field. Therefore, the decay of current in the CA
curve is related to the trapping process in the
bandgap region [22,23]. The accumulated charge Q
can be calculated by integrating the current-time
curve from the initial to steady state. The Ntrap can
be calculated by Equation (8).

NtrapðVÞ ¼1
q
� dQ

dv
ð8Þ

Where, q is the elementary charge, Q is the accu-
mulated charge calculated by integrating, and V is
the applied potential. Hence, CA curve provides a
direct method to measure the density of traps in
electrodes. The CA curves of Ag-TiO2 and TiO2

electrodes are shown in Fig. 6a and Fig. S3,
respectively. The detailed calculation for the nu-
merical values of Q and traps is given in Table S2.
As seen from Fig. 6a, after the potential stepped

from 0.25 V to a negative potential (0.2 to �0.8 V), A
sharp cathodic current peak was observed imme-
diately, and then the current decayed to a steady
state gradually. Fig. 6b shows the relationship be-
tween the Q and the potentials of TiO2 and Ag-
TiO2 electrodes. It can be seen that both TiO2 and
Ag-TiO2 electrodes have a low Q at 0.20 Ve0 V. As
the potential moved to �0.20 V, Q rised almost
exponentially. This means that there are a lot of
traps at this potential. But this trend slowed down
as the potential continued to move negatively.
Compared with the TiO2 electrode, the Ag-TiO2

electrode has a higher Q, and this also shows that
the Ag-TiO2 electrode has more traps than TiO2.
As shown in Fig. 6c, the TiO2 and Ag-TiO2

electrodes have different trap distributions at
different potentials, but both electrodes show a
trend of an increase followed by a decrease. The
flat band potential and carrier concentration of
TiO2 and Ag-TiO2 electrodes were examined by

the Mott-Schottky plot (Fig. S3). The flat band
potentials of TiO2 and Ag-TiO2 electrodes are
�0.20 V and �0.32 V, respectively. Then the energy
level of the conduction band was calculated based
on the flat band potential and the carrier concen-
tration. The detailed calculation process is given in
S6. For the TiO2 electrode, EC ¼ EFþ0.10 eV, this
means that the conduction band is 0.10 eV above
the Fermi level. For the Ag-TiO2 electrode,
EC ¼ EFþ0.091 eV, so the conduction band is
0.091 eV above the Fermi level. Based on this, we
draw the traps filling level diagram as shown in
Fig. 6d. Since Ag NPs are easily oxidized at positive
potentials, the filling depth of the traps is about
0.40e0.50 eV below the conduction band which
corresponds to the part of shallow energy levels
trapped by surface hydroxyl groups. According to
the calculation, in the potential range of 0.20 to
�0.60 V the trap density of Ag-TiO2 electrode is
higher than that of TiO2. The trap density in TiO2 is
1.47 � 1017/cm2, while 4.14 � 1017/cm2 in Ag-TiO2,
which is about 2.82 times the number of TiO2. This
may be because the Ag-TiO2 electrode has more
surface hydroxyl groups. During the process of the
potential step, surface hydroxyl groups can capture
injected electrons to generate trapped electrons,
which leads to more trap density of the Ag-TiO2

electrode during measurement. The change of the
electrode trap density after Ag loading on TiO2 will
significantly affect the transfer of photogenerated
electrons and holes at the interface, and then af-
fects the subsequent photocurrent and photo-
voltage responses.

3.4. Transient photocurrent of Ag-TiO2 and TiO2

NPs electrodes

To investigate the effect of traps on the interfacial
charge transfer mechanism of the electrodes, the
photocurrent responses of the TiO2 and Ag-TiO2

electrodes were measured at 0.2 V under the illu-
mination of different wavelengths (Fig. 7a and b).
At this potential, the band bending of TiO2 is
depletion type and Ag will not be oxidized. As
shown in Fig. 7a and b, both the TiO2 and Ag-TiO2

electrodes exhibited positive photocurrents at all
excitation wavelengths. Under continuous light
radiation of 365e370 nm, the photocurrent of TiO2

electrode was raised sharply at first and then
slowly increased to a steady state. In contrast,
when the excitation wavelength range changed to
385e390 nm, the transient photocurrent exhibited
an initial sharp spike and followed by a wide
platform with continuous illumination. As the
wavelength shifted continuously towards the
longer wavelengths, the photocurrent gradually
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weakened and finally disappeared. In contrast to
the varied behavior of TiO2 electrodes, the Ag-TiO2

electrodes showed similar transient profiles at
different wavelengths. When the light was turned
on, a positive current peak appeared and followed
by a rapid decay. Inside the visible region, the Ag-
TiO2 electrode still exhibited a high photocurrent
response and the photocurrent reached a
maximum at 420e430 nm. The difference between
the transient behaviors of TiO2 and Ag-TiO2

electrodes implies different dynamics. Therefore,
the interfacial charge transfer mechanisms under
the illumination of two typical wavelengths (UV
and Visible light) are discussed based on the re-
sults of the transient photocurrent measurements.
The elementary processes of charge transfer

under the illumination of UV light on the TiO2 and
Ag-TiO2 electrodes are schematically illustrated in
Fig. 8a and b. The transfer of electrons and holes is
the main focus under closed-circuit conditions.

Fig. 6. (a) Chronoamperometric curves of Ag-TiO2 electrode after the potential step from 0.25 V to different potentials positive of 0.25 V;
Accumulated charge density and traps of (b) TiO2 and (c) Ag-TiO2 electrodes. (d) The energy band diagram of the trap filling process.

Fig. 7. Transient photocurrent responses of (a) TiO2 and (b) Ag-TiO2 electrodes under intermittent light illumination of different excitation
wavelengths. The curves were recorded at 0.2 V.
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Process a represents the interband excitation of
TiO2, during which a lot of electrons are generated
in the conduction band and holes in the valence
band. Process b is the interband recombination of
conduction band electrons and valence band holes.
Processes c and e are the electron transition from
the valence band to trap states and from trap states
to the conduction band, respectively, which are
both trap states related excitations. Processes d and
f are the trap recombination on surface and in
bulk, respectively. Processes i and h are electrons
and holes scavenging at the semiconductor/solu-
tion interface, respectively. Process m is electron
transport to the external circuit through FTO. The
electron transfer processes between Ag and TiO2

are accelerated by the loading of Ag onto TiO2

surface. As shown in Fig. 8b, Process j is denoted as
the electron transfer from the TiO2 conduction
band to Ag NPs in Ag-TiO2 and the recombination
of carriers process appears on the surface of Ag
NPs (Processes k, l ).
At the moment of illumination with 365e370 nm,

TiO2 is almost exclusively excited to generate
photogenerated carriers and Processes a, c and e
happen first. In the presence of built-in electric

field, the photogenerated electrons and holes
would be separated. Then the electrons were
transferred to the external circuit through FTO
(Process m), and the holes were transferred to the
interface and captured by the redox species (Pro-
cess h) in the solution. Their joint effect leads to a
positive photocurrent both in the TiO2 and Ag-
TiO2 electrodes. As for the TiO2 electrodes, the
number of conduction electrons derived from the
interband excitation is far greater than that of trap
electrons because the interband excitation (Process
a) is dominating. Then the electron transition
(Process c) takes place between shallow trap levels
and the conduction band, which is slower than the
interband transition. This contributes to the sub-
sequent slight increase of photocurrent. The tran-
sient photocurrent response of the Ag-TiO2

electrode at this wavelength range is different from
that of the TiO2 electrode in two aspects: 1) the
steady-state photocurrent is much lower than that
of TiO2; 2) the photocurrent decreases slightly after
the initial rise. These differences come from three
reasons. First, the deposition of Ag NPs on the
TiO2 surface leads to less light absorption by TiO2.
Second, the Ag-TiO2 electrodes have more traps

Fig. 8. Mechanisms for charge transfer at the interface of TiO2 and Ag-TiO2 electrodes under the illumination of two typical wavelengths.
At 365e370 nm (a) TiO2; (b) Ag-TiO2; At 460e470 nm (c) TiO2 (d) Ag-TiO2; The charge transfer is main focus under closed-circuit conditions.

Journal of Electrochemistry, 2023, 29(8), 2208101 (10 of 16)



than the pristine TiO2, increasing the process of
trap recombination (Processes d, f ). Finally, the
electrons of the conduction band may be trans-
ferred to the Ag (Process j ) and recombined under
the irradiation of 365e370 nm light, which induces
the decrease of photocurrent.
As the wavelength changed to 385e390 nm, this

excitation wavelength range just crosses over the
onset wavelength of anatase TiO2, which means
that both interband and intraband excitations
occur. In the TiO2 electrode, shallow trap states
also participated in generating carriers along with
valence and conduction bands at the moment of
illumination, which causes the decreases of con-
duction electron number and initial photocurrent
of 385e390 nm compared with 365e370 nm. Then
the transitions from conduction band and shallow
traps to deep trap levels came into play, especially
the latter. This process led to the subsequent
decrease of the photocurrent and the current spike
appeared. The shape of photocurrent profile for
the Ag-TiO2 electrode is similar to that of the TiO2

electrode, but with higher photocurrent spikes. As
mentioned in the previous discussion, the
increased traps of Ag-TiO2 and conduction band
electrons transferred from TiO2 to Ag cause the
enhancement of recombination, which leads to
above photocurrent responses.
As the wavelength shifted to the visible region

longer than 470 nm, the Ag-TiO2 electrode still
showed an obvious photocurrent response but the
TiO2 electrode did not. The proposed mechanism
of charge transfer at the interfaces of TiO2 and Ag-
TiO2 is shown in Fig. 8c and d, respectively. Since
the TiO2 electrode exhibited no obvious photo-
current response at this wavelength range, only the
excitation of the plasmons of Ag NPs is considered.
Process 1 is denoted as the excitation of the plas-
mons of Ag NPs which generates hot carriers;
Process 2 is the immediate hot carriers recombi-
nation; Processes 3 and 4 represent the capture of
hot holes and hot electrons at the Ag-solution
interface, respectively; Process 5 is the hot electron
transfer from the Ag NPs to the conduction band of
the TiO2 NPs at this wavelength; Process 6 is the
recombination of the hot electrons with traps. After
electrons were transferred to the TiO2 through
Process 5, Processes 8 and 9 took place. Process 8
corresponds to the interband recombination at the
TiO2. Process 9 is the hot electrons captured by
water at the TiO2 surface. For the TiO2 electrode, in
the wavelength range of 460e470 nm, the energy of
incident photons is so low that only little traps
were excited. In addition to partial recombination
e�/hþ pairs, the number of carriers forming the
current is too small to detect obvious photocurrent.

But the Ag-TiO2 electrode exhibits maximum
photocurrent at 420e430 nm, which corresponds to
the SPR absorption peak of Ag NPs. At the
beginning of illumination, the plasmons of Ag NPs
were excited to generate lots of hot carriers (Pro-
cess 1). Part of the high-energy electrons crossed
the barrier and were transferred to the conduction
band of the TiO2 (Process 5) then to the external
circuit along the conduction band. Apart from this,
the electrons and holes were also transferred to the
Ag-solution interface and captured by the redox
species, which generated negative and positive
currents, respectively. But the net results of these
processes show that the anodic process is faster
than the cathodic process, which leads to a positive
photocurrent. As the illumination continues, the
carriers were rapidly accumulated, causing the
enhanced recombination (Processes 2 and 6). This
is reflected by the decay and spike of the photo-
current. But at this point the positive process still
dominates, so the net result of the photocurrent is
still positive.
Under the irradiation of the UV region, the Ag-

TiO2 electrode has a weaker photocurrent but
more obvious spike than the pristine TiO2 elec-
trode. Both the intensity and trend of photocurrent
indicate more carriers recombination process in
the Ag-TiO2 electrode. Therefore, the recombina-
tion of the electrodes at different wavelengths is
quantitatively estimated by fitting the photocur-
rent decay curves [24]. The photocurrent decay
curves of the electrode at different wavelengths
can be generally divided into three segments as
shown in Fig. 9: (1) the photocurrent spikes at the
instant of illumination with a current value of J0; (2)
the photocurrent decays toward a steady-state
value of J∞ and (3) the photocurrent rapidly decays
to 0 at the instant of light cutoff.
At the instant of illumination, the electron-hole

occurs and leads to the generation of positive

Fig. 9. Photocurrent transients of TiO2 and Ag-TiO2 electrodes. Where
J0 represents the photocurrent peak measured at t z 0, and J∞ was
measured at t ¼ 10 s.
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photocurrent. As the illumination continues, the
recombination at the surface and bulk increases,
and the strong recombination results in a positive
photocurrent spike. Under prolonged light illumi-
nation, the carriers recombination reached a
steady state, thus the photocurrent gradually ach-
ieves a steady state too. Based on this, Equation (9)
can be derived

J∞
Jo
¼ ktr
ktr þ krec

ð9Þ

Where, krec is the carriers recombination rate
constant and ktr is the carriers charge transfer rate
constant at the semiconductor-electrolyte inter-
face. The carriers transfer and recombining kinetic
constants Rt/r ¼ ktr/krec for the TiO2 and Ag-TiO2

electrodes at different wavelengths are calculated
and the results are shown in Table 1. According to
the results, the values of interfacial charge transfer
coefficient Rt/r for the Ag-TiO2 electrode are less
than 1 at all wavelengths, which implies that the
number of recombined photogenerated carriers in
the Ag-TiO2 electrode under light is larger than
that of transferred ones. Furthermore, the charge
transfer coefficient Rt/r of the Ag-TiO2 electrode
gradually decreases with the red-shift of wave-
length, which is due to the energy of hot electrons
generated by the SPR excitation of Ag decreased.
Hot electrons are harder to cross the Schottky
barrier causing the increased recombination. In
addition, the values of interfacial charge transfer
coefficient of Rt/r for the Ag-TiO2 electrode are
smaller than that of the pristine TiO2, indicating a
stronger charge recombination process in the Ag-
TiO2 electrode. In the previous calculation of trap
state in Section 3.3, the trap state densities of Ag-
TiO2 electrodes are much higher than those of
TiO2. The higher density of deep traps may lead to
the increase in the nonradiative recombination of
carriers and inhibit the interfacial carrier transfer.
This is also the reason for the TiO2 electrode
maintaining a relatively stable photocurrent dur-
ing multiple light on-off cycles, while the Ag-TiO2

electrode has a gradually decreasing transient
photocurrent response. The photo-generation,

transfer, recombination and other processes of
carriers often need to go through several inter-
mittent cycles before achieving an equilibrium,
and this is closely related to trap states. The more
traps the electrode has, the longer time it takes to
reach stable state. On the other hand, the injection
of photogenerated electrons from TiO2 to Ag is
another major reason for the decrease of Rt/r for
the Ag-TiO2 electrode in the UV region. After
loading Ag on the TiO2 surface, part of the pho-
togenerated electrons may be transferred to the Ag
and annihilated under the illumination of UV light,
which has been confirmed by photoluminescence
spectroscopy. Thus, the two main reasons result in
a reduced photocurrent response in the UV region
in this system.
Consequently, the photocurrent curves of TiO2

and Ag-TiO2 electrodes were recorded, accord-
ingly, the photocurrent shape and intensity are
analyzed in this part. The existence of Processes 5
and j indicates that the direction of interfacial
charge transfer in Ag-TiO2 is different at different
wavelengths. Under UV illumination, electrons are
transferred from TiO2 to the surface of Ag. On the
contrary, under visible light, hot electrons cross the
barrier and are transferred from Ag to TiO2.
Therefore, the molecular reactions taking place at
the Ag surface can be modulated easily by
changing light wavelengths. Additionally, the
charge transfer/recombination ratios of TiO2 and
Ag-TiO2 electrodes at different wavelengths can be
calculated. The result shows that there is more
carrier recombination in the Ag-TiO2 electrode
than that in the TiO2 electrode. Combining the
results of Section 3.3, part of the increased surface
hydroxyl groups may act as deep trap states,
inhibiting the separation of carriers and increasing
the recombination process. This means that we
should control the number of traps for better SPR
catalytic performance.

3.5. Transient photopotential and photogenerated
electron-hole recombination processes at Ag-TiO2

interface

To further investigate the photogenerated elec-
tron-hole recombination processes at the Ag-TiO2

interface, the open circuit photopotential re-
sponses of TiO2 and Ag-TiO2 electrodes had been
measured under the irradiation of different wave-
lengths. As shown in Fig. 10a and b, the OCPs
of both TiO2 and Ag-TiO2 electrodes moved
negatively when illuminated, which is a typical
n-type semiconductor characteristic. Under UV
light irradiation, the Ag-TiO2 electrodes exhibited
weaker photopotential responses than the TiO2

Table 1. Ktr/Krec at different wavelengths for theTiO2 and Ag-TiO2

electrodes.

Wavelength/nm Ktr/Krec

TiO2 Ag-TiO2

365e370 �2.51 0.97
385e390 2.85 0.47
420e430 6.14 0.45
460e470 / 0.38
520e530 / 0.35
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electrodes. But the Ag-TiO2 electrodes still had
obvious photopotential response under the irradi-
ation of visible light until 520e530 nm light, while
the TiO2 electrodes had almost no response at
longer wavelengths than 420e430 nm.
The mechanisms of interfacial charge recombi-

nation on the TiO2 and Ag-TiO2 electrodes are
shown in Fig. 10d. Since there is no current in the
circuit under open circuit conditions, it is the
photogenerated carrier accumulated on surfaces
that led to the OCP shift of electrodes. Then the
electrons and holes are forced to recombine,
which leads to the decay of the transient photo-
potential. For the TiO2 and Ag-TiO2 electrodes,
the electrons were accumulated in the conduction
band at the moment of illumination, which causes
the Fermi level to move upward [25]. Therefore,
both the TiO2 and Ag-TiO2 electrodes show a
negative OCP shift under the irradiation. How-
ever, the Ag-TiO2 electrodes had a weaker pho-
topotential response than the TiO2 electrodes in
the UV region. This phenomenon mainly comes
from the following points: (a) the covering effect of
Ag on TiO2 may weaken part of UV light irradia-
tion; (b) the charge transfer from TiO2 to Ag NPs
(Process j ) under UV light irradiation partially

removes the accumulated electrons; (c) the Ag-
TiO2 electrode had a higher trap density than the
TiO2 electrode, which may capture photo-induced
carriers and recombination (Process i), and then
lead to less accumulated interfacial charges and
lower photopotential.
The decay rate of photopotential after the illu-

mination cutoff is a good indication of electrode
trap states. The recombination kinetics of accu-
mulated interfacial carriers can be extracted from
decay profiles after the illumination cutoff [26]. The
decay profiles of TiO2 and Ag-TiO2 electrodes
under the illumination of different wavelengths are
fitted using a bi-exponential model:

yðtÞ¼A0þA1 expð� t =t1Þ þA2 expð� t =t2Þ ð10Þ

tm¼ðt1t2Þ= ðt1þt2Þ ð11Þ

Where t1 and t2 are the carrier lifetimes, tm is the
harmonic mean lifetime, A1 and A2 are the corre-
sponding pre-exponential factors. Fig. 10c shows
the photopotential decay fitting and lifetime
calculation of TiO2 electrode under 365e370 nm
illumination. The fitting results from Fig. 10 are
shown in Table 2. More fitting results at other

Fig. 10. Transient photopotential responses at different wavelengths under intermittent illumination. (a) TiO2 and (b) Ag-TiO2 electrodes; (c)
double exponential fitting curves of photopotential decay for TiO2 after irradiation at 360e370 nm. (d) The mechanisms of interfacial charge
recombination of Ag-TiO2; left is 365e370 nm; right is 460e470 nm. Here, the recombination of photogenerated carriers is the main process under
open circuit condition.
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wavelengths are shown in S5 and S6. The calcu-
lated carrier lifetime values of TiO2 and Ag-TiO2

electrodes are mostly in the range of several sec-
onds, which is comparable to the time scale of
interfacial reactions. Therefore, this method
mainly focuses on the interface charge transfer
process after contact with the solution.
The fitting results show that the photopotential

decay of TiO2 electrodes at 365e370 nm can be
divided into a fast process and a slow process. At
this wavelength, the excitation is mostly from the
interband transition of TiO2. Because the interband
recombination is much faster than trap recombi-
nation, the fast part corresponds to the interband
recombination (Process b) and the slow part can be
attributed to the recombination of traps like surface
hydroxyl groups and solution species (Processes
d and i). Similar to the TiO2 electrode, the fast decay
after cutoff of Ag-TiO2 electrode can be ascribed to
the interband recombination, too. The slow decay
mainly corresponds to trap recombination, and
partially to electron transfer toward the Ag. As
shown in Fig. 10a and b, the slope of the photo-
potential decay curve for the TiO2 electrode is
much higher than that of the Ag-TiO2 at
365e375 nm. The sharp curves indicate that the fast
process has a large contribution to the total pho-
topotential response. Hence the ratio of the slow
recombination process in the Ag-TiO2 electrode is
significantly higher compared with that in the TiO2

electrode. It is the result of increased hydroxyl of
Ag-TiO2 NPs, compared with that of TiO2 elec-
trodes, the Ag-TiO2 electrodes have more shallow
traps recombination process. Another contributing
factor is the charge transfer from TiO2 to Ag (Pro-
cess j ) at this wavelength, which also helps sepa-
rate electron-hole pairs and induces the slow
process to be increased. The increase of the slow
recombination process may results in a prolonged
carrier lifetime [27], so the carrier lifetime of Ag-
TiO2 is longer than that of TiO2 at this wavelength.
As the excitation wavelength is shifted toward

longer wavelengths, the slope of the decay curves
for the TiO2 electrode decreases accordingly. Under
sub-band illumination, the photon energy is not
high enough to excite the interband transition, thus
fewer and fewer electrons are excited to the con-
duction band (Process a). In this condition, electrons

are excited to shallow traps (Process e). Few elec-
trons can be transferred to the conduction band
(Process c) and recombination with holes. There-
fore, trap recombination processes gradually
dominate. The increased slow process contributes
to lower slopes and longer carrier lifetime. Under
the illumination of 460e470 nm, only trap states can
be excited and few electrons could be transferred to
the conduction band. The fitting result is mono-
exponential, which means only slow process hap-
pens at this wavelength, and the calculated photo-
generated carrier lifetime is also increased to 59.75s.
For the Ag-TiO2 electrode, the excitations are

mostly from the SPR of Ag NPs under 460e470 nm
and longer wavelengths. Due to the lifetime of hot
carriers generated by plasmonic relaxation is
relatively short, the fast process in the photo-
potential decay after cutoff can be attributed to the
interband recombination in TiO2 and the slow
decay mainly corresponds to the recombination of
traps in TiO2. These processes happened after hot
electrons being transferred across the energy bar-
rier from Ag toward the TiO2 conduction band.
There are more traps but a shorter carrier lifetime
in the Ag-TiO2 electrode. The results of which
indicate that hot electrons in Ag are more likely to
be recombined with deep traps at the interface
(Process 6) than transferred to the conduction band
of the TiO2 (Process 5). In this case, the lower
excitation energy is more beneficial to the recom-
bination process of hot electrons with deep traps,
which leads to the decrease of the Rtr/Rrec ratio as
the wavelength shifts toward the longer one.
Furthermore, the transient photopotential of Ag
NPs was also measured for comparison, as shown
in Fig. S7. The Ag-TiO2 electrode has a higher
photopotential and a longer lifetime compared
with the Ag electrode. Because the Schottky barrier
at the Ag-TiO2 interface can effectively separate
the charge carriers (Process 5), thereby the carrier
lifetime is prolonged.

4. Conclusions

In summary, the effects of traps on the photo-
induced interfacial charge transfer of Ag-TiO2 were
systematically investigated by using photo-
electrochemical, electrochemical, and spectroscopic

Table 2. Calculation of decay lifetime by photopotentials of TiO2 and Ag-TiO2.

Wavelength/nm Sample A1 t1/s A2 t2/s tm/s

365e370 TiO2 �0.261 1.59 �0.067 15.60 1.44
Ag-TiO2 �0.0009 2.51 �0.012 36.84 2.34

460e470 TiO2 �0.015 5.82 �0.083 38.89 5.06
Ag-TiO2 �2.930 � 10�3 4.229 �1.415 � 10�2 30.84 3.72
Ag �0.006 2.85 �0.005 29.34 2.59
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methods. Trap state densities of TiO2 and Ag-TiO2

were evaluated by PL measurements and the dis-
tributions of traps in the TiO2 and Ag-TiO2 elec-
trodes at different potentials were estimated by
potential step CA measurements. In comparison
with the TiO2 electrode, the trap density of the Ag-
TiO2 electrode was found to be significantly higher.
According to the IR and XPS characterizations, the
increase of traps may be attributed to the increase of
hydroxyl groups on the surface of TiO2 in the com-
posite, and the traps mainly act as electrons trap
rather than holes trap in the as-synthesizedAg-TiO2

of this work. The charge transfer/recombination
ratios, which were determined by the transient
photocurrent measurements, show that there were
more carrier recombination in the Ag-TiO2 elec-
trode than in the TiO2 electrode. The increased
traps, including deep and shallow traps, reduced the
photocurrent in the UV region. On the other side,
the comparison of the photogenerated carrier life-
time for the TiO2 and Ag-TiO2 electrodes, which
were estimated through the transient photopotential
measurements, indicates that the increased traps
promoted the recombination process but prolonged
the lifetime of carriers. This possibly can be attrib-
uted to the transitions among the conduction band,
shallow trap states and deep trap states. The shallow
traps may capture photoexcited electrons and
transfer the carriers to the conduction band for
reuse. These results emphasize the roles of different
kinds of traps in metal-semiconductor composite,
which should be considered to get a better catalytic
activity or modulate the reaction taking place on the
Ag interface. Meanwhile, the combined utilization
of photoelectrochemical, electrochemical and spec-
troscopic methods in this work also broadens the
research methods of the plasmonic composite sys-
tem and provides a reference for the in-depth study
of metal-semiconductor composite.
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