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ABSTRACT Herein we obtained a chemically bonded Ti0, (P25)-graphene nanocomposite photocatalyst
with graphene oxide and P25, using a facile one-step hydrothermal method. During the hydrothermal reaction,
both of the reduction of graphene oxide and loading of P25 were achieved. The as-prepared P25-graphene
photocatalyst possessed great adsorptivity of dyes, extended light absorption range, and efficient charge
separation properties simultaneously, which was rarely reported in other Ti0,—carbon photocatalysts. Hence, in
the photodegradation of methylene blue, a significant enhancement in the reaction rate was observed with P25-
graphene, compared to the bare P25 and P25-CNTs with the same carbon content. Overall, this work could provide
new insights into the fabrication of a Ti0,—carbon composite as high performance photocatalysts and facilitate
their application in the environmental protection issues.
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hotodegradation process of organic

pollutants has attracted increasing

attention during the past decades.’
Among various strategies, TiO,-based mate-
rials have been the most promising candi-
dates for photocatalytic decontamination.?
Particularly, the composites of TiO, and car-
bon (TiO,—C) are currently being consid-
ered as potential photocatalysts in the puri-
fication of air and water.> The TiO,—C
composites can be generally categorized
into three kinds: TiO,-mounted activated
carbon, carbon-doped TiO,, and carbon-
coated TiO,, and each of them exhibits
good photocatalytic activity.*> However,
several problems still hinder further promo-
tion of efficiency of the present TiO,—C
composites, such as the marked decrease

*Address correspondence to of the adsorptivity during photodegrada-
jhli@mail.tsinghua.edu.cn. tion, the weakening of the light intensity ar-
riving at catalysts’ surface, and the lack of
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10.1021/nn901221k great significance to obtain a TiO,—C com-
posite possessing photocatalytic activity
© 2010 American Chemical Society well beyond pure P25 with reproducibility
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and controllability, which could be potent
in environment remediation.

Graphene is an atomic sheet of sp-
bonded carbon atoms that are arranged
into a honeycomb structure.® Apart from
its unique electronic properties, the 2D pla-
nar structure material has several other ex-
cellent attributes, such as the large theoreti-
cal specific surface area’ and the high
transparency due to its one-atom thick-
ness.2 Moreover, the surface properties of
graphene could be adjusted via chemical
modification, which facilitates its use in
composite materials.”'° Thus, the combina-
tion of TiO, and graphene is promising to si-
multaneously possess excellent adsorptiv-
ity, transparency, conductivity, and
controllability, which could facilitate effec-
tive photodegradation of pollutants.

Herein we demonstrated a facile and re-
producible route to obtain a chemically
bonded TiO, (P25)-graphene composite
(P25-GR) via a one-step hydrothermal reac-
tion. In the as-prepared P25-GR photocata-
lyst, P25 nanoparticles were loaded on the
platform of a graphene nanosheet, as illus-
trated in Scheme 1. Because of the unique
properties of graphene, the composite si-
multaneously covered three excellent at-
tributes: the increasing adsorptivity of pol-
lutants, extended light absorption range,
and facile charge transportation and sepa-
ration, which were rarely reported in other
TiO,—C composites. In the photodegrada-
tion of methylene blue, P25-GR showed sig-
nificant improvement compared to the
bare P25. Moreover, in comparison to the
P25-CNTs composite, which is a typical rep-
resentative of TiO,—C composites,? it also
exhibited a higher photocatalytic activity.
The enhancement of P25-GR over P25-CNTs
was largely ascribed to its giant two-
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Scheme 1. Schematic structure of P25-GR and tentative pro-
cesses of the photodegradation of methylene blue (MB) over
P25-GR. P25 nanoparticles are dispersed on the graphene sup-
port, and the carbon platform plays important roles during the
photodegradation of MB in three aspects: (i) Increase catalyst
adsorptivity. MB molecules could transfer from the solution to
the catalysts’ surface and be adsorbed with offset face-to-face
orientation via 7w— conjugation between MB and aromatic re-
gions of the graphene, and therefore, the adsorptivity of dyes
increases compared to bare P25. (ii) Extend light absorption.
The chemical bonds of Ti—O—C and good transparency of
graphene render a red shift in the photoresponding range
and facilitate a more efficient utilization of light for the cata-
lyst. (iii) Suppress charge recombination. Graphene could act
as an acceptor of the photogenerated electrons by P25 and en-
sure fast charge transportation in view of its high conductiv-
ity, and therefore, an effective charge separation can be
achieved.

dimensional planar structure favorable for dye adsorp-
tion and charge transportation. This high performance
photocatalyst is anticipated to open new possibilities in
the application of TiO,—C composites as the photocat-
alysts in environment remediation.

RESULTS AND DISCUSSION

Characterizations of P25-GR. The exfoliated graphene ox-
ide (GO) could be reduced to graphene via hydrother-
mal reaction with a small amount of residual groups as
described in the literature." Here we adopted a similar
strategy in the fabrication of P25-graphene (denoted
as P25-GR below, carbon content was ca. 1 wt %) with
P25 and GO. In the reaction process, graphene oxide
was reduced to graphene, simultaneously with the dis-
persion of P25 nanoparticles on the graphene sheet.
Typical morphological, spectroscopic, and structural in-
formation of the as-prepared P25-GR is shown in Fig-
ure 1. The TEM results in Figure 1a were in line with the
tentative structure of P25-GR illustrated in Scheme 1.
The obtained composite retained the two-dimensional
sheet structure with micrometers-long wrinkles after
the hydrothermal reduction. Because of the distribu-
tion of carboxylic acid groups on the GO as discussed
later, the P25 nanoparticles dispersed on the carbon
support and were eager to accumulate along the
wrinkles and edge. Figure 1b shows the FTIR spectra of
P25 (curve 1), graphene obtained by hydrothermal re-
duction (curve 2), and the as-prepared P25-GR (curve 3).
For P25-GR, the broad absorption at low frequency (be-
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Figure 1. (a) Typical TEM image of P25-GR, with P25 loading
on the surface of graphene and concentrating along the
wrinkles. (b) Fourier transform infrared (FTIR) spectra of (1)
P25, (2) graphene obtained by hydrothermal reduction, and
(3) P25-GR in the range of 4000—450 cm™". (c) XRD pat-
terns of (1) P25 and (2) P25-GR.

low 1000 cm™") was attributed to the vibration of

Ti—O—Ti bonds in TiO,, similar to that in the spectrum
of P25 (curve 1). The absorption band appearing at ca.
1600 cm ™' clearly showed the skeletal vibration of the
graphene sheets, indicating the formation of graphene
during the hydrothermal reaction.’ This skeletal vibra-
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Figure 2. Photodegradation of methylene blue under (a) UV
light and (b) visible light (A > 400 nm) over (1) P25, (2) P25-
CNTs, and (3) P25-GR photocatalysts, respectively.

tion peak was also observed in the FTIR spectrum of
graphene prepared by hydrothermal reduction of GO
(curve 2). Besides, in curve 2, the small peak around
1726 cm™" was assigned to (=0 stretching of the re-
sidual COOH groups. The above results confirmed the
reduction of GO and the combination of P25 and
graphene in the composite. Moreover, the chemical
bonding between the two components in the compos-
ite could also be deduced. Pure P25 powder showed a
low frequency band around 690 cm™', which corre-
sponded to the vibration of Ti—O—Ti bonds. However,
in the as-prepared P25-GR, the broad absorption below
1000 cm ™" was much plumper than the corresponding
peak in pure P25 and shifted toward high wavenumber
(Supporting Information Figure S1). In fact, this peak
can be looked at as a combination of Ti—O—Ti vibra-
tion and Ti—O—C vibration (798 cm™")."2 The presence
of Ti—O—C bonds indicated that, during the hydrother-
mal reduction, graphene oxide, with the residual car-
boxylic acid functional groups, firmly interacted with
the surface hydroxyl groups of P25 nanoparticles and fi-
nally formed the chemically bonded P25-GR compos-
ites.'® Because the carboxyl acid groups of GO were
likely situated at the edge,'® more P25 particles were
observed along the edge and wrinkles than on the basal
plane, as shown in Figure 1a. In addition, P25-GR
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showed similar XRD pattern with pure P25 (Figure 1c),
and no diffraction peaks for carbon species were ob-
served in the composite, which might be due to the low
amount and relatively low diffraction intensity of
graphene. Besides, for comparison in photocatalysis,
we also prepared graphene via hydrothermal reduc-
tion of GO, and its structural and spectroscopic informa-
tion is shown in Supporting Information Figure S2.

Photocatalytic Measurements. The photocatalytic activi-
ties of P25, P25-GR, and P25-CNTs (also prepared via hy-
drothermal method; see Methods section) were mea-
sured by the photodegradation of methylene blue (MB)
as model reaction under UV and visible light (A > 400
nm), and the results are shown in Figure 2a,b, respec-
tively. The normalized temporal concentration changes
(C/Co) of MB during the photodegradation were propor-
tional to the normalized maximum absorbance (A/A,)
and derived from the changes in the dye’s absorption
profile (\ = 660 nm) at a given time interval. It was clear
from Figure 2 that the P25-GR composite showed sig-
nificant progress in the photodegradation of MB com-
pared to P25, and it also exhibited higher efficiency
than P25-CNTs by ca. 20%. Under UV light irradiation,
~85 and ~70% of the initial dyes were decomposed by
P25-GR and P25-CNTs after less than 1 h, respectively.
Contrastingly, nearly 75% of the initial dye still re-
mained in the solution after the same time period for
bare P25. In addition, in the case of visible light photo-
degradation (Figure 2b), P25 showed rather poor pho-
tocatalytic activity due to its limited photoresponding
range and only 12% of the initial contaminants dimin-
ished after more than 1 h, whereas the P25-GR compos-
ite photocatalyst showed remarkable improvements in
the photodegradation rate where 65% of the dye mol-
ecules were decomposed after the same time period.
The durability of the P25-GR catalyst for the degrada-
tion of MB under UV light was also checked (Figure S3).
The photodegradation of MB was monitored for four
consecutive cycles, each for 55 min. After each cycle,
P25-GR was filtrated and washed thoroughly with wa-
ter and fresh MB solution was added. There was no sig-
nificant decrease in photodegradation rate during the
four consecutive cycles, indicating the good stability of
the prepared P25-GR photocatalyst. The high perfor-
mance of P25-GR should be attributed to the following
three properties.

Enhanced Adsorptivity. During the photocatalysis, three
factors are crucial,'* that is, the adsorption of contami-
nant molecules, the light absorption, and the charge
transportation and separation, as illustrated by Scheme
1. The advancement of P25-GR in the photocatalysis
should be first attributed to the enhanced adsorptivity,
which is a prequisite for good photocatalytic activity.'®
P25-GR showed the best adsorption strength among
the three catalysts (Figure 2) and the remaining concen-
tration fraction of MB after dark adsorption (see experi-
mental details in Methods) on the catalysts obtained
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from UV —visible absorption spectra verified this asser-
tion, as shown in Figure 3. It was obvious that, after
equilibrium in the dark for 10 min, most dye molecules
(ca. 90%) remained in the solution with bare P25 as the
catalyst, whereas a large amount of dye molecules was
adsorbed on the surface of P25-GR.

It is noteworthy that the reason for the enhanced ad-
sorptivity of P25-GR was different from the traditional
TiO,-mounted activated carbon system, whose en-
hancement in the photocatalysis should be largely as-
signed to the great physical adsorption. There were no
significant changes in the BET specific area (47.572,
54.226, and 51.034 m? g~ ' for P25, P25-CNTs, and P25-
GR, respectively) among the three catalysts, indicating
that the adsorptivity should not merely originate from
simple physical adsorption. Moreover, the enhanced
adsorptivity should be largely assigned to the selective
adsorption of the aromatic dye on the catalyst. Specifi-
cally, we suggested the adsorption was noncovalent
and driven by the m— stacking between MB and aro-
matic regions of the graphene, which was similar to the
conjugation between aromatic molecules and CNTs.'®
In addition, the P25-GR showed better adsorption of MB
than P25-CNTs mainly due to its giant m-conjugation
system and two-dimensional planar structure, and
thereby exhibited faster photodegradation of the dyes.
On the basis of the above results, we proposed Scheme
1 for the photocatalysis process. MB molecules were ad-
sorbed on the graphene surface with offset face-to-
face orientation via w— conjugation until
adsorption—desorption equilibrium.’® Under irradia-
tion, the P25 particles were excited and the photoge-
nerated carriers could easily transfer to the nearby MB
and take part in the redox reactions. As the decomposi-
tion of dyes, the adsorption equilibrium broke and
more MB would transfer from solution to the interface
and subsequently be decomposed into CO,, H,0, and
other mineralization through a series of redox reactions.
Therefore, there would be a synergetic effect between
adsorptivity and photoreactivity, and a coupling be-
tween adsorption and photocatalytical reaction could
be achieved in a single process, resulting in an appre-
ciable improvement in photodegradation of MB com-
pared to bare P25 and P25-CNTs.

However, adsorption was not the only influential
factor. First, without irradiation, the dye solution
achieved adsorption equilibrium after 5—10 min, and
more than 60% of the initial dye molecules still re-
mained in the solution after 1 h (Supporting Informa-
tion Figure S4a). Moreover, we tested the UV light pho-
todegradation rate of MB over P25-graphene catalyst
obtained by physical mixing of P25 and as prepared
graphene (Figure S4b). In the mixture of P25 and
graphene, the adsorptivity was enhanced while the
chemical bonding between two components was not
established. As a result, the physical mixture of P25 and
graphene showed much poorer activity in the photo-
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Figure 3. Bar plot showing the remaining methylene blue (MB) in
solution: (a) initial and equilibrated with (b) P25, (c) P25-CNTs, and
(d) P25-GR in the dark after 10 min stirring. Pictures of the corre-

sponding dye solutions are on the top for each sample.

degradation compared to the prepared chemically
bonded P25-GR. Accordingly, the chemical bonds play
an important role in the photodegradation, and besides
the adsorption of dyes, there must be other factors
that contributed to the enhanced photoactivity.
Extended Light Absorption Range. As mentioned above,
the absorption range of light plays an important role
in the photocatalysis, especially for the visible light pho-
todegradation of contaminants. As shown in Figure 4,
there was an obvious red shift of ca. 30—40 nm in the
absorption edge of P25-GR powder, compared to bare
P25. This result indicated that the narrowing of the
band gap of P25 occurred with the graphene introduc-
tion. This narrowing should be attributed to the chemi-
cal bonding between P25 and GR, that is, the forma-
tion of Ti—O—C bond, similar to the case of carbon-
doped TiO, composites.'>"” As a result of the extended
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Figure 4. Diffuse reflectance absorption spectra of (1) P25
and (2) P25-GR.
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Figure 5. EIS changes of P25 (M) and P25-GR (0) electrodes. The
EIS measurements were performed in the presence of a 2.5 mM
Ks[Fe(CN)sl/Ks[Fe(CN)e] (1:1) mixture as a redox probe in 0.1 M
KCl aqueous solution.

photoresponding range of ca. 430—440 nm (corre-
sponding to the violet-blue region in electromagnetic
spectrum), a more efficient utilization of the solar spec-
trum could be achieved, and P25-GR showed signifi-
cant improvement in the photodegradation of MB over
bare P25, especially under visible light irradiation, as
Figure 2 demonstrates. The visible light photoactivity
of the P25-GR catalyst is expected to facilitate its use in
practical environmental remediation.

Efficient Charge Separation and Transportation. Another im-
portant role of graphene in the P25-GR composite is
the electron acceptor and transporter. On the one hand,
graphene has been reported to be a competitive candi-
date for the acceptor material due to its two-
dimensional m-conjugation structure,'® and in the TiO,-
graphene system, the excited electrons of TiO, could
transfer from the conduction band to graphene via a
percolation mechanism.'® Thus, in P25-GR, graphene
served as an acceptor of the generated electrons of P25
and effectively suppressed the charge recombination,
leaving more charge carriers to form reactive species

METHODS

Reagents: Graphite powder (99.95%, 325 mesh) was pur-
chased from Alfa Aesar. Multiwalled carbon nanotubes were
from Tsinghua University.22 The carbon nanotubes (CNTs) were
produced by catalytic chemical vapor deposition method with
an inner diameter of 3—5 nm, an outer diameter of 10 nm, and
a length of more than several micrometers. Before used, the
CNTs were purified by refluxing in nitric acid solutions for 12 h.
TiO, (P25, 20% rutile and 80% anatase) was purchased from De-
gussa. Unless otherwise specified, methylene blue (MB) and
other reagents and materials involved were obtained commer-
cially from the Beijing Chemical Reagent Plant (Beijing, China)
and used as received without further purification. Ultrapure wa-
ter (resistivity =18 M) cm) was used during the experimental
process. The experiments were carried out at room temperature
and humidity.

Synthesis of P25-Graphene Composite: First, graphene oxide (GO)
was synthesized by the modified Hummers’ method.?*?* In de-
tail, 3 g of graphite was put into a mixture of 12 mL of concen-

and promote the degradation of dyes, as shown in
Scheme 1. On the other hand, graphene has unexpect-
edly excellent conductivity due to its two-dimensional
planar structure.?® Therefore, the rapid transport of
charge carriers could be achieved and an effective
charge separation subsequently accomplished. As
shown in Figure 5, the typical electrochemical imped-
ance spectra were presented as Nyquist plots, and it is
observed that, with the introduction of graphene,
though in small amount, the semicircle in the plot be-
came shorter, which indicated a decrease in the solid
state interface layer resistance and the charge transfer
resistance on the surface.?' Overall, both the electron-
accepting and transporting properties of graphene in
the composite could contribute to the suppression of
charge recombination, and thereby a higher rate in the
photocatalysis would be achieved.

In conclusion, chemically bonded P25-GR photocat-
alyst with high performance has been successfully and
directly produced via a one-step hydrothermal method.
This composite possessed great adsorptivity of dyes, ex-
tended photoresponding range, and enhanced charge
separation and transportation properties simulta-
neously. On the basis of these advantages, P25-GR dem-
onstrated significant advancement over bare P25 in
the photodegradation of MB dye under both UV and
visible light irradiation. Moreover, it also showed higher
photodegradation rate than the P25-CNTs, mainly due
to its giant two-dimensional planar structure, which fa-
cilitated a better platform for adsorption of dyes and
charge transportation. With further optimization of the
parameters, such as the content of graphene in the
composite and the control in preparation, the photoac-
tivity of P25-GR is expected to be remarkably enhanced.
This work is anticipated to open a new possibility in
the investigation of TiO,—C composites and promote
their practical application in addressing various envi-
ronmental issues.

trated H,SO,, 2.5 g of K,S5,0g, and 2.5 g of P,0s. The solution
was heated to 80 °C and kept stirring for 5 h in an oil bath. Then
the mixture was diluted with 500 mL of deionized water, and
the product was obtained by filtering using 0.2 wm Nylon film
and dried under ambient condition. Thereafter, the product was
reoxidized by Hummers and Offeman methods to produce the
graphite oxide.* After the exfoliation by sonicating 0.1 mg/mL
of graphite oxide dispersion for 1 h, the graphene oxide was re-
covered by filtration and vacuum drying.

The P25-graphene composite (P25-GR) was obtained via a
hydrothermal method based on Rajamathi’s work with modifica-
tions."" Briefly, 2 mg of GO was dissolved in a solution of dis-
tilled H,0 (20 mL) and ethanol (10 mL) by ultrasonic treatment
for 1 h, and 0.2 g of P25 was added to the obtained GO solution
and stirred for another 2 h to get a homogeneous suspension.
The suspension was then placed in a 40 mL Teflon-sealed auto-
clave and maintained at 120 °C for 3 h to simultaneously achieve
the reduction of GO and the deposition of P25 on the carbon
substrate. Finally, the resulting composite was recovered by fil-
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tration, rinsed by deionized water several times, and dried at
room temperature. For comparison, blank graphene or P25-CNTs
(with the same the content of carbon, 1 wt %) were obtained
by reducing GO via hydrothermal route under the same condi-
tion but without the addition of P25 or replacing GO with CNTs.

Characterization: Transmission electron microscopy (TEM) im-
ages were taken with a JEOL JEM-1010 transmission electron mi-
croscope operated at 120 kV. Fourier transform infrared (FTIR)
spectra were carried out using Perkin-Elmer spectrometer in the
frequency range of 4000—450 cm™' with a resolution of 4 cm™".
Diffuse reflectance spectra (DRS) of P25 and P25-GR powders
were recorded in the range from 250 to 800 nm using a Hitachi
U-3010 spectroscope and BaSO,4 was used as a reference. Powder
X-ray diffraction (XRD) was performed on a Bruker D8-Advance
X-ray diffractometer with monochromatized Cu Ko radiation (A
= 1.5418 A). Specific surface areas of the catalysts were mea-
sured at 77 K by Brunauer—Emmett—Teller (BET) nitrogen
adsorption—desorption (Micromeritics ASAP 2010 Instrument).

Photocatalytic Experiments: The photodegradation of methyl-
ene blue (MB) dyes was observed based on the absorption spec-
troscopic technique. In a typical process, aqueous solution of
the MB dyes (0.01 g/L, i.e., 2.7 X 107> M, 40 mL) and the photo-
catalysts (P25/P25-GR/P25-CNTs, 30 mg) were placed in a 50 mL
cylindrical quartz vessel. Under ambient conditions and stirring,
the photoreaction vessel was exposed to the UV irradiation pro-
duced by a 100 W high pressure Hg lamp with the main wave
crest at 365 nm, which was positioned 30 cm away from the ves-
sel (intensity at wavelength of 365 nm at the catalyst mixture sur-
face was 30 wW/cm?, estimated with a radiometer, Photoelec-
tronic Instrument Co. IPAS). The photocatalytic reaction was
started by turning on the Hg lamp, and during the photocataly-
sis, all other lights were insulated. At given time intervals, the
photoreacted solution was analyzed by recording variations of
the absorption band maximum (660 nm) in the UV —visible spec-
tra of MB, using a UV—visible spectrophotometer (UV 2100, Shi-
madzu). In the visible light photocatalysis, a similar procedure
was constructed with a 500 W xenon lamp and a cutoff filter
equipped as the light source (A > 400 nm, intensity at wave-
length of 420 nm at the catalyst mixture surface was 2000 wW/
cm?, estimated with a radiometer, Photoelectronic Instrument
Co. IPAS). During the photodegradation, the temperature was
kept at 20—25 °C and the pH of the dispersion was kept at 6. In
the durability test of P25-GR catalyst in the photodegradation of
MB under UV light, four consecutive cycles were tested. At the
beginning, 30 mg of P25-GR was dispersed in 40 mL of MB solu-
tion (2.7 X 107° M). Then the mixture underwent four consecu-
tive cycles, each lasting for 55 min. After each cycle, the catalyst
was filtrated and washed thoroughly with water, and then fresh
MB solution (2.7 X 107> M) was added to the catalyst. Dark ad-
sorption test was adopted to compare the adsorptivity of P25,
P25-GR, and P25-CNTs. In this test, 30 mg of catalyst (P25, P25-
GR, or P25-CNTs) was dispersed in 40 mL of MB solution (2.7 X
107° M) with stirring and kept in the dark for 10 min. Then the
dispersion was centrifuged and the MB solution was taken to the
UV—visible absorption measurement. From the difference in
the absorbance before and after adsorption, the amount of dyes
adsorbed by the catalyst could be estimated.

Fabrication of Film Electrodes and Electrochemical Impedance Spectra
(EIS) Measurements: For the EIS measurement, P25 and P25-GR
powders were fabricated as the film electrodes by the method
reported in our previous work.?* First, the powders and ethanol
were mixed homogeneously (150 mg/mL), and the obtained
paste was then spread on the conducting fluorine-doped SnO,
glass substrate (FTO, 15 {)/square) with a glass rod, using adhe-
sive tapes as spacers. Finally, the resultant films with a ca. 4 pm
thickness and 1 cm? active area were calcinated at 450 °C for 2 h
in N, atmosphere to achieve good electronic contact between
the particles.

The EIS measurements were carried out on a PARSTAT 2273
potentiostat/galvanostat (Advanced Measurement Technology
Inc.,, USA) by using three-electrode cells. The resultant electrode
served as the working electrode, with a platinum wire as the
counter electrode and a Ag/AgCl (saturated KCl) electrode as
the reference electrodes, which was performed in the presence
of a 2.5 mM K;[Fe(CN)gl/K4[Fe(CN)e] (1:1) mixture as a redox
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probe in 0.1 M KCl solution. The impedance spectra were re-
corded with the help of ZPlot/ZView software under an ac per-
turbation signal of 5 mV over the frequency range of 1 MHz to
100 mHz.
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