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ABSTRACT:

Noble metal nanoparticles are widely used as the co-catalysts for storing and separating
electrons in semiconductor photocatalysis. Determining such ability to is important and
meaningful to understand photocatalytic mechanism. Taken the Ag nanoparticles into
consideration, the present research combines in-situ photoconductances and theoretical
analysis to evaluate the Fermi-level (Er) shift of the UV-illuminated Ag/TiO. system under
gaseous conditions, based on which the role of the Ag nanoparticles in storing and separating
electrons was discussed. It was found that the Er of the Ag/TiO2 locates deeper into the gap,
and the temperature variation has less effect on the Er of the Ag/TiO2, as compared to the
undecorated TiO.. The analysis shows that ~ 46 electrons can be stored in 10 nm Ag
nanoparticles under our experimental conditions, which does not change with temperatures.
The electron traps in the TiO2 can affect the electron distribution in the TiO; and Ag
nanoparticles. It was seen that the localized surface plasmon resonance (LSPR) of the Ag
nanoparticles exhibits a blue-shift under UV light illumination, which is generally ascribed to
the electron storage in the Ag nanoparticles. However, we showed that the blue-shift should
have nothing to do with the electron storage in the Ag nanoparticles, so it cannot be used as
an indicator for evaluating the electron storage ability. The in-situ XPS analysis also does not

support that the LSPR blue shift can connect with the reduction of the Ag20O layer and TiO».
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1. INTRODUCTION

Replacing fossil fuels is required to cut CO2 emission and limit global temperature rise.
Heterogeneous photocatalysis is a solution as it uses solar energy to drive chemical reactions,
such as hydrogen generation,? CO2 reduction, *° pollutant removals,®’ and chemical
reforming.®® TiO; is a typical photocatalyst that has been widely studied for several
decades. 12 However, the pristine TiO; suffers from fast carrier recombination and low
photocatalytic activity. Decoration with co-catalysts is the general way to increase
photocatalytic activity by changing the carrier kinetics.®*® The co-catalysts include oxides,
sulfides, carbides, and metals. Metallic nanoparticles, such as Ag,'’ Au,*® Pt,*° Pd,?° and Ru,?*
have been widely used in the photocatalysis of TiO2 and other semiconductors. Transient
studies had shown that the photoinduced electrons in TiO2 can transfer to metallic
nanoparticles in a very short time, and thus the charge carriers are effectively separated.???

The role of metallic nanoparticles in separating carriers can affect the thermodynamic
property of the electrons in semiconductors and metallic nanoparticles. As electron transfer
from TiO, to metallic nanoparticles is fast, the electron distribution in them and TiO: is at the
thermodynamic equilibrium under steady state. The Fermi-level (E) of Au + Ti02,%4% Ag +
Ti02,%2" and Au + ZnO? under UV light illumination had been determined by the Nernst
equation through a titration method in solutions, and the result showed that the addition of Au
and Ag nanoparticles could move the Er closer to the conduction band (CB) edge of TiOo.
The Er up-shift increases the electron reduction ability and the electron density in TiO, and
more electrons can also be stored in metallic nanoparticles; this should be beneficial for

photocatalytic reactions from the viewpoint of thermodynamics. For the plasmon metal
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nanoparticles, such as Ag and Au, it had also been seen that UV light illumination leads to a
blue-shift in the localized surface plasmon resonance (LSPR), which was ascribed to the
electron storage in the metal nanoparticles.?>?¢ However, it had been also revealed that the
LSPR blue shift is not caused by the electron storage.?®

The titration used to obtain the Er in solutions cannot be used for gaseous conditions.
Although the Er can also be determined from scanning Kelvin probe that detects working
function change,®®! it is difficult to be integrated in the in-situ experimental environments.
The Ag nanoparticle decorated TiO2 (Ag/TiO2) materials had been used in photocatalysis and
photochromism;32% they should both rely on electron distribution between TiO, and Ag
nanoparticles. The current research developed a method to study the effect of Ag decoration
on the Er of the TiO2 under gaseous condition and at different temperatures. The in-situ
photoconductance measurements and theoretical analysis were combined to calculate the
difference between the conduction band edge and Er of the TiO2 (Ecs-Er) and evaluate the
electron storage in Ag nanoparticles for the Ag/TiO2 under UV light illumination. We
obtained the different result for the effect of Ag nanoparticles on the Er and their role in
storing electrons is discussed. Furthermore, it was also clarified that the LSPR blue-shift does
not arise from the electron storage in the Ag nanoparticles, and also might not relate with the
Ag and TiOz reduction.

The finding should be meaningful for understanding physiochemical properties of
plasmon/semiconductor systems under UV light illumination. The method used to study the
Er and electron storage is not limited for the Ag nanoparticles and TiO, and can be used for

the other metallic nanoparticle decorated semiconductors. In addition, heterojunction
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photocatalysis was also studied to increase photocatalytic activities through separating charge
carriers, for examples the recently studied lead-free bismuth halide perovskite nanocrystals
encapsulated in a covalent organic framework,*® CssPbBrs/TiO2*” and BiVO4/Ti02.% In
principle, the method developed in the current research can be also used to study the electron

separation and storage in these heterojunction structures.

2. EXPERIMENTAL SECTION

2.1. Sample preparation

The large Ag nanoparticle modified TiO, was prepared through photodeposition method.>*4
92.7 uL of 0.1 M AgNOs aqueous solution was added into the methanol aqueous solution (50
mL, 20%, v/v), and then 0.2 g of pre-milled P25 TiO, powder was added. After being
continuously stirring for 40 min in the dark, the solution was irradiated with a 500 W Xe lamp
for 2 h under constant flow of N». After irradiation, the precipitate was washed with deionized
water for several times, and then was ultrasonically dispersed in a $50 mm glass container
with pure water, which was finally dried at 60 °C for 4 h in N2. Undecorated TiO2 samples for
control experiments were also prepared according to the same procedure for the Ag/TiO»,

except that the AgNO3 was not used.
2.2. Catalyst Characterization

X-ray diffraction (XRD) patterns was obtained on the Empyrean X-ray diffraction photometer
(Cu Ka) to identify the crystal phase. The scanning rate is 0.05° 20 s%, and the accelerating
voltage and current used are 15 kV and 20 mA, respectively. The specific surface area of the

powder sample was tested by N2 adsorption on a fully automated nitrogen adsorption
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instrument model Micromeritics ASAP 2460 Version 3.01 (USA). Field-emission
transmission electron microscope (TEM; type: JEM2100F, JEOL, Tokyo, Japan) was used to
observe the morphology of the pure and Ag/TiO> samples. X-ray diffraction (XRD;
Empyrean, PANalytical, Almelo, Netherland) was used to check the crystal structure, with the
Cu Ko radiation being used as the X-ray source. The surface chemical composition of the
Ag/TiO2 sample was checked with an X-ray photoelectron spectrometer (XPS; type: VG
Multilab 2000, Thermo Scientific, Waltham, U.S.A.), with an X-ray source working with the
Al Ka radiation. In addition, the XPS spectra under in-situ UV light irradiation were also
measured with a 375 nm UV laser being used to irradiate the sample surface from the XPS
window for 15 min. The laser spot diameter is about 10 mm, which is larger than the area of
the sample to be checked. The binding energies of the samples were calibrated with respect to
the adventitious carbon (C1s) as a reference line at 284.8 eV. The percentage of Ag
nanoparticles supported on TiO2 was determined using Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES, Prodigy7, LEEMAN LABS); the Ag/TiO2 was dissolved
in the HNO3 solution containing trace of HF at 60 °C. UV-Vis-NIR diffusion reflectance
spectra were measured by a UV-Vis-NIR spectrophotometer equipped with an optical
integrating sphere in the wavelength range of 300 nm to 1300 nm (UV-2600, Shimadzu,
Tokyo, Japan).

2.3. Photoconductance measurements

Photoconductances were measured in a self-designed device in methanol-contained N> flow
according to our previous work.***? a 0.05 mm wide FTO strip of a 20 mm x 20 mm FTO

glass was firstly removed by laser etching, and the pure TiO. and Ag/TiO2 samples were
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coated over the FTO-removed area and then dried at 50 °C to form a sample coating for
conductance measurement. Conductances were measured using Keithley-2450 SourceMeter
with a 2 V bias voltage in two-probe mode at different temperatures. During the whole
measurement, the methanol-contained N2 atmosphere was continuously passed though the
reaction chamber at a flow rate of 0.3 NL/min under the control of a flow meter (NL/min
means the standard flow rate at 0 °C and 1 atm; this is the labelled flow rate unit in the flow
meter, so we used this unit here). The conductance of the coatings was firstly measured in the
dark for 5 min, and then was monitored under the 375 nm laser illumination for 10 min, and
finally the measurement was continuing for 5 min after the laser illumination. A photodetector
based on Si (843-R-USB, Newport, United states) was used to check the light intensity, which
is 60 mW/cm; for all the measurements. In addition, the dependences of the dark
conductances on temperatures were also obtained in air from 100°C to 250°C with the
ramping rate of 5°C/min.

2.4. In-situ UV-Vis-NIR absorption

To measure the UV-Vis-NIR diffusion spectra under well-controlled conditions, we designed
and made a closed sample cell for diffusion spectrum measurement (The detailed description
in shown in Fig. S1). The cell was well matched to the integration sphere (Shimadzu 819M-PP-
1.0) that is equipped in the UV-Vis spectrophotometer (UV-2600, Shimadzu, Japan). It was
used to measure the diffusion reflectance spectra of the samples before and after 375 nm laser
irradiation under well-controlled atmosphere and temperature, which were transferred to
absorption spectra by the Shimadzu software (for the UV-2600 photospectrometer). The

temperature was set at the ambient temperature and the methanol-contained N> was flowed
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through the cell for the whole measurement. The dark absorption spectra were obtained before
illumination. Then, the sample was firstly illuminated with the 375 nm laser for ~ 10 min, and
absorption spectrum was measured immediately. Then, the absorption spectrum was
monitored again in the dark 10 min later. After then, pure O2 was flowed into the cell, and the
UV-Vis-NIR spectra was checked to the effect of O».

In additional to the spectra, the single-wavelength diffusion reflectances were also measured
under and after the light illumination with self-designed equipment according to our previous
study.*® Changes in diffusion reflectance at 532 nm and 1550 nm were monitored using a
Newport Si-based photodetector (1936-R, Newport, United states). A 375 nm laser was used
as the excitation light source; a 532 nm laser and a 1550 nm laser were used as the signal
lights for detection. The methanol-contained N2> was continuously flowing through the
measurement cell. The temperature was kept unchanged at 40 °C during the measurement.
The diffusion reflectance powers were firstly monitored in the dark for ~ 5 min, and then was
continuously measured under the 375 nm laser illumination. After the switching-off of the
laser, the reflectance power at 532 nm and 1550 nm were further measured for a while in the
dark. Lastly, the high-purify O, was flowed through the measurement cell, and the
reflectances were further monitored to see the effect of O..

For the above in-situ photoconductances, UV-Vis-NIR spectroscopic absorption spectra, in-
situ single-wavelength diffusion reflectance measurement, high-purity N2 was flowed through
a glass bottle containing HPLC-grade liquid methanol at a rate of 0.2 NL/min to form the
methanol-contained N. atmosphere. High-purity O> stream flowed through the sample cell at

a speed of 0.4 NL/min was directly used as the methanol-contained O atmosphere.
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3. RESULTS AND DISCUSSION

3.1 Physical property characterization

The XRD patterns (Fig. S2) do not reveal the present the presence of the Ag materials due to
the low loaded amount, and the ICP analysis showed that the Ag amount is 0.34 wt. %. The
TEM image of the Ag/TiO2 is shown in Fig. 1(A), and it can be seen that some spherical
nanoparticles (red dash circles) are distributed among the TiO, nanoparticles. One spherical
nanoparticle was observed by high-resolution TEM, as show in Fig. 1(B), and the (111) lattice
fringes of a silver metallic nanoparticle can be seen (right-down corner); this shows that
metallic Ag nanoparticles are loaded over the TiO> surfaces. Furthermore, the presence of the
Ag elements was also confirmed by EDX elemental mapping (Fig. S3). It can be seen that the
size of Ag nanoparticle of the Ag/TiOz is ~ 10 nm. The Ag nanoparticles tightly connect with
the TiO2 nanoparticles; this should favor a fast electron transfer between them. XPS analysis
(Fig. S4) shows that the binding energy of Ag 3d peak (367.6 eV) corresponds to the Ag.0;*
this means that the Ag nanoparticle surfaces should be oxidized to some extent. Fig. 2 shows
the UV-Vis-NIR absorption spectra of the undecorated TiO, and Ag/TiO», and it can be seen

that the Ag/TiO2 exhibits clear LSPR extinction
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Fig. 2 UV-Vis-NIR absorption spectra of the TiO2 and Ag/TiO>

3.2 The effect of the Ag decoration on the Fermi energy level (Ers)

Fig. 3 shows the diagram of the Er thermal equilibrium between Ag nanoparticle and TiO,
the difference of Er and Ecg can be estimated by calculating the Er of the TiO2, and then the
electron storage in the Ag nanoparticles can be analyzed by analyzing the Er relative change.
The Ecg of the TiO; is taken as the reference level (Ece = 0 eV) for simplification, and the

difference between the Ecs and Er (Ece-EFr) is taken as the Er here. Conductances were used

10
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to evaluate the Er according to the following manner. In the case of Ohmic contact (Fig. S5),
the conductance is proportional to the density (ncg) of the free electrons in the CB of the TiO>
through %

0 = qUeNcp (1)
where the z is the electron mobility, g is the elementary charge. For the nano-TiO> used in
the present research, it had been shown that the light illumination did not affect the s, so the

o is considered to be proportional to ncs.

Fig. 3. Diagram of the difference between Ecg and Er in the Ag/TiO2 under the quasi

equilibrium state
The conductances are used to estimates the Ecs-Er for the Ag/TiO> and the undecorated TiO3,
which can be calculated according the following equation in the nondegenerate case.

ECB - EF == kBT ln Ner (2)

nce

where Ncg is the effective state density of the CB, kg is the Boltzmann constant, and T is the

absolute temperature. The Ncg is related to electron effective electron mass (me*) by “6

3
__ 2(2mmgkgT)2

NCB - T (3)

11
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where h is Planck constant. The me* of anatase TiOz is ~ 3 mo (the free electron mass).** The
P25 also contains rutile phase that has a high me", ~ 50 mo.*” Thus, it is reasonable to assume
that the Ncg is 10t cm?.
Combined with Eqgns (1) and (2), the AEr before and after steady light illumination is
EY — Ef = kBTan—z (4)
where EFP (EFY) and op (o4) are the Er and conductance under steady light illumination
(before light illumination), respectively. The o is related with current through
I =+ Ldo(t) (5)
Fig. 4 shows the diagram for the current measurement. The W, L, and d in the eqn (5)
correspond to the strip width, the strip length, and the thickness of the TiO> coating. U and |
are the applied electric voltage across the TiO> coating and the measured current, respectively.
The e of the CB electrons is taken as 0.1 cm? V! s #8 The dark currents of the TiO and
Ag/TiO2 at 20, 40, 60, and 80 °C were obtained from an extrapolation of Arrhenius plots (Fig.
S6). The dark ncg of the TiO2 and Ag/TiO2 were considered to be the same, which are 1.53 x
108 cm3, 7.8 x 108, 3.2 x 10°%, and 1.0 x 10 cm™ at 20, 40, 60, and 80 °C, respectively. The
low ncg of the undecorated TiO2 and Ag/TiO: is ascribed to the electron depletion by O

surface chemisorption. %0

12
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Fig. 4 Diagram of the current measurement of the TiO2 and Ag/TiO:

The currents of the undecorated TiO2 and Ag/TiO2 under and after light illumination were

measured in methanol-contained N2, as shown in Fig. 5A and B. It can be seen that the steady

state photocurrents decrease and increase with the temperatures for the TiO2 and Ag/TiOz,

respectively. Assumed that the Ncg of the TiO2 is 102! cm®, the steady-state Er (relative to the

Ecg) at different temperatures under light illumination was calculated by Eqns (2) and (4), as

shown in Fig. 6. The result shows that the Er of the undecorated TiO: is closer to the Ecg of

TiO2 as compared to the Ag/TiO- at all temperatures. Increasing temperature from 20 °C to 80

°C leads to a decrease of the Er for the undecorated TiO, from 0.23 to 0.28 eV below the Ecg,

but has less effect on Er for Ag/TiOx.
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Fig. 5. Photocurrents of the TiO2 (A) and Ag/TiO. (B) measured at different temperatures

under 375 nm laser excitation in the presence of methanol-containing No.
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Fig. 6 Diagram for the EF level positions of the TiO2 and Ag/TiO2 under UV light
illumination at different temperatures

In the studies performed in solution, Ceo/Ceo™ redox potential was used to obtain the
equilibrated Eg.?"?® The undecorated TiO2 and Au + TiO, mixed solutions were firstly
illuminated with the UV light for a long time. Then, the light was turned off and Ceo solution
was injected to extract the stored electrons. Under the Er equilibrium, the Er of the TiO, and
the Au+TiOz can equilibrate with the redox potential of the Ceso/Cso”, Which could be
calculated from the Nernst equation. Their results showed that the redox potential of Ceo/Ceo”
for Au + TiO2 was more negative, based on which a conclusion was obtained that the Er was
closer to the Ecg as compared to the pure TiO>. Similar results were also obtained for Au +
ZnO and Ag + TiO, system.?”3! The transfer of the stored electrons from the TiO, and Au +
TiO2 to Ceo could lead to a simultaneous down-shift of the Er of TiO2 and Au+TiO2, when the
potential of Ceo/Ceo” Was shifted. Therefore, the real Er should be the sum of the equilibrated
redox of Ceo/Ceo” and the Er down-shift. However, it seems that this study did not take the Er

down-shift into consideration. Because the differential capacitance of the Au+TiOz is higher
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than that of the space charge region of the TiO., the Er down-shift of Au + TiO2 must be
smaller than that of the undecorated TiO.. By including this effect, we expected that the Er of
the TiO2 might be closer to the Ecg of TiO2 as compared to the Au + TiOz in these studies;

this could agree with our result.

3.3. The electron storage and separation of the Ag nanoparticles
The AEF of an Ag nanoparticle is a function of the charged electron number and the Ag
nanoparticle radius according to !

AE, = D4 ©6)

8mEgErR

where & is the vacuum permittivity, & is relative dielectric constant of the substance
surrounding the Ag nanoparticle ( ~ 1 for air and 48 for anatase TiO3), R is the Ag
nanoparticle radius, and z is the charged (stored) electron number in the Ag nanoparticle.
Therefore, the electron storage in an Ag nanoparticle can be estimated based on the AEF
before and after light illumination. The porous TiO2 is composed of air and TiO. phases. The
dielectric constant of the porous TiO> can be estimated from the effective-medium

approximation according to the following equation in the 2-dimensional case.>?

fagr+ (- f) =0 (7)
where fa, &, &, and & are air volume fraction, air dielectric function, TiO> dielectric function,
and the effective dielectric constant of porous TiO. The BET analysis showed that the porous
volume in the TiOz is ~22% (Fig. S7). The eeff was calculated to be 29.5. As the Er of the

TiO2 and Ag nanoparticles are the same under the quasi-equilibrium approximation, the AEr

in egn (6) corresponds to the AEF of the TiO2 before and under the steay light illumination.

15
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The numbers of the stored electrons in an Ag nanoparticle under light illumination are
estimated to be 46, 47, 47.4 and 47 at 20, 40, 60 and 80 °C, respectively; this shows that the
stored electrons are almost independent on temperatures, based on which the density of the
stored electrons in the TiO2 and Ag nanoparticles can be evaluated.

The electrons in the TiO, CB can be directly calculated according to Eqgn. (2). In addition to
the CB states, the electrons can also occupy the band tailed states. Here, the exponentially-
distributed gap states distributing below the CB edge >3

Nt

E
el S (8)

g(E) =
where Nr is the total trap density, ksTo is the parameter determines the exponential trap depth.
The trapped electrons can be calculated according to

n,(Er) = Ny [25 g(E)f (E, Er)dE ©)
where f(E,Er) is Fermi-Dirac function. The n¢ can be expressed in terms of the

hypergeometric function and approximated as *°

n, = N, [ﬁ] exp — k?; - (10)
where o is defined as T/To. Supposed the To is 800 K and Nt is 10'° cm3, the density of the
stored electrons in the TiO> phase were estimated before and after the Ag nanoparticle
decoration. The electron storage in the TiO, was also estimated when the traps were not
included. The number of the Ag nanoparticles loaded over TiOz surface are 7.0x10% cm™,
The density (cm™) of the electrons stored in Ag nanoparticles was also estimated. The result is
shown in Table 1. Therefore, it can be seen whether more electrons can be stored in Ag/TiO>

are related with the electron traps. If the electron traps are not considered, it can be seen that

more than 90% of the stored electrons locate at the Ag nanoparticles, independent on the

16
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temperatures. When the electron traps are considered, as the electrons can also occupy the
traps, so the percentages of the stored electrons in the Ag nanoparticles decreases, and more
than 60% electrons are stored in the Ag electrons. Therefore, the electron distribution between
the TiO. and the Ag nanoparticles is related with the electron traps.

Hirakawa et al. used thionine to titrate the electrons stored in Ag/TiO2 and TiO in methanol-
toluene solution, and their result also showed that more electrons were stored in Ag-TiO> as
compared with the pure TiO2.%° Under their experimental condition, ~ 40 electrons can be
stored in a 3.7 nm Ag nanoparticle; this is also in good agreement with our result. The result
thus shows that the Ag nanoparticles can indeed act as the electron sink, the electrons and
holes can be separated at TiO2 and Ag nanoparticles. In the case of low trap density, the
electrons dominantly reside in the Ag nanoparticles, so the Ag nanoparticles can play the role
of the reduction sites for photocatalytic reactions. Obviously, the electron storage and
distribution in Ag nanoparticles can relates with the Ag nanoparticle size and loaded amount.
Therefore, the Ag nanoparticle can effectively separate the charge carriers; this agrees well

with our general recognition. We quantitively evaluate the separation in the current research.

Table 1. Density of the electrons residing in Ag nanoparticles and TiO2 under light

illumination at different temperatures (unit: 1017 cm).

T (°C) 20 40 60 80

TiO, Ag TiO, Ag TiO, Ag TiO2 Ag
Pure TiO, 7.4 (2.5) 6.3(2.3) 4.4(1.3) 3.7(1.2)
Ag/TiO; | 21(0.23) 32 |25048) 33 |24(044) 33 | 22047 33

17
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% The data in parentheses is the density of the electrons in TiO. without considering the

electrons traps
3.4. Ag LSPR analysis

In the methanol contained N, the TiO2 and Ag/TiO. were selectively excited with a 375 nm
laser. The photoinduced holes were quickly captured by the methanol, and the electrons were
accumulated in the TiO.. The resultant Ti** states and free CB electrons cause a wide
absorption from visible to the NIR region.>® The electron transfer to Ag will affect the
electron storage in TiO2, which might also affect the Ag LSPR in solutions. It is seen that the
electron accumulation in TiO> leads to a featureless absorption for the TiO- under the laser
illumination (Fig. S8). The decrease of the absorption after light illumination is ascribed to the
electron transfer to the residual O; the further exposure to O accelerates the absorption

decrease.®’

1.2 Py— 0.04
ar| B)
(A) After 10 min light ( ! )
10 } ——— After 10 min in dark 0.02 TiO, absorption
— After 5 min O , flow
455 nm
8 os} 0.00
c
3 3
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2 06 I < —— After 10 min in dark
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04 F \
.0.06 F Ag peak shift
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Fig. 7. (A) Absorption spectra of the Ag/TiO2 before and after 375 nm laser irradiation in
methanol contained N2 under different conditions; (B) Differences of the absorption spectra of

the Ag/TiO; after light illumination with the dark diffusion spectra before light illumination.
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Fig. 7A shows the change of the UV-vis-NIR absorption spectra for the Ag/TiO2 under
different conditions. It can be seen that the laser illumination shifts the Ag LSPR from 470
nm to 455 nm. Subsequent storage of the sample in the dark had almost no effect on the
LSPR, the further exposure to O just leads to a very slow LSPR restoration to the initial dark
position. The differences of the absorption spectra (Fig. 7B) show that much weaker near-IR
absorption (labeled with arrows) was caused by the laser illumination as compared to the
TiO2; this means that less electrons are stored in the TiO> phase after the Ag decoration; this
is in good accordance with the above conductance analysis. The absorption differences
become negative from 450 nm to 880 nm because of the Ag LSPR blue-shift; this also shows
that the LSPR almost does not change with time after the end of the laser illumination and the
exposure to O has less effect. Therefore, it can be known that the LSPR blue-shift might not
arise from the electron storage in the Ag nanoparticles, because it also relates with a change in
dielectric environment that might be caused by light illumination. In methanol-toluene
solution, the 30 nm blue-shift of the Ag LSPR was observed under UV light illumination, and
was attributed to the electron storage in the Ag nanoparticles.?® As the LSPR restores very
slowly after the exposure to O, our result cannot support that the UV-light induced LSPR

blue-shift is caused by the electron storage.

19
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Fig. 8. Evolutions of the diffusion reflectance power at 532 nm and 1550 nm for the Ag/TiO>

under and after the 375 nm laser illumination in methanol-contained N2

The Er equilibrium means there is no electron flux between the Ag nanoparticles and TiO>
under the steady state, and the Er of them changes synchronously. As shown in Fig. 7, the
change of the diffusion reflectance at 532 nm mainly arises from the LSPR shift, and that at
1550 nm is mainly caused by the electron accumulation in TiOa. If the electron storage
contributes to the LSPR blue-shift, the dynamics change of the photoinduced reflection
powers at 532 nm and 1550 nm must be synchronous. Under the 375 nm laser excitation, the
time dependences of the in-situ diffusion reflectance powers of the Ag/TiO2 were obtained at
532 nm and 1550 nm in methanol-contained N2, as shown in Fig. 8. It can be clearly seen that
the change of the reflectance power at 532 nm cannot accord with that of 1550 nm. After the
end of laser illumination, the fast increase of the reflectance power at 1550 nm means that the
stored electrons in the TiO2 can be quickly consumed and the Er of the TiO2 thus experiences
a fast decrease, while the unchanged reflectance power at 532 nm indicates that the Er of the

Ag nanoparticles should remain unchanged if the LSPR blue-shift is caused by the electron
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storage. Obviously, the observation contradicts with the Er thermal equilibrium. The above
asynchronous dynamics provide the evidences that the physical reason of the LSPR blue-shift
Is not the electron storage in the Ag nanoparticles.

The LSPR wavelength (A4i) before the light illumination relates with that (Ar) after the light
illumination through their respective electron number (ni and nr) by °8

¥ \E (11)
According to Fig. 7A, Arand A are 455 nm and 470 nm. The electron number is roughly
estimated by the following equation in the case of a spherical nanoparticle.

n; = %nR3 X N, (12)
where N is the bulk electron density of metallic silver, which is taken as 8.0x10% cm™3, R is
the nanoparticle radius. Thus, the nj in a 10 nm Ag nanoparticle before light illumination is
estimated to be ~ 4.2x10%, and thus the ny is ~ 4.48x10*; this means that ~ 2.8x103 electrons
are stored in an Ag nanoparticle, much higher than the above estimation. Based on Eqgn. (6),
the AEF of the Ag nanoparticle is 61. 2 eV. It was also reported that one electron charging of a
3 nm Au nanoparticle in solution will lead to a ~ 0.1 eV of AEF; this can accord with our
estimation.>® Parente et al. combined Mie scattering and Drude theory to simulate the LSPR
blue-shift of the Ag nanoparticles; they found that ~ 3.5x10* electrons are needed to be stored
in an Ag@TiO; core-shell particle to form 5 nm LSPR blue-shift,® and ~ 110 eV of AErcan
be resulted. So large Er shift is unphysical and meaningless for the Ag nanoparticles. The
above conductance analysis shows that ~ 46 electrons are stored in one Ag nanoparticle, so

the LSPR blue shift caused by the electron storage should be too smaller to be seen according

to egn. (11). Therefore, the LSPR blue shift cannot be an indicator of the electron storage in
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1 the Ag nanoparticles. Our result agrees with the conclusion obtained in the study,* and is

2 different from that obtained in literatures.?”2%3!

3 3.4. The XPS analysis under the in-situ light illumination

4  The study 32 showed that the reduction of 0.2 nm Ag0 layer could lead to 5 nm blue-shift of

5 the Ag LSPR, which corresponds to a single-molecular chemical absorption of Oz over the Ag

6  surfaces, and the reduction of TiO2 might also have a contribution. However, the above

7 spectroscopic (Fig. 7) results shows that the LSPR blue-shift almost remains invariant when

8  the absorption corresponding the electron accumulation in the TiO> phase restored. Therefore,

9  the light induced reduction of TiO2 should not be the reason causing the LSPR blue-shift. In
10  addition, the slow blue-shift restoration after the exposure to O also does not support that the

11 LSPR blue-shift is caused by the reduction of a thin Ag-O layer.
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Fig. 9. (A) Ti2p core-level high-resolution XPS spectra of the undecorated TiO2 in the dark
and under 375 nm laser illumination; (B) Ti2p core-level high-resolution XPS spectra of the
L-Ag/TiO2 in the dark and under 375 nm laser illumination; (C) Ag3d core-level high-

resolution XPS spectra of the L-Ag/TiO2 in the dark and under 375 nm laser illumination

UV light illumination can cause electron accumulation in the Ag/TiO2 under vacuum. They
can transfer to the Ag nanoparticles and reduce the Ag20 layer. The Ag3d and Ti2p XPS
analysis shows that the Ag and Ti surface state are Ag* and Ti** before light illumination,
respectively. To check whether the in-situ UV light illumination can reduce surface Ti and Ag
states, the Ti2p and Ag3d XPS spectra of the methanol pre-adsorbed TiO2 and Ag/TiO2 were
measured under the in-situ 375 nm laser illumination. Fig. 9A shows the Ti2p core-level XPS
spectra of the undecorated TiO: in the dark and under the 375 nm laser illumination, it can be
seen that the electron accumulation does not lead to any observable change in the Ti states.
Fig. 9B shows the Ti2p core-level spectra of the Ag/TiOz in the dark and under the laser light
illumination; this also shows that the Ti states are unaffected by the electron accumulation.

The results indicate that the Ti®* state amount is much lower than the intrinsic Ti** state,
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which might not cause an effective change in the dielectric properties of the TiO> that can
affect the Ag LSPR. It is also seen from Fig. 9C that the laser illumination does not affect the
binding energy position of the Ag 3d XPS peaks. It can be also known that the long time UV
laser illumination cannot result in a surface reduction of the Ag nanoparticles in the present
research. Under the ultra-high vacuum condition during the XPS measurements, although
more electrons can be accumulated in the Ag/TiO», the chemical states of the Ag and TiO-
still remain unaffected. Thus, the Ag LSPR blue-shift might not arise from the Ag and TiO>
reduction; this is different from the conclusion obtained in literatures.®? Other effect that
remains to be discovered may have a contribution.

4. Conclusion

in-situ photoconductances and theoretical analysis were combined to study the EF and
electron separation in the Ag/TiO. under gaseous conditions. The results showed that the Er
of the Ag/TiO- locates deeper in the gap as compared to that of the TiO2 under the UV light
illumination. It was seen that increasing temperatures had less effect on the Er of the
Ag/TiO2, while could decrease the Er of the undecorated TiO.. It was estimated that ~ 46
electrons can be stored in an Ag nanoparticle under the present experimental condition, which
was almost independent on the temperature variation. The role of the Ag nanoparticles in
storing and separating electrons should be related to the electron traps in the TiO2. More than
90% electrons can be stored in the Ag nanoparticles if the electron traps were not considered.
It was also revealed that the Ag LSPR blue-shift cannot be ascribed to the electron storage
and might also not related with the reduction of Ag nanoparticles and TiOz. In principle, the

method developed in the current research can be also used to study the electron storage and
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separation for other metallic nanoparticle decoration, such as Pt, Au, Cu, and Pd. Besides
TiOo, it is also believed that the method is also suitable for other semiconductors such as ZnQO,
WQO3, and CdS. Therefore, it can be general method that can be used to analyze various
nanostructrual systems under in-situ gaseous conditions.
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