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A B S T R A C T

CuBi2O4 particles (350–700 nm) were decorated with Ag nanowires (30 nm in diameter and 0.8–1.5 µm in
length) by a hydrothermal route. The as-prepared Ag-CuBi2O4 composite was systematically characterized by
XRD, TEM, XPS, UV–vis DRS, EIS, PL spectroscopy and photocurrent response. It is revealed that Ag-CuBi2O4

composite displays an enhanced separation efficiency of photogenerated electron-hole pairs, which is due to the
migration of electrons from CuBi2O4 particles to Ag nanowires. RhB and phenol were chosen as the target
organic pollutant to evaluate their degradation behavior over the samples under simulated-sunlight irradiation.
It is observed that Ag-CuBi2O4 composite shows a photocatalytic activity much higher than that of bare CuBi2O4.
The enhanced photocatalytic activity of the composite can be explained by the efficient separation of photo-
induced charges and the increased availability of the charges for the photocatalytic reactions. The reactive
species were determined by investigating the effect of ethanol, BQ and AO on the degradation of RhB and the
formation of •OH radicals. It is concluded from the experimental results that •OH is the dominant reactive species
causing the dye degradation. The photocatalytic mechanism involved was discussed.

1. Introduction

Spinel-type compounds with general formula of AB2O4 (where A
represents a divalent metal cation and B represents a trivalent metal
cation) have attracted extensive interest due to their diverse properties
and wide applications in electronic devices, catalysis and energy sto-
rage. Copper bismuth oxide (CuBi2O4), packed with square planar CuO4

groups linked to distorted trigonal BiO6 polyhedra [1], is one of the
outstanding representatives of spinel-type compounds. CuBi2O4 is a p-
type semiconductor and holds many promising physicochemical prop-
erties including magneticity, dielectricity, high-temperature heat ca-
pacity, electrochemical capacitance, photoelectrochemical property
and catalysis [2–24]. In particular, CuBi2O4 has a relatively small
bandgap energy of 1.5–1.9 eV, and thus it can largely absorb the visible
part of the solar spectrum. As the photocatalytic applications, Bi-con-
tained semiconductors are particularly interesting [25–27], and fur-
thermore, the conduction band potential of CuBi2O4 is more negative
than the redox potential of H+/H2. Due to these attractive features,
CuBi2O4 has been extensively studied as a photocathode for solar water
splitting into H2 [11–15]. It has been shown that CuBi2O4 can be also
used as a promising visible-light-responsive photocatalyst for the de-
gradation of organic dye pollutants [19–24].

The photocatalytic behavior of a semiconductor is closely associated
with photogenerated electrons (e–) and holes (h+). For a bare semi-
conductor, however, most of the photogenerated electrons and holes
will undergo rapid geminate recombination and only a small portion of
the carriers migrate to the semiconductor surface for participating in
the photocatalytic reactions. Efficient separation of electron-hole pairs
is crucial to achieve a good photocatalytic activity of the semi-
conductor. Construction of heterostructured composites from two
semiconductors is one of the most important strategies to promote the
electron-hole pair separation and hence improve the photocatalytic
performance of semiconductors. Recently, much work has been devoted
to the heterostructure composite photocatalysts constructed from
CuBi2O4 and other semiconductors, such as CuBi2O4/TiO2, CuBi2O4/
BiVO4, CuBi2O4/SrO, CuBi2O4/CeO2, CuBi2O4/NaTaO3 and CuBi2O4/
Bi2WO6 [28–34]. In these composites, photogenerated electrons or
holes tend to migrate from one semiconductor to another. Due to this
carrier transfer process, the recombination rate of electron-hole pairs
can be effectively inhibited, and thus more carriers are available for the
photocatalytic reactions. It has been shown that these composite pho-
tocatalysts exhibit significantly enhanced photocatalytic activity com-
pared to individual semiconductors. Decoration of the semiconductor
with noble metals (e.g. Ag, Au, Pt, etc.) is another promising strategy to
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improve its photocatalytic activity [35–37]. Noble metals that act as
efficient electron sinks can capture photogenerated electrons, leaving
behind holes on the semiconductor surface. As a result, photogenerated
holes are increasingly available to participate in the photocatalytic re-
actions. Up to now, there has been little work concerned with the
photocatalytic performance of noble metal-decorated CuBi2O4 photo-
catalyst. In this work, we adopted a hydrothermal route to grow Ag
nanowires onto the surface of CuBi2O4 particles. The photocatalytic
performance and mechanism of the as-prepared Ag-CuBi2O4 composites
was investigated by degrading rhodamine B (RhB) and phenol under
simulated-sunlight irradiation.

2. Experimental

2.1. Preparation of CuBi2O4 particles

CuBi2O4 particles were synthesized via a polyacrylamide gel route
as described in the literature [38]. In a typical synthesis process,
4.8507 g (0.01 mol) of Bi(NO3)3·5H2O and 1.208 g (0.005 mol) of Cu
(NO3)2·3H2O were dissolved in 30 mL of dilute nitric acid solution.
Then 3.377 g (0.0225 mol) of tartaric acid, 20 g of glucose, and
9.5958 g (0.135 mol) of acrylamide were successively added to the
above solution. The molar amount of tartaric acid and acrylamide was
1.5 and 9 times the amount of total Cu2+/Bi3+ ions, respectively.
During the process of adding chemical reagents, the solution was sub-
jected to stirring using a magnetic stirrer to ensure the additives dis-
solved completely. The mixture solution was made up to 100 mL by
adding distilled water, and then heated up to 80 °C and maintained at
this temperature on a hot plate for 3 h. The formed gel was dried at
120 °C for 12 h in a thermostatic drier. The obtained xerogel was
ground into powder in a mortar and placed inside a tubular furnace for
calcination at 600 °C. After 10 h of calcination, the tubular furnace was
cooled down to room temperature naturally, finally yielding CuBi2O4

particles.

2.2. Decoration of CuBi2O4 particles with Ag nanowires

1 g of as-prepared CuBi2O4 particles was loaded in 30 mL of ethy-
lene glycol and subjected to ultrasonic treatment for 30 min to make the
particles disperse uniformly. 0.1 g of polyvinyl pyrrolidone (PVP), 0.1 g
of AgNO3 and 2 mg of NaCl were dissolved in 20, 20 and 10 mL of
ethylene glycol, respectively. The three solutions were successively
added to the above CuBi2O4 suspension slowly (drop by drop). The
obtained mixture was transferred to and sealed in a Teflon-lined
stainless-steel autoclave of 100 mL capacity and submitted to hydro-
thermal treatment at 160 °C. After 5 h of reaction, the autoclave was
naturally cooled down to room temperature. During the hydrothermal
process, Ag nanowires were grown onto CuBi2O4 particles. The product
was collected and washed several times with acetone and absolute
ethanol, and then dried in a thermostated drying oven at 60 °C for 2 h to
obtain the final Ag-CuBi2O4 composite.

2.3. Sample characterization

The structural analysis of the samples was carried out using x-ray
powder diffraction (XRD) with Cu Kα radiation (λ = 0.15406 nm). The
morphology and microstructure of the samples was observed by field-
emission scanning electron microscopy (SEM) and field-emission
transmission electron microscopy (TEM). The N2 adsorption/desorption
technique was used to measure the Brunauer–Emmett–Teller (BET)
specific surface area of the samples. The electron binding energies for
the elements were measured by x-ray photoelectron spectroscopy
(XPS), where the binding energy scale of the XPS data was calibrated
against the adventitious C 1 s peak at the binding energy of 284.8 eV.
The optical absorption and bandgap energy of the samples was in-
vestigated by ultraviolet-visible diffuse reflectance spectroscopy

(UV–vis DRS) on a UV–vis spectrophotometer with an integrating
sphere attachment. The photoluminescence (PL) spectrum of the sam-
ples was measured on a fluorescence spectrophotometer with the ex-
citation wavelength of 320 nm.

2.4. Photoelectrochemical measurement

The electrochemical impedance spectroscopy (EIS) and photo-
current response measurements were performed on a CST 350 elec-
trochemical workstation using a three-electrode cell configuration,
which consists of working electrode, a platinum foil as the counter
electrode and a standard calomel electrode (SCE) as the reference
electrode. 0.1 mol L−1 Na2SO4 aqueous solution was used as the elec-
trolyte. A 200 W Xenon lamp was used as the light source. The working
electrode was prepared as follows. 15 mg of CuBi2O4 or Ag-CuBi2O4,
0.75 mg of carbon black and 0.75 mg of polyvinylidene fluoride (PVDF)
were mixed together using 1-methyl-2-pyrrolidione (NMP) as solvent to
form slurry. The slurry was uniformly coated onto fluorine-doped tin
oxide (FTO) glass substrate with area of 1 × 1 cm2, and then submitted
to drying at 60 °C for 5 h in a thermostat drying oven. The EIS spectra
were recorded by applying an alternating current (AC) voltage with
amplitude of 5 mV and in the frequency range of 10−2 to 105 Hz. The
transient photocurrents were measured at a fixed bias potential of
0.2 V.

2.5. Photocatalytic test

RhB and phenol were used as the target organic pollutant to eval-
uate the photocatalytic activity of the samples under simulated-sunlight
irradiation. The photoreactor configuration is schematically shown in
Fig. 1. The initial concentration of RhB or phenol was 2 mg L−1. As a
typical photocatalytic process, 0.1 g of CuBi2O4 or Ag-CuBi2O4 was
loaded in 100 mL of RhB or phenol solution, to which was then added
1 mL of H2O2. The mixture was magnetically stirred for 30 min in the
dark in order to attain the adsorption/desorption equilibrium of RhB
onto the photocatalyst surface. After that, the mixture was irradiated by
a 200 W xenon lamp. During the photocatalysis process, the reaction
solution was kept at room temperature by cooling the photocatalytic
reactor with a water-cooling system. At intervals of 10 min, 3 mL of the
reaction solution was taken out from the reactor and centrifuged at
4000 r min−1 for 10 min to remove the photocatalyst. The absorbance
of the upper clear solution in the centrifuge tube was measured at
554 nm for RhB or 270 nm for phenol using a UV–vis spectro-
photometer. According to the absorbance, the RhB or phenol con-
centration of the reaction solution was then determined. In order to
reveal the reactive species in the Ag-CuBi2O4 photocatalytic system, we
investigated the effect of ethanol, benzoquinone (BQ) and ammonium
oxalate (AO) on the degradation of RhB. Here ethanol, BQ and AO are
used as the scavengers of hydroxyl (•OH), superoxide (•O2

−) and h+,
respectively. 5 mL of ethanol, 0.0011 g of BQ and 0.0142 g of AO are
separately added in 100 mL reaction solution, and then the

Fig. 1. Schematic illustration of the photoreactor configuration.

F. Wang et al. Materials Science in Semiconductor Processing 73 (2018) 58–66

59



photocatalytic experiments are carried out under the same conditions.

2.6. Detection of hydroxyl

•OH radicals generated in the photocatalytic system were examined
by PL spectroscopy using terephthalic acid (TPA) as a •OH scavenger. It
is established that TPA can react with •OH to produce 2-hydro-
xyterephthalic acid (TAOH), which can emit photoluminescence having
wavelength of 429 nm [39]. A stoichiometric amount of TPA was dis-
solved in NaOH aqueous solution (1.0 mmol∙L−1) to make a
0.25 mmol L−1 TPA solution. 0.1 g of the photocatalyst and 1 mL of
H2O2 were added in 100 mL of the TPA solution, followed by magnetic
stirring for 30 min in the dark. The mixture was then irradiated by a
200 W xenon lamp. After reaction for 30 min, a small portion of the
solution was pipetted out and centrifuged at 4000 r min−1 for 10 min to
remove the photocatalyst. The PL spectrum of the upper clear solution
in the centrifuge tube was measured at a fluorescence spectro-
photometer with an excitation wavelength of 315 nm. To investigate
the effect of ethanol, BQ and AO on the formation of •OH radicals, 5 mL
of ethanol, 0.0011 g of BQ and 0.0142 g of AO are separately added in
100 mL TPA reaction solution, and then the PL measurement follows
the same process as described above.

3. Results and discussion

Fig. 2 shows the XRD patterns of CuBi2O4 and Ag-CuBi2O4 samples,
along with the standard XRD line patterns for CuBi2O4 tetragonal
structure with P4/ncc space group (PDF #42-0334) and Ag cubic
structure with Fm-3m space group (PDF #04-0783). It is seen that all
the diffraction peaks for CuBi2O4 can be indexed according to the
standard diffraction pattern, implying that the particles crystallize into
single CuBi2O4 tetragonal phase. For Ag-CuBi2O4, the XRD pattern
shows that CuBi2O4 undergoes no structural change and maintain the
tetragonal structure. However, additional weak diffraction peaks from
Ag cubic phase are visible in the XRD pattern, indicating the formation
of Ag nanowires in the composite.

Fig. 3(a) shows the SEM image of CuBi2O4 particles, revealing that
the particles are shaped like spheres or polyhedrons. The primary
particle size distribution (measured by Heywood diameter) ranges from
350 to 700 nm and the average size of the particles is estimated to be
550 nm. Fig. 3(b) shows the SEM image of Ag-CuBi2O4 composite, from
which one can see that Ag nanowires are decorated onto CuBi2O4

particles. These Ag nanowires have the same diameter of 30 nm but
different lengths ranging from 0.8 to 1.5 µm. The BET specific surface

area of CuBi2O4 and Ag-CuBi2O4 is measured by the N2 adsorption/
desorption technique as 12.4 and 14.9 m2 g−1, respectively. The in-
troduction of Ag nanowires leads to a slight increase in the BET specific
surface area of the resultant Ag-CuBi2O4 composite. This can be at-
tributed to the fact that Ag nanowires have relatively higher BET spe-
cific surface area than CuBi2O4 particles.

The microstructure of Ag-CuBi2O4 composite was investigated by
TEM. Fig. 4(a) shows the TEM image of Ag-CuBi2O4, revealing that
CuBi2O4 particles with size of 400–600 nm are decorated with Ag na-
nowirs of 30 nm in diameter and 0.8–1.5 µm in length. The morphology
and size of CuBi2O4 particles and Ag nanowirs observed by TEM basi-
cally agrees with that observed from the SEM image. Fig. 4(b) shows the
high resolution TEM (HRTEM) image of Ag-CuBi2O4. It is clear that
both CuBi2O4 particles and Ag nanowires display perfect crystal lattice
fringes, implying that they have a good crystallization. The crystal
lattice fringes of CuBi2O4 with an interplanar distance of 0.425 nm
correspond to the (200) crystal plane of CuBi2O4, and the crystal lattice
fringes of Ag have an interplanar distance of 0.236 nm and are as-
signable to the Ag (111) crystal plane. Fig. 4(c) shows the dark-field
scanning TEM (DF-STEM) image of Ag-CuBi2O4, and Fig. 4(d)–(g) give
the corresponding elemental mapping images of the region indicated in
Fig. 4(c). It is seen that the large-sized particles present the elemental
distribution of Cu, Bi and O, and are therefore confirmed to be CuBi2O4

particles. No obvious chemical composition segregation is observed in
the CuBi2O4 phase. The nanowires assembled onto CuBi2O4 particles
display the elemental distribution of Ag, confirming that they are Ag
nanowires. The chemical composition of Ag-CuBi2O4 is further in-
vestigated by the energy-dispersive x-ray spectroscopy (EDS). Fig. 4(h)
shows the EDS spectrum of Ag-CuBi2O4. It is noted that EDS is sensitive
to heavy elements like Cu, Bi and Ag, but not to light elements like O.
As a result, the EDS spectrum presents obvious signals of Cu, Bi and Ag
elements, but a weak signal of O element. The atomic ratio of Cu to Bi is
obtained as 1.75/1, which is much higher than the Cu/Bi atomic ratio
(1/2) of CuBi2O4 phase. The observation of high-intensity Cu signal
could be ascribed to the contribution of the Cu microgrid used for
supporting the sample. The atomic ratio of Ag to Bi is obtained as
0.277/1, implying about 5.2 wt% of Ag nanowires in the composite.

The elemental oxidation state of CuBi2O4 and Ag-CuBi2O4 was in-
vestigated by XPS. Fig. 5(a) shows the XPS survey scan spectra of the
samples, revealing the presence of the elements Cu, Bi and O in both the
samples. Moreover, additional Ag signal is clearly included in the XPS
spectrum of the composite. The observed C signal at 284.8 eV arises
from adventitious carbon used for calibration of the binding energy
scale. Fig. 5(b)–(d) show the XPS spectra of Cu 2p, Bi 4f and O 1s,
respectively. The XPS signals for CuBi2O4 are seen to be very similar to
those for Ag-CuBi2O4, suggesting that the decoration of Ag nanowires
onto CuBi2O4 particles cannot lead to an obvious change in the ele-
mental oxidation state. On the Cu 2p XPS spectra shown in Fig. 5(b), the
peaks at 934.1 and 953.8 eV are attributed to the binding energies for
Cu 2p3/2 and Cu 2p1/2, respectively, and the peaks at 942.3 and
962.6 eV are characterized to be the satellite peaks of Cu 2p. The Cu 2p
peak positions and the presence of satellite peaks confirm that the
copper species exists in the +2 oxidation state. The Bi 4f XPS spectra
given in Fig. 5(c) show two sharp peaks at 158.6 and 163.9 eV, which
are assigned to the binding energies of Bi 4f7/2 and Bi 4f5/2, respec-
tively. This is indicative of the presence of Bi3+ oxidation state. The O
1s XPS signals shown in Fig. 5(d) are deconvoluted into three peaks
separately at 529.8, 531.6 and 532.9 eV. The main peak at 529.8 eV
arises from the contribution of the crystal lattice oxygen. The peaks at
higher binding energies could arise due to surface defects or chemi-
sorbed oxygen species [40]. Fig. 5(e) shows the Ag 3d XPS spectrum,
where the peaks at 367.9 and 373.9 eV are assigned to the binding
energies for Ag 3d5/2 and Ag 3d3/2, respectively, implying the existence
of Ag0 metalstate. The presence of Ag+ oxidationstate in the composite
can be excluded because no additional peaks are visible on the spec-
trum.

Fig. 2. XRD patterns of CuBi2O4 and Ag-CuBi2O4, along with the standard XRD line
patterns for CuBi2O4 tetragonal structure (PDF #42-0334) and Ag cubic structure (PDF
#04-0783).
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Fig. 6(a) shows the UV–vis DRS spectra of CuBi2O4 and Ag-CuBi2O4,
and the corresponding first derivative spectra are shown in Fig. 6(b).
Compared to bare CuBi2O4, Ag-CuBi2O4 composite has enhanced ab-
sorption in the visible light region, which will improve the utilization
rate of photons. The absorption edge of the samples can be obtained
from the peak on the first derivative spectra. For bare CuBi2O4, the
absorption edge is observed at 654.7 nm, from which its bandgap en-
ergy is obtained as 1.89 eV. For Ag-CuBi2O4 composite, the absorption
edge undergoes no shift, implying a negligible change in the bandgap
energy of CuBi2O4 particles when decorated with Ag nanowires.

To understand the photocatalytic activity of a photocatalyst, it is
necessary to evaluate the recombination behavior of photogenerated
electron-hole pairs in the photocatalyst. PL spectroscopy is an im-
portant technique that can be used to investigate the electron-hole

recombination in the photocatalyst. The PL intensity is in proportion to
the recombination rate of photogenerated electrons and holes. Fig. 7
shows the PL spectra of CuBi2O4 and Ag-CuBi2O4 measured at an ex-
citation wavelength of 320 nm. For bare CuBi2O4, several obvious PL
emission peaks are observed in the wavelength region of 400–550 nm.
In contrast, the intensity of the PL emission peaks from Ag-CuBi2O4 is
clearly decreased, implying a decrease in the electron-hole re-
combination. The effective inhibition of electron-hole recombination is
ascribed to the electron transfer from CuBi2O4 particles to Ag nano-
wires. As a result, there are more photogenerated electrons and holes in
Ag-CuBi2O4 composite participating in the photocatalytic reactions.

The separation and transfer behavior of photogenerated electrons
and holes was further verified by measuring photocurrent response
spectra and EIS spectra of the photocatalysts. Fig. 8(a) shows the

Fig. 3. SEM images of (a) CuBi2O4 and (b) Ag-CuBi2O4.

Fig. 4. (a) TEM image of Ag-CuBi2O4. (b) HRTEM image of Ag-CuBi2O4. (c) DF-STEM image of Ag-CuBi2O4. (d)–(g) The corresponding elemental mapping images of the region indicated
in (c). (h) EDX spectrum of Ag-CuBi2O4.
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transient photocurrent responses of CuBi2O4 and Ag-CuBi2O4 recorded
for several on-off cycles under intermittent irradiation of simulated
sunlight. For both the samples, an obvious photocurrent is observed
upon turning the simulated sunlight on. Moreover, the transient pho-
tocurrent responses appear to be highly reproducible when the light is
repeatedly switched between on and off. Compared to bare CuBi2O4,
Ag-CuBi2O4 composite displays an enhanced photocurrent density, in-
dicating an increased separation efficiency of photogenerated electron-
hole pairs. Fig. 8(b) shows the Nyquist plots of the EIS spectra for
CuBi2O4 and Ag-CuBi2O4, which exhibit a typical semicircle shape. The
semicircle diameter corresponds to the charge-transfer resistance at the
electrode/electrolyte interface. It is seen that the Nyquist plot of Ag-
CuBi2O4 has a smaller semicircle diameter than that of bare CuBi2O4,

implying a smaller charge-transfer resistance for the composite. The
smaller charge-transfer resistance suggests more efficient separation of
photogenerated chargers and fast interface charge transfer occurring in
the composite.

Fig. 9(a) shows the photocatalytic degradation of RhB over CuBi2O4

and Ag-CuBi2O4 (0.1 g photocatalyst) as a function of irradiation time t.
It is obvious that Ag-CuBi2O4 exhibits an enhanced photocatalytic ac-
tivity compared to bare CuBi2O4. The degradation percentage of RhB is
defined as (C0 − Ct)/C0 × 100%, where C0 and Ct represent the initial
RhB concentration and the remaining RhB concentration after irradia-
tion for time t, respectively. After 60 min of photocatalysis, the de-
gradation percentage of the dye reaches 91.7% for Ag-CuBi2O4, but
only 74.2% for bare CuBi2O4. Fig. 9(b) shows the plots of Ln(Ct/C0) vs.

Fig. 5. XPS spectra of CuBi2O4 and Ag-CuBi2O4. (a) XPS survey spectra; (b) Cu 2p XPS spectra; (c) Bi 4f XPS spectra; (d) O 1s XPS spectra; (e) Ag 3d XPS spectrum.
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irradiation time t for CuBi2O4 and Ag-CuBi2O4. It is seen that the var-
iation of Ln(Ct/C0) with t for both the samples follows a linear trend
with good correlation coefficients R2 (R2>0.99), suggesting that the
time-dependent photocatalytic degradation of RhB follows pseudo-first-
order kinetics, i.e., Ln(Ct/C0) =−kappt, where kapp is the apparent first-
order reaction rate constant (min−1) [41]. The rate constant kapp is
obtained from the slope of the regression lines as 0.0213 min−1 for
CuBi2O4 and 0.04099 min−1 for Ag-CuBi2O4. This implies that Ag-
CuBi2O4 has a photocatalytic activity 1.9 times higher than that of bare
CuBi2O4. The effect of photocatalyst (Ag-CuBi2O4) dosage on the de-
gradation percentage of RhB after irradiation for 60 min was also

investigated, as shown in Fig. 9(c). With increasing the photocatalyst
dosage, the dye degradation is seen to increase initially and then ex-
hibits a decreasing trend, where the optimum loading of the photo-
catalyst is about 0.05–0.1 g in 100 mL RhB solution. In general, an
appropriate increase in photocatalyst dosage can offer more active sites
for the photocatalytic reaction. However, when the photocatalyst is
added in excess, the light transmission is reduced due to the enhanced
photon scattering from photocatalyst particles. As a result, the light
availability is decreased, thus leading to a decrease in the photo-
catalytic efficiency at high photocatalyst loading. The degradation of
phenol over CuBi2O4 and Ag-CuBi2O4 was also investigated, as shown
in Fig. 9(d). Both CuBi2O4 and Ag-CuBi2O4 also exhibit pronounced
photocatalytic activity toward the phenol degradation, and moreover,
an enhanced photocatalytic activity is observed for Ag-CuBi2O4. After
60 min of photocatalysis, the degradation percentage of phenol reaches
79.4% for Ag-CuBi2O4 composite and 62.8% for bare CuBi2O4. Com-
pared to RhB, phenol exhibits a relatively smaller degradation effi-
ciency.

The photocatalytic stability of a photocatalyst is an important
parameter used for evaluating its practical application. To investigate
the photocatalytic stability of Ag-CuBi2O4, it was repeatedly used for
the recycling photocatalytic experiment four times. After the comple-
tion of the first cycle of the photocatalysis, the photocatalyst was col-
lected and washed with water, followed by drying in a thermostat drier.
The recovered photocatalyst was loaded in the fresh RhB solution for
the next cycle of the photocatalytic experiment under the same condi-
tions. The obtained result of the recycling photocatalytic experiment is
shown in Fig. 10, revealing an excellent recycling stability of Ag-
CuBi2O4. At the 4th cycle of the photocatalysis, the degradation per-
centage of RhB still reaches a high value of 89.3% after 60 min of

Fig. 6. (a) UV–vis DRS spectra of CuBi2O4 and Ag-CuBi2O4. (b) The corresponding first
derivative spectra.

Fig. 7. PL spectra of CuBi2O4 and Ag-CuBi2O4.

Fig. 8. (a) Transient photocurrent responses of CuBi2O4 and Ag-CuBi2O4. (b) Nyquist
plots of the EIS spectra for CuBi2O4 and Ag-CuBi2O4.
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photocatalysis.
Fig. 11 shows the effect of ethanol, BQ and AO on the degradation of

RhB over Ag-CuBi2O4. It is found that the addition of AO to the reaction
solution has only a minor suppression on the degradation of RhB and
the dye degradation still maintains a high level of 86.2% after 60 min of
photocatalysis, indicating that h+ is not the dominant reaction species
in the photocatalysis. However, when adding ethanol or BQ to the re-
action solution, the dye degradation is significantly inhibited. Only
16.8% and 25.5% of the dye are observed to be decolorized on adding
ethanol and BQ, respectively, and the decolorization is mainly attrib-
uted to the adsorption effect. This implies that the dye degradation is

highly correlated with •OH and •O2
−.

Fig. 12 shows the PL spectra of the TPA solution after reaction for
30 min over Ag-CuBi2O4 without and with adding ethanol, BQ and AO.
The PL spectrum of the blank TPA solution without photocatalyst is also
shown in Fig. 12, from which almost no PL signal is observed. On ir-
radiation in the presence of Ag-CuBi2O4, the TPA solution shows a
strong PL signal at around 429 nm, suggesting that •OH is produced
over the simulated-sunlight-irradiated Ag-CuBi2O4. When adding AO to
the TPA reaction solution, the PL signal intensity undergoes a slight
decrease, implying that AO has only a slight effect on the yield of •OH.
On the addition of ethanol or BQ, the PL signal disappears almost

Fig. 9. (a) Photocatalytic degradation of RhB over CuBi2O4 and Ag-CuBi2O4 (0.1 g) as a function of irradiation time t. (b) Plots of Ln(Ct/C0) versus irradiation time t for CuBi2O4 and Ag-
CuBi2O4. (c) Effect of Ag-CuBi2O4 dosage on the degradation percentage of RhB after irradiation for 60 min. (d) Time-dependent degradation of phenol over CuBi2O4 and Ag-CuBi2O4.

Fig. 10. Photocatalytic degradation of RhB over Ag-CuBi2O4 for reusing four times. Fig. 11. Effect of ethanol, BQ and AO on the degradation of RhB over Ag-CuBi2O4.
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completely, which implies that •OH is quenched by ethanol or BQ.
Based on the experimental results of the effect of ethanol, BQ and AO on
the yield of •OH and the degradation of RhB, it is concluded that •OH is
the dominant reactive species causing the dye degradation.

In order to understand the photocatalytic mechanism of Ag-CuBi2O4

composite, it is necessary to determine the potential energy diagram of
the composite. The flat band potential of CuBi2O4 can be determined
according to the Mott–Schottky equation [42].

⎜ ⎟= ⎛
⎝

⎞
⎠

⎛
⎝

− − ⎞
⎠C eε ε N A

V V kT
e

1 2
r

2
0 d

FB
(1)

where C is the space charge capacitance, e is the electron charge, εr is
the relative permittivity, ε0 is the vacuum permittivity, Nd is the ma-
jority carrier density, A is the electrode surface area, V is the applied
potential, VFB is the flat band potential, k is the Boltzmann constant,
and T is the absolute temperature. Generally, the temperature-depen-
dent correction term, kT/e, is very small and can be negligible. The
space charge capacitance of CuBi2O4 is derived by measuring electro-
chemical impedance as a function of applied potential in the dark.
Fig. 13 shows the Mott–Schottky plots of CuBi2O4 obtained at two
frequencies (5000 and 10,000 Hz). The linear portion of the plots is
extrapolatted to the potential axis to yield the flat band potential (VFB).
It is obvious that a similar VFB value is obtained at different frequencies,
which is found to be 0.82 V vs. SCE. The potential is measured against
an SCE reference at pH = 7 and converted to the potential at normal
hydrogen electrode (NHE) by using V(NHE) = V(SCE) + 0.059 pH +
0.242. Thus the flat band potential of CuBi2O4 is obtained as 1.48 V vs.
NHE. The negative slope implies that CuBi2O4 is a p-type

semiconductor. Assuming the gap between the flat band potential and
the top edge of the valence band (VB) is negligible, the VB potential of
CuBi2O4 is estimated as 1.48 V vs. NHE. The conduction band (CB) of
CuBi2O4 is obtained as −0.41 V vs. NHE by considering its bandgap
energy of 1.89 eV.

Fig. 14 schematically shows the potential energy diagram of Ag-
CuBi2O4 composite. The Fermi level of Ag is located at +0.4 V vs. NHE
[43], which is positive to the CB potential of CuBi2O4. This implies that,
from a thermodynamic point of view, the photogenerated electrons
tend to migrate from CuBi2O4 particles to Ag nanowires. The electron
transfer process results in a decrease in the recombination rate of
electron-hole pairs, and thus more charge carriers are able to partici-
pate in the photocatalytic reactions. As a result, Ag-CuBi2O4 composite
exhibits an enhanced photocatalytic activity compared to bare CuBi2O4.
In the Ag-CuBi2O4 photocatalytic system, •OH is confirmed to be the
dominant reactive species responsible for the dye degradation. Gen-
erally, there are several possible paths to produce •OH in a photo-
catalytic system. Here the generation of •OH is highly dependent on
•O2

−, because when •O2
− is quenched by BQ, almost no •OH is ob-

served to be formed. The main reactions involved in the photocatalytic
process can be briefly described as follows.

CuBi2O4 + hν → CuBi2O4 (e− + h+) (2)

O2 + e− → •O2
− (3)

H2O2 + •O2
− → •OH + OH− + O2 (4)

•OH + RhB → degradation product (5)

4. Conclusions

Ag nanowires of 30 nm in diameter and 0.8–1.5 µm in length were
successfully assembled onto the surface of CuBi2O4 particles
(350–700 nm) via a hydrothermal reaction route. In the as-prepared
Ag-CuBi2O4 composite, photogenerated electrons tend to migrate from
CuBi2O4 particles to Ag nanowires. This electron transfer process leads
to a decrease in the recombination of electron-hole pairs, and thus more
photogenerated holes and electrons are able to participate in the pho-
tocatalytic reactions. As a result, Ag-CuBi2O4 composite is expected to
exhibit an enhanced photocatalytic activity. It is shown that the pho-
tocatalytic activity of Ag-CuBi2O4 is much higher than that of bare
CuBi2O4 toward the degradation of RhB or phenol under simulated-
sunlight irradiation. When adding ethanol to the reaction solution, the
dye degradation is found to be completely suppressed, and furthermore,
the addition of ethanol leads to the quenching of •OH radicals. This
suggests that •OH is the dominant reactive species in the present Ag-
CuBi2O4 photocatalytic system.

Fig. 12. PL spectra of the TPA solution after reaction for 30 min over Ag-CuBi2O4 without
and with adding ethanol, BQ and AO.

Fig. 13. Mott–Schottky plots of CuBi2O4 obtained at 5000 and 10,000 Hz.

Fig. 14. Schematic illustration of the potential energy diagram for Ag-CuBi2O4 compo-
site.
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