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Copper-nanoparticle-dispersed amorphous BaTiO3
thin films as hole-trapping centers: enhanced
photocatalytic activity and stabilityt
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Nobel metal (Au and Ag) nanoparticles are often used in semiconductor photocatalysis to enhance the
photocatalytic activity, while inexpensive Cu attracts less attention due to its easy oxidization. Herein,
an elaborate study was conducted using Cu-nanoparticle-dispersed amorphous BaTiOsz films as
photocatalysts. Photocatalytic and photoelectrochemical measurements demonstrated that the
degradation efficiency and photocurrent density of the nanocomposite films are approximately 3.5
and 10 times as high as the pristine BaTiOs film, respectively, which can be ascribed to a synergetic
effect of the surface plasmon resonance and interband excitation. In addition, a good stability was
also demonstrated by cyclic tests for the degradation of rhodamine B, which may be due to the
amorphous nature of the BaTiOsz matrix providing hole-trapping centers. The high photocatalytic

stability suggests that Cu is a promising alternative metal to replace Au and Ag for the development
Received 7th November 2018

Accepted 28th January 2019 of cost-effective photocatalysts. Our work demonstrates a simple and promising strategy for

improving the photostability of Cu nanomaterials and may provide a useful guideline for designing

DOI: 10.1039/c8ra09204d Cu-based composite materials toward various photocatalytic applications such as water pollution
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1. Introduction

Photocatalysis technology is considered as one of the most
promising strategies for harnessing sufficient and renewable
solar energy for clean energy production and environmental
remediation." However, the photocatalytic efficiency of most
semiconductors with large bandgaps (e.g., TiO,, ZnO and
SrTiO;) is seriously hindered because they can only respond to
UV light which occupies merely approximately 4% of the whole
solar spectrum."” In addition, possessing a highly stable
structure during the photocatalytic process is highly desirable
for photocatalytic materials. Therefore, it is very important to
develop suitable photocatalytic materials, which can utilize
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a wider range of visible light and maintain stability under light
irradiation. To this end, many strategies have been carried out
such as metal-ion and nonmetal doping,® metal-oxide
complexes,*® surface modification,”® and dispersal of noble
metals.”"®

Over the past few decades, dispersing noble metal nano-
particles (NPs) such as Pt, Au and Ag onto semiconductors has
emerged as an efficient method to improve the photocatalytic
activity of semiconductors.”** As an important low-cost metal,
Cu NPs can provide active centers with great promise in catal-
ysis that are expected to be an alternative material for the
replacement of noble metals.”>*° A few reports have elaborated
that the addition of Cu NPs can promote photocatalytic activity
of semiconductors due to the localized surface plasmon reso-
nance (LSPR) effect.?’* Furthermore, the interband transition
energy for Cu is very low (1.9 eV), suggesting that dispersing Cu
into semiconductor photocatalysts could potentially enhance
the photocatalytic property. However, up until now, Cu has
drawn less attention in the field of photocatalysis compared to
Au and Ag due to its easy oxidization under ambient conditions.
For example, Sato et al. reported that the hydrogen production
efficiency using Cu-graphene was much stronger than that of
the pure graphene, whereas Cu NPs were oxidized into Cu,O
after being irradiated for 8 h.** Very recently, Qiao et al. have
demonstrated that hybrid Cu/CQDs when used as a photo-
catalyst manifest an outstanding photoactivity. However, the
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Cu/CQD hybrids exhibited a CuO impurity after photocatalytic
reaction.”” These phenomena could be attributed to the fact that
excess photogenerated holes (h*) can accumulate on the Cu
surface and subsequently induce rapid oxidation of Cu to form
Cu® or Cu™.

Therefore, enhancing photoinduced stability (or preventing
oxidation) of Cu is an important and meaningful subject for
practical applications. One possible strategy is to modify the
surface by loading with an h'-trapping cocatalyst to prevent
oxidation of the photocatalyst via the rapid transfer of pho-
togenerated h*.?*?*° Considering the advantages of the low-cost
and stable properties of BaTiO; (BTO) for using as a photo-
catalyst,*>** we have investigated for the first time whether its
amorphous form can act as h*-trapping centers to improve the
photoinduced stability of Cu, with the aim of improving its
photocatalytic activity. Herein, we conducted an elaborate
study for an amorphous BTO and Cu NP composite thin film
system, in which both photocatalytic activity and photoin-
duced stability of Cu are enhanced during the photocatalytic
process.

2. Experimental

2.1 Material preparation

Cu/BTO films with varying Cu,/(Cu + BTO) ratios (x = 0, 10, 15,
20, 25, 30, 35 and 40, where x is mol% of Cu, named as Cu,/BTO)
were fabricated by using a sol-gel and spin-coating method,
starting with barium acetate (Ba(CH3;COO),, 99.0%), tetrabutyl
titanate (Ti(CH¢O,)s, 98.0%) and copper nitrate (Cu(NOj3),-
-3H,0, 99.8%) as raw materials, as well as acetic acid (CH;-
COOH, 99.5%), deionized water (H,O) and glycerol (C3HgOs3,
99.0%) as solvents. First, 1 mol of Ba(CH3;COO), was dissolved
into the blend solution of CH;COOH (5 ml), H,O (5 ml) and
C3HgO; (5 ml). After stirring for 2 h, 1 mol of Ti(C,H,0,), was
added to the solution, followed by stirring for another 2 h.
Several drops of nitric acid for hydrolysis catalysis were added to
adjust the pH value of the solution between 2 and 3. Then,
a resultant solution of C3HgO3 and Cu(NO3),-3H,0 was added
into the above precursor solution containing varying chemical
compositions of Cu,/BTO. To form the Cu,/BTO films, the ob-
tained solution was spin coated onto a glass substrate with
a size of 2 x 2 cm at 500 rpm for 5 s and subsequently 3000 rpm
for 15 s. Finally, the films were dried at 150 °C for 30 s and
subsequently heated at 500 °C for 1 h in a protection atmo-
sphere of 5% H, + 95% A, gas to prevent the oxidization of Cu
NPs. These sequences for coating and pyrolysis treatments were
repeated for 10 times to form the final Cu,/BTO films.

2.2 Characterization

The crystal structures for all the samples were investigated by
XRD (X-ray diffraction: DMAX-RB, Rigaku Inc.) with Cu Ko
radiation (A = 1.5406 A) filtered using a Ni foil. TG (Thermog-
ravimetry) and DTA (differential thermal analysis) were carried
out for the precursor powders in a protection atmosphere of N,
gas to prevent the oxidization of Cu NPs (HCT-1, Beijing Optical
Instrument Inc.). The powders were obtained by drying the
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precursor solution in an oven at 60 °C. Characterization of the
morphology and chemical composition were performed by
FESEM (field-emission scanning electron microscopy, JEOL
JSM7401F). The TEM (transmission electron microscopy)
images and SAED (selected area electron diffraction) patterns
were obtained using an FEI Tecnai G2 F20 microscope. The
chemical binding state for the elements composing the
prepared films was characterized by XPS (X-ray photoelectron
spectroscopy: PHI-5300, PHI) using Al Ko radiation (hv = 1486.6
eV) as an X-ray source. The energies for all spectra were adjusted
by normalizing with respect to the C 1s peak at 284.8 eV. The Cu
2p, Ba 3d and Ti 2p spectra were fitted using the XPS data, which
were determined by deconvolution with the program XPS Peak
4.0. The absorption spectra were obtained by using an UV-2800
(UV-Visible spectrophotometer, UNICO Instruments Co., Ltd.).
Stable-state PL (photoluminescence) spectra for the films were
measured using an F-4500 FL spectrophotometer with an exci-
tation wavelength of 335 nm at room temperature. The ESR
(electron spin resonance) spectra were measured by a Bruker
model ESR 300E spectrometer equipped with a quanta-Ray
Nd:YAG laser system as the irradiation source (A = 355 nm, 10
Hz). The corresponding parameters for the spectrometer, such
as sweep width, center field, microwave frequency, modulation
frequency and power, were set as 3486.70 G, 100 G, 9.82 GHz,
100 kHz and 5.05 mW, respectively.

2.3 Photocatalytic and photoelectrochemical tests

The photocatalytic activity was estimated from the degradation
of rhodamine B (RhB) under UV-Vis light with a 500 W xenon
lamp (Beijing institute of electrical light sources, China). A
20 mM RhB solution was spin coated onto the surface of the
films at a rate of 3000 rpm for 30 s. The reaction temperature
was kept at room temperature to prevent any thermal catalytic
effect. Films with the RhB layer were kept in the dark for 30 min
to reach the adsorption/desorption equilibrium between the
photocatalyst and RhB before illumination, and were 15 cm
away from the light source. The degradation rate was monitored
by monitoring the maximal absorbance peak value of RhB (550-
580 nm) relative to its initial intensity under various illumina-
tion times using a UV-Vis spectrophotometer on the basis of the
following formula: n = (4o — A;)/Ag X 100%, 7 is the decolor-
ization ratio of the reaction, A, is the absorbance of the RhB
solution before the reaction, and A, is the absorbance of the RhB
solution after ¢ min.

The photoelectrochemical measurements were performed
using a CHI660E electrochemical station in 1 M Na,SO, solu-
tion by a three-electrode cell, where the FTO glass substrates
coated with a Cu/BTO film were used as the working electrode,
a platinum wire as the counter electrode and Ag/AgCl as the
reference electrode. The EIS (electrochemical impedance
spectra) were recorded by applying an AC voltage of 5 mV
amplitude in the frequency range of 0.01 Hz to 100 000 Hz with
the initial potential referring to the open-circuit voltage. The
IPCE (incident photon-to-current conversion efficiency) was
measured at a series of wavelengths by inserting various
bandpass filters in front of the reaction cell to obtain the

This journal is © The Royal Society of Chemistry 2019
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desired incident wavelength. The light intensities were
measured using a spectroradiometer (PL-MW2000 Photo-
radiometer; PerfectLight, China).

3. Results and discussion

Fig. 1a shows the XRD results obtained for the Cu,/BTO films.
The standard diffraction peaks for Cu (PDF#04-0836) are shown
with vertical lines for comparison. A broad diffraction peak for
all the films was detected at approximately 25°, which corre-
sponds to the BTO matrix,* indicating that the matrix is
amorphous. From a typical TG-DTA curve for the Cu,;/BTO
precursor powders in Fig. S1,T we can see that no further weight
loss was observed above 600 °C, which demonstrates that the
starting crystallization temperature for the BTO matrix is ca. or
higher than 600 °C. In addition, the diffraction peaks at 26
values of 43.3°, 50.4° and 74.1° belong to the (111), (200) and
(220) crystal planes of metallic Cu, respectively. The strength-
ened diffraction intensity for Cu with increasing x indicates an
enhanced crystallinity and grain growth, which is in accordance
with the TEM results obtained for the Cu,/BTO films with x =
10, 15 and 35 (Fig. S2a-ct). The in-plane TEM image for the
Cu,5/BTO films in Fig. 1b reveals that most of the Cu NPs (as
indicated by the red imaginary line) are almost spherical in
shape and homogeneously distributed in the amorphous BTO
matrix. The SAED pattern in Fig. 1c shows characteristic
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Fig.1 (a) XRD patterns for the Cu,/BTO thin films. (b) TEM micrograph
and (c) SAED patterns of the Cu,s/BTO sample.
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diffraction rings for metallic Cu (111), (200), (220) and (311)
from inner to outer, which match well with the XRD results
(Fig. 1a). From the HAADF-STEM characterization for the Cuss/
BTO sample (Fig. S2dt), bright spots due to Cu can be clearly
discerned from the background. Elemental mapping results
(Fig. S2e and f}) further confirm the composition of the bright
spots to be Cu elements with a uniform distribution in the film.

The XPS spectra for the Cu,s/BTO composite films (Fig. S3at)
confirm the existence of elemental Cu, Ba, Ti, and O. Peaks at
932.5 and 952.3 eV in Fig. S3bf refer to Cu® 2ps/, and Cu® 2py,,,
respectively, which are slightly shifted to lower binding energies
compared to the corresponding values 932.7 and 952.5 eV for
characteristic metallic Cu.*> The Ba®* 3d5/, and Ba®* 3d;, peaks
in Fig. S3ct centered at 780.2 and 795.5 eV are slightly lower
than those in BTO,* respectively. The two peaks at 458.3 and
464.1 eV in Fig. S3d+ are in accordance with the Ti** 2p;;, and
Ti*" 2py, peaks at 458.1 and 463.9 eV.** The latter pair of peaks
arise from Ti** 2ps, and Ti** 2p, 5, which are located at lower
binding energies of 457.2 and 463.0 eV, approximately similar
to the reported values of 457.1 and 463.1 eV.** This may be due
to the deficient oxygen supply in an air environment at 500 °C,
which is lower than the crystallization temperature of BTO at
600 °C, as demonstrated by the TG-DTA results (Fig. S1t). As
a result, the oxygen vacancies (named as V) can be generated
resulting in the partial reduction of Ti** to Ti**, as depicted by
the following defect equations:

1 .
05— E02 + Vg +2¢ (1)

Ti*" +e — Ti** (2)

The reduction of tetravalent cations to a lower valence state
in B-sites has been found in a BTO ceramic system.**

To understand the optical properties of the Cu,/BTO films,
the theoretical SPR absorption spectra were calculated first
based on Mie theory,*** as shown in Fig. S4a.f An SPR peak
located at 625 nm was found for all samples, while an obvious
enhancement of the interband transition (ca. 300 to 652 nm)
was observed with increasing x value. On the other hand, the
experimentally measured optical absorption spectra for Cu,/
BTO in Fig. S4bt exhibit an absorption peak in the range of 560-
650 nm due to the SPR effect in the Cu NPs under visible light.
The intensity of the SPR peak strengthens, while an obvious
enhancement of the interband transition was also observed
with increased x, along with an overlap of the SPR band and
interband transition absorption edge, which agrees well with
the theoretical simulation.

The photocatalytic and photoelectrochemical activity of Cu,/
BTO films were evaluated. The absorption spectra of RhB after
photocatalytic degradation by various samples are shown in
Fig. S5a.F The photodegradation results in Fig. 2a manifest that
the self-degradation for RhB is very weak under UV-Vis light
without a catalyst, with only 2% of RhB degraded after 5 h of
irradiation, while ca. 12% of RhB can be degraded by the pris-
tine BTO. All the Cu,/BTO samples exhibited an improved
photocatalytic activity, with the highest photodegradation rate

RSC Adv., 2019, 9, 5045-5052 | 5047
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(a) Degradation rate of RhB using the Cu,/BTO thin films under UV-Vis light irradiation. (b) Cycling measurements for RhB degradation

efficiency. (c) Photocurrent density vs. time and (d) Nyquist plots for pristine BTO and Cu,s/BTO thin-film photoelectrodes.

for RhB of 42% reached when x = 25. The RhB degradation rate
over Cu,;/BTO is approximately 3.5 times as high as the pristine
BTO. The corresponding photodegradation rate kinetics are
shown in Fig. S5b,T and the inset of (b) shows the histogram of
the photodegradation rates (k is derived as the slope of the
In(C,y/C) — t plot according to the first-order kinetics). Cycling
measurements for RhB degradation over Cu,5/BTO were carried
out to evaluate the photostability of the Cu. After three cycles,
the RhB degradation rate in Fig. 2b slightly decreased from 42%
to 40%, indicating a high durability and a good stability for the
Cu,s/BTO catalyst. Fig. 2c shows the photocurrent profiles for
these photoanodes recorded under zero-bias. Obviously, the
Cu,s/BTO can produce a photocurrent density that is approxi-
mately 10 times higher than that of the pristine BTO. The EIS
curves, which can be used to evaluate the charge transfer (CT)
resistance (Rcr), were measured,* as shown Fig. 2d. It is well
known that the smaller the radius of the impedance-related arc,
the faster the CT between the electrode and the electrolyte.*
Due to the smaller radius of the arc for the Cu,5/BTO sample
compared to the pristine BTO, Cu,s/BTO has a smaller Rcr and
stronger CT ability.

Photoluminescence (PL) spectroscopy is widely used to
follow the irradiative recombination of photogenerated charge
carriers.* Therefore, we carried out PL measurements to anal-
ysis the CT behavior in the Cu/BTO system using the Cu,s/BTO
sample showing the highest photocatalytic efficiency, as well as
pristine BTO for comparison. In Fig. 3a, both the spectra
possess two emission peaks at 387 and 424 nm, which can be
ascribed to recombination between e in the conduction band

5048 | RSC Adv., 2019, 9, 5045-5052

(CB) and h" in the valence band (VB) and recombination
between e~ in a defect level and h' in the VB, respectively. The
defect level may result from the V{ (as demonstrated by the XPS
results in Fig. S3dt), which can usually be found in amorphous
BTO.** Notably, the PL intensity of the BTO obviously decreased
after the dispersion of Cu NPs, suggesting that the recombina-
tion of the photogenerated e -h" pairs is greatly inhibited in
the Cu,5/BTO. Similar behavior has also been observed in other
material systems.*®

Fig. 3b shows the IPCE curve for the Cu,s;/BTO sample.
Noteworthy, the IPCE curve for the Cu,s/BTO shows a strong
similarity to the interband transition band at shorter wave-
length (400-550 nm) and is also consistent to some extent with
the SPR spectrum measured at longer wavelengths (550-700
nm). This result gives clear proof that the hot e~ transferred
from Cu to BTO for RhB degradation over the Cu,s/BTO arises
from the synergetic effect of the interband transition and SPR
effect of Cu NPs, which is unlike that reported for the Au-Cu/
SrTiO; system.** For further evaluating the photocatalytic
performance, we compared the photodegradation efficiency of
RhB over pristine BTO, Au;s/BTO,** Ag,s/BTO* and Cu,s/BTO
(this work) samples (the optical absorption spectra are shown in
Fig. 3c) under UV-Vis light, as shown in Fig. 3d. We can see that
the photodegradation efficiency over Cu,s/BTO is comparable to
that of Au;5/BTO and Ag,s/BTO, which shows that Cu is a highly
promising alternative to noble metals.

To test the photostability of Cu in the composite film, XPS
measurements were performed. Fig. 4a shows the high-
resolution XPS spectra for Cu 2p before reaction and after the

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) PL spectra for pristine BTO and Cu,s/BTO thin films with an excitation wavelength of 335 nm at room temperature. (b) IPCE curves,

simulated and measured absorption spectra for the Cu,s5/BTO thin film. (c) Optical absorption spectra and (d) degradation rate of RhB over
pristine BTO and (Auzs,®* Agzs,** Cu,s)/BTO thin films under UV-Vis light.

1st, 2nd and 3rd run, respectively. It can be clearly seen that the
binding energy peaks for Cu 2p located at 952.3 and 932.5 eV
remain unchanged after the photocatalytic reactions, suggest-
ing good photostability for the metallic Cu during the photo-
catalysis process. The oxidization of Cu was successfully
restrained by the dispersion in amorphous BTO, which is
possibly because amorphous BTO can act as h'-trapping centers
to avoid photoinduced oxidation of Cu. To prove our hypoth-
esis, an ESR test was used to detect the reactive h* species both
in the dark and under UV-Vis light illumination on the Cu,s/
BTO sample. As shown in Fig. 4b, the ESR signal (g = 2.004)
occurs in the dark. Previous work suggested that the g = 2.004
signal is associated with titanium vacancies (ionized V1) con-
tained in the surface of BTO.***" It is, therefore, reasonable to
speculate that the surface of the amorphous BTO prepared in
this study also contains such VJ defects, which could be
ascribed to the lack of Ti** due to the amorphous structure of
BTO:

BaTiO3 i BaTil,,\»Og + XVZI/-/; =+ 4xh.

(3)

The intensity obviously increases after irradiation by UV-Vis
light, indicating an increase of h" accumulated in the BTO
surface region. While no ESR signal for ionic Cu was detected
both in the dark and under UV-Vis light irradiation,*** indi-
cating that Cu remains in the metallic state without oxidation.
According to a previous report, amorphous TiO, can act as h'-

This journal is © The Royal Society of Chemistry 2019

trapping centers to improve the stability of CdS via the effective
capture of photogenerated h'.>**° In the present work, we
believe that the amorphous BTO can also work as h'-trapping
centers to avoid the photoinduced oxidation of Cu NPs in the
photocatalytic process.

To understand in depth the role of active species in the
photocatalytic process of RhB over the pristine BTO and Cu,s/
BTO photocatalysts, various scavengers including disodium
ethylenediaminetetraacetate (EDTA-2Na), iso-propanol (IPA)
and benzoquinone (BQ) were employed as quenchers of
superoxide radicals (-O,), holes (h") and hydroxyl radicals
(-OH), respectively.”>* Typically, films were immersed in 20 ml
of 10 mg L' RhB aqueous solution, which was irradiated with
a 500 W high pressure Xe lamp light source (positioned 8 cm
away from the catalytic reactor). From Fig. 4c, the addition of
IPA has the most significant negative effect on RhB degradation,
with only 23% RhB degraded, which suggests the pivotal role of
-OH in the process of photocatalytic reaction over pristine BTO.
However, when BQ and EDTA-2Na were added, degradation
efficiencies are merely 53% and 59% respectively, implying that
-0, and h" have no obvious effect on degradation of RhB. On
the other hand, for the Cu,5/BTO sample in Fig. 4d, the degra-
dation efficiencies of RhB increase after adding IPA and EDTA-
2Na, compared to that of the pristine BTO. These results clearly
indicate that the role of h* weakened in the photocatalytic
process after dispersing Cu NPs into the amorphous BTO
matrix. Therefore, we can conclude that the amorphous BTO

RSC Adv., 2019, 9, 5045-5052 | 5049
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can work as h'-trapping centers in the photocatalytic process,
thus avoiding the photoinduced oxidation of Cu NPs.

A possible band configuration for amorphous BTO and Cu is
proposed to explain the potential mechanism, as illustrated in

000000

R| Interband
Pl transition

5
CBEOOOGOOO |

Defect level

002'

7
*OH OH/H,0
Amorphous BTO

Cu

Fig. 5 Schematic diagram for the band structure and possible charge
transfer mechanism for amorphous BTO dispersed with Cu NPs.

5050 | RSC Adv., 2019, 9, 5045-5052

Fig. 5. Under UV-light illumination, e are produced in the CB
and defect level, leaving h* on the VB in BTO. Meanwhile, under
UV and visible light, the SPR effect and interband transition
promotes efficient CT from Cu NPs to BTO (CTspg and CTincer),
as indicated by the blue and plum-purple arrows. Such CTspr
and CTj,e; can promote the generation of active -O, radicals on
the BTO surface, thus leading to an enhanced photocatalytic
activity. On the other hand, the h" generated in both the BTO
and Cu can be trapped in the amorphous BTO with many Vg,
and, then, rapidly consumed by the h*-trapping centers, thus
hindering the oxidation of Cu. A similar behavior was reported
in amorphous TiO, systems.***® As a result, the photoinduced
stability of Cu is enhanced by the amorphous BTO matrix acting
as h' trapping centers.

4. Conclusions

In summary, amorphous BTO films dispersed with Cu NPs were
fabricated using a sol-gel and spin-coating method. Both the
photocatalytic degradation activity and photoelectrochemical
performance of the amorphous BTO films were improved after
introducing Cu NPs. Such enhancements could be related to
both surface plasmon resonance and interband excitation
effects. Interestingly, the photocatalytic activity of Cu,/BTO is
comparable to that of Au/BTO and Ag/BTO counterparts with

This journal is © The Royal Society of Chemistry 2019
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good stability observed after three cycles. We also found that the
oxidation of Cu is strongly hindered when dispersing in amor-
phous BTO films that serve as h'-trapping centers. The strategy
described here may benefit the application of highly stable and
nonprecious Cu in amorphous semiconductor photocatalysis
and open up new opportunities for designing and preparing UV-
Vis responsive photocatalysts.
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