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One-dimensional bimetallic nanowires were introduced into TiO,-based matrix to enhance their pho-
tocatalysis efficiency and expand their light absorption range in this work. Recently, metal nanowires
have attracted many attention in photocatalyst research fields because of their favorable electronic trans-
mission properties and especially in the aspect of surface plasmon resonance effects. Moreover, Cu-Ni
bimetallic nanowires (Cu-Ni NWs) have shown better chemical stability than ordinary monometallic
nanowires in our recent works. Interestingly, it has been found that Ni sleeves of the bimetallic nanowires
. also can modify the Schottky barrier of interface between TiO, and metallic conductor, so that be ben-
Photocatalysis . . . . < s
Cu-Ni bimetallic nanowire eficial to the separation of photogenerated carriers in the Cu-Ni/TiO, network topology. Hence, a novel
Ti0, heterostructured photocatalyst composed of Cu-Ni NWs and TiO, nanoparticles (NPs) was fabricated by
Acetaldehyde one-step hydrolysis approach to explore its photocatalytic performance. TEM and EDX mapping images of
Dynamic photodegradation this TiO, NPs @Cu-Ni NWs (TCN) hybrid displayed that Cu-Ni NWs were wrapped by compact TiO; layer
and retained the one-dimensional structure in matrix. In experiments, the photocatalytic performance of
the TCN nanocomposite was significantly enhanced comparing to pure TiO,. Acetaldehyde, as a common
gas pollutant in the environment, was employed to evaluate the photodegradation efficiency of a series
of TCN nanocomposites under continuous feeding. The TCN exhibited excellent potodegradation perfor-
mance, where the dynamic photocatalytic efficiency of TCN containing 3 wt% Cu-Ni NWs was about 88%
and 56% (continuous 500 ppm CH3CHO feeding, 20 SCCM) under UV and visible light, respectively. ESR
results proved that the recombination of photo-generated electron-hole pairs was inhibited significantly
in TCN nanocomposite. Finally, the mechanism for electron-hole pairs’ separation and transmission at
Schottky barrier interface between Cu-Ni NWs and TiO, layers has been proposed based on the above
analyses.
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1. Introduction strong correlation with lung cancer [3]. Furthermore, it has been

proved that VOCs can accelerate the formation of haze pollution in

Due to dramatic economic growth and rapid urbanization, peo-
ple are moving into new built high-rise apartments and office
employees are being relocated in commercial high buildings. How-
ever, it has been widely reported that volatile organic compounds
(VOCs) with high concentrations were observed in the indoor envi-
ronment of these new buildings, which were released mainly from
new furnishings, glues, paints, etc. [1,2]. The VOCs have shown a
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outdoors through a series of heterogeneous reactions [4,5]. Hence,
how to degrade VOCs effectively has drawn more and more atten-
tions. To solve this problem, many different methods have been
investigated, such as adsorption, photocatalytic oxidation, plasma
catalytic oxidation, and biotechnical decomposition [6-10]. Among
them, heterogeneous photocatalysis has become an attractive tech-
nology for VOCs remove, particularly due to its potential to oxidize
a wide range of VOCs with relatively high degradation efficiency
under moderate conditions [11-14]. Among the multiple choices
of photocatalysts, TiO, based nanomaterials have been the most
commonly employed ones because of their low-price, readily avail-
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ability, and high chemical stability [15-17]. However, the overall
efficiency of photon utilization by TiO, is limited by its wide band
gap, high electron-hole recombination, unfavorable photon scat-
tering, and so on [18,19].

Recently, various TiO,-based hybrid heterostructures have been
fabricated, including Ag/TiO, [20], Cu/TiO, [21], graphene/TiO,
[22,23], and SnO,/TiO, [24]. From these studies, metal-TiO, semi-
conductor were often used because they can significantly increase
the photocatalytic activity and light harvesting efficiencies by
improving the charge separation at the interfaces between TiO,
and metal. In addition, surface plasmon resonance (SPR) effect of
metal will enhance the adsorption and spread of incident light
in the near surface of TiO, composites [25,26]. Among all these
metals, copper is the most promising metal due to its low cost,
abundant resources, non-toxicity and excellent electrical conduc-
tivity. The combination of encapsulating copper particle with TiO,
can help fetch out electrons and thus avoid recombination of photo-
generated electron-holes during the light absorption as well as
related photochemical processes [27,28]. Compared with nanopar-
ticles, metal nanowires show higher efficient catalytic activity due
to the exposure of more surface active atoms which enhances the
catalytic chemical reactions. So researchers have been considering
to utilizing metal nanowires as core material [29-31] because their
one-dimensional topology can improve the electron’s transmission
performances.

However, the stability of copper is not satisfying under some
extreme conditions, so the Cu nanowire based photocatalyst is eas-
ily to be oxidized to lose its activity [32]. To solve this problem,
alloying of other stable metal such as Ni is an effective way to
increase the stability of Cu [33,34]. Besides, in the aspect of metal
loading, bimetallic loaded TiO5 also exhibited better photocatalytic
activities for organic oxidation than the monometallic nanopar-
ticles loaded TiO, [35]. Alloying with Ni can change the surface
chemical composition, crystalline and valence structures of Cu, pro-
moting electron transfer and cross the barrier between TiO, and
metal [36]. On the one hand, a large barrier between metal and
semiconductor can enhance electron-hole separation, but on the
other the higher barrier at the junction will instead prevent more
electrons transferring from TiO, to metal, and more energy will also
be needed for electrons to transfer, which suppresses the electron
transfer process [37-39].

In this work, Cu-Ni NWs consisting of a Cu nanowire core and
Ni shell were introduced to a metal-TiO, photocatalytic system.
TCN composites had been successfully synthesized by a simple
chemical method based on our previous work. The as-prepared
photocatalysts were been evaluated by the degradation of flowing
acetaldehyde gas which is a frequently used VOCs in the environ-
ment. The characters of different weight ratios of Cu-Ni NWs in the
TiO, composites had been verified to optimize their performances.
Subsequently, the mechanism for the enhanced photocatalytic
activity of TCN composites had been discussed in detail.

2. Experimental
2.1. Materials

All materials and chemicals were used as acquired without fur-
ther purification.

HAD (1-Hexadecylamine, 8¢g) and CTAB (Cetyl Trimethyl
Ammonium Bromide, 0.5¢g) were mixed and melted at 180°C to
form a clear and colorless solution. Then copper acetylacetonate
was added into the pre-prepared solution, and after being kept
at 180°C for 30 min, platinum nanoparticle catalysts were added
to the reaction system to promote the reduction of copper ions.
With the catalyst existences, copper nanowires began to form and

growth with low speed. The solution was kept at 180 °C for 10 h and
nickel acetate (0.2-1.3 g) was then added in the solution and the
temperature rapidly increased to 210°C. The solution was kept at
this temperature for another 2 h. After being washed and dispersed
by toluene, the Cu-Ni NWs were stored at room temperature.

2.2. Synthesis of TCN binary nanocomposites

Typically, the obtained black solution of Cu-Ni NWs were fil-
tered and washed by ethanol several times, then the Cu-Ni NWs
were dispersed in 100 mL ethanol by sonication for 1h to obtain
uniform and stable solutions with a high weight fraction of Cu-Ni
NWs, respectively. Afterward, 5 ml of TIP (Titanium isopropylate,
Sigma 97%) were added into the Cu-Ni NWs solution under con-
tinuous magnetic stirring followed by addition of 10 mL DI water,
then the mixtures were kept under stirring for 1 h to complete the
reaction. Afterwards the suspensions were centrifuged and washed
with ethanol several times, then the precipitates were dried in vac-
uum oven overnight to obtain powder samples. The samples were
annealed at 400°C for 3 h in Ar atmosphere and marked as S1, S3,
S5, S20 and SO, which represented the weight ratio of Cu-Ni NWs
in composites were 1%, 3%, 5%, 20% and 0 respectively.

2.3. Characterization

The surface morphology and microstructures of the samples
were characterized by using a field-emission scanning electron
microscopy (Magellan 400) and a transmission electron microscopy
(JEM-2100F) with EDS spectrometer. The crystal structures of the
samples were investigated by an X-ray diffractometer (XRD; Ultima
IV 2036E102, Rigaku Corporation, Japan) with Cu Ka radiation.
The UV-visible absorption spectra of samples were obtained by
a UV-VIS-NIR spectrophotometer (Model Cary-5000, Varian, USA)
equipped with anintegrating sphere assembly. Raman spectra were
recorded from 65 to 1000 cm~! on a DXR Raman Microscope, Ther-
mal Scientific corporation, USA, with a 532 nm excitation length.
Electron spin resonance (ESR) signals of radicals spin-trapped by
5,5-dimethyl-1-pyrroline N-oxide (DMPO) recorded on JES-FA200
spectrometer. Samples for ESR measurement were prepared by
mixing the samples in a 40 mM DMPO solution tank (aqueous dis-
persion for DMPO—*OH and methanol dispersion for DMPO—*0, )
and irradiated with visible light.

2.4. Photocatalytic activity measurement

The photocatalytic activity experiments of all TCN samples were
tested by degradation of gaseous acetaldehyde in flowing mode by
using on-line photocatalysis test system which combined with a
SP 502 gas chromatograph (GC) equipped with a flame ionization
detector and a 2 m stainless-steel column (GDX-403) at 100 °C. All
the photocatalytic activity experiments were performed at ambient
temperature (maintained constant by using a fan cooling system),
and the relative humidity were kept at 45%. The reusability prop-
erties of the photocatalyst were further established by collecting
them after the degradation reaction and washing with ethanol
before reintroducing into another cycle.

The sealed photo-reactor was a 300 mL cuboid quartz vessel
(20cm x 10cm x 1.5 cm), which consisted of an inlet, an outlet and
a quartz glass cover. The catalysts were prepared by coating the
suspension of TCN composites powders onto the glass plates with
diameters of 12cm x 5cm areas homogeneously. The weight of
the photocatalyst used for each experiment was kept at 0.1 g. The
catalysts were dried at 80°C for 2 h and then cooled to room tem-
perature before use. After the photocatalysts were placed in the
reactor, the acetaldehyde vapor (500 ppm) mixed with air flowed
into the reactor steadily with 20 sccm flow rate. According to this
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Fig. 1. SEM images of (a) Cu-Ni NWs, (b) TiO, NPs, (c) S1, (d) S3, (e) S5 and (f) S20.

data, the contact time of the flowing acetaldehyde gas with the
catalysts was calculated to be 9 min. Firstly, the concentration of
acetaldehyde gas was reached to adsorption/desorption equilib-
rium in the reaction system without any light irradiation, and the
whole adsorption time was about 125 min. Then the initial concen-
tration of acetaldehyde after adsorption equilibrium was returned
to 500 + 10 ppm for all experiments, which remained constant until
a 500 W xenon lamp switched on. The distance between the sample
and the lamp was 20 cm. The initial concentration of water vapor
was 1.20+0.01 vol%, and the initial temperature was 25+1°C.
During the photocatalytic reaction, the acetaldehyde concentration
decreased with the light illumination time increase until it reached
a stable level. And each reaction lasted for 180 min, the concen-
tration of acetaldehyde gas during the reaction was measured by
GCwith 5 min intervals. The degradation efficiency of acetaldehyde
was calculated as follows:

_Cy-C
0

x 100%

Where C was the acetaldehyde concentration at intervals and
Cp was the initial acetaldehyde concentration after the adsorp-
tion/desorption equilibrium.

3. Results and discussion
3.1. Characterization of TCN hybrid photocatalysts

The morphologies of the as-prepared Cu-Ni NWs, TiO, NPs, and
TCN composites (S1, S3, S5, S20) were presented with SEM images
(Fig. 1). As shown in Fig. 1a, Cu-Ni NWs (85-115nm in diame-
ters and 130 wm in length) were clearly observed. Typical TiO;
NPs shown in Fig. 1b were nearly monodispersed without sec-
ondary structure and the diameters were about 250 nm. The size
distribution of the TiO, NPs was obtained from the SEM images
by counting 100 particles. Fig. 1c-f exhibited SEM images of syn-
thetic composites with different ratio of Cu-Ni NWs, 1%, 3%, 5% and
20% respectively. First, TiO, NPs and Cu-Ni NWs structures can
be observed in all these images and the diameter of nanowires
were enlarged apparently because of the TiO, outer layer. Sec-
ond, the amounts of nanowires increased obviously in composites
with more Cu-Ni NWs added during the preparation process.
Third, the length of nanowires was cut to several micrometers and
formed crosslinking topology due to the intense and corrosive TIP
hydrothermal reaction process [40].

TEM images were employed to observe the evolution of TCN
composite’s microstructure. Fig. 2a expressed that Cu-Ni NWs
samples were flexible and uniform thickness wires with 110 nm
diameter. Meantime, cylindrical surface of the wires could be seen
as very smooth. Fig. 2b showed that spherical TiO, nanoparti-
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Fig. 4. XRD pattern of pure TiO, and TCN composite samples with different Cu-Ni wt%.

cles combined each other with about 200 nm diameter of single
particle. Subsequently, TCN composites could be seen clearly in
Fig. 2c, compact TiO, coating wrapped around the Cu-Ni NWs to
form 100-200 nm thickness layer and the surface of composite
nanowires became rough compared with the pure Cu-Ni NWs. The
inset of Fig. 2c displayed the junction parts of composite wires, dif-
ferent from the well-dispersed Cu-Ni NWs (see Fig. 2a), these wires
were connected with each other in the composite matrix because
of the welding structures origin from TiO, out layer. Furthermore,
it also could be found in Fig. 2c that TiO, grow into agglomer-
ating spherical-shaped particles except the shell of Cu-Ni NWs,
which was thought to coincide with the above SEM results. For
further investigating the element distribution of composite wires,
EDX analyses were carried out in the observation. Fig. 3 exhibited
the EDX spectra and elemental mapping of Ti, O, Cu and Ni in the
composites. The results strongly proved that the one-dimensional
morphology of Cu-Ni wires were still remained intact after com-
posite synthetic process. Also, TiO, parts were observed to grow
along with the radial direction of Cu-Ni NWs and wrapped them as
a shell based on the images of elemental mapping.

The XRD pattern of the TCN composites was shown in Fig. 4(a). It
was obvious that the TCN composites with different weight ratios of
Cu-Ni NWs exhibit similar XRD patterns. The pattern indicated that

the diffraction peaks center at 20 =43.60°, 50.79° and 74.67°, which
agreed with the (111), (200), and (220) reflections of the phase of
Cug.g1Nig.19 (JCPDS No. 47-1406), and the relative intensity of these
peaks was strengthened gradually with the ratio of Cu-Ni NWs
increasing. The enlarged XRD pattern of Fig. 4(a) between 40° and
46° was presented as Fig. 4(b), in which could be seen clearly that
the diffraction peaks of Cug g1 Nig 19 located at 43.60°. And the peak
intensity was enhanced with the increasing of Cu-Ni NWs weight
ratio. The diffraction peaks center at 25.28°, 37.80°, 48.05°, 53.89°,
55.06°, 62.68°,68.76°, 70.30° and 75.02° could be indexed to the
(101),(004), (200),(105),(211),(204),(116), (220), and (215) crys-
tal planes of anatase phase TiO, (JCPDS No. 21-1272), respectively.
In general, the two sets of diffraction patterns were consistent with
Cug.g1Nig.19 and anatase TiO,, and no peaks for other crystal struc-
tures were observed.

Raman spectrum was used to investigate the phase transfor-
mation, crystallite size and oxygen vacancy defect of TiO, based
nanocomposites. The Raman spectra of pure TiO,, pure Cu-Ni NWs
and TCN composite samples were shown in Fig. 5. For the anatase
TiO,, five characteristic peaks of TiO, anatase phase approximately
at\=144,197,396,517 and 639 cm~! were observed, which corre-
spond to the Eg, Eg, Bg, A1, and Byg vibrational modes, respectively
[41-43]. For Cu-Ni NWs sample, no obvious peak was observed. The
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Fig. 6. UV-vis absorption spectra of pure TiO, and TCN composite samples.

enlarged Raman spectra at 144 cm~! was presented at the inset of
Fig. 5. It could be seen that the most intense peaks of pure TiO,
sample (SO) appeared at 144 cm~! corresponding to the E; mode,
while 2 cm~! shift toward longer wavenumber to 146cm~! peak
was observed for TCN composites (S1, S3, S5) with small broad-
ening. Besides, the main Raman peaks of S3 and S5 occupied the
similar locations. This blue shift in TCN composites was due to the
recombination of Cu-Ni NWs over TiO, producing a change in the
local structure of TiO; [44], and the TCN composite caused the lat-
tice distortion or residual stress owing to their lattice mismatch
at the interface of Cu-Ni NWs and TiO, [45]. The existence of lat-
tice defects was beneficial for the formation of oxygen vacancies,
because they could adsorb and activate oxygen, and provided the
lattice sites of oxygen migration [46]. In addition, this blue shifts of
the Raman band was also in agreement with the results obtained
by UV/Vis spectroscopy.

To investigate the optical absorption properties of TCN compos-
ite photocatalysts, the UV-visible absorption spectra of TiO,(P25);
contrast pure TiO, and TCN composites were examined. As shown
in Fig. 6, after Cu-Ni NWs introducing, the light absorption of the
nanocomposite was enhanced obviously in visible-light region.
The reason could be attributed to the surface plasmon resonance
(SPR) effect of Cu-Ni NWs, which was the coherent oscillation of
conduction electrons induced by light irradiation [29]. And the
change of the refractive index around Cu-Ni core also broadened
the light response range of the nanocomposite matrix [47]. Further-

more, the absorption edge of the TCN composites shifted to 450 nm
(460 nm, 470 nm) obviously. According to Kubelka-Munk equation,
the decrease in the band gap on TCN composites compared to the
TiO, (P25) was attributed to the electron acceptor character of the
Cu-Ni NWs [48]. The redshift of the absorption edge indicated that
the TCN composites could facilitate a broader and more efficient
utilization of light for photocatalytic reactions.

3.2. Photocatalytic activity measurement

The photocatalytic activities of the TCN composites were eval-
uated by degradation of flowing acetaldehyde gas both under
UV and visible light irradiation. The degradation profiles of the
samples with different Cu-Ni NWs weight ratios were shown in
Fig. 7. The first 125 min represented the time used for reaching
adsorption-desorption equilibrium. The C/Cy decreased to 0 at
the very beginning because acetaldehyde gas was adsorbed com-
pletely. The adsorption in this phase included sink effect (on the
walls of chamber) and absorption on the surface of TCN samples.
With the continuous replenishing acetaldehyde gas into photo-
reactor, the concentration of acetaldehyde reached to equilibrium,
and the ratio of C/Cy increased to 1 again. After reaching equilib-
rium, the light was turned on and the photocatalytic reactions was
started. From Fig. 7(a), It could be found that all the samples exhibit
excellent photocatalytic activities and S3 exhibits the highest pho-
tocatalytic activity, the degradation rate under UV light was about
88%. It was noted that in the absence of Cu-Ni NWs, acetaldehyde
was degraded about 40% with SO. In order to optimize the weight
ratio of Cu-Ni NWs on the nanocomposite system’s photocat-
alytic activities, five sets of photocatalysts with various Cu-Ni NWs
weight ratios (S1=1wt%, S3 =3 wt%, S5=5wt%, and S20=20wt%)
were also detected in this work. The results showed that the pho-
tocatalytic activities were 76% for S1, 65% for S5, and 56% for S20,
respectively, which were all lower than 88% for S3. It indicated
that photocatalytic activity of the samples was enhanced with the
weight ratio of Cu-Ni NWs increased until reach to 3 wt%. However,
when the weight ratio continue increased to over 3 wt%, the photo-
catalytic activity of the samples began to decline. This decline could
be explained that higher Cu-Ni NWs contents might cause more
reflection of light irradiation and recombination of electron-hole
pairs. According to experimental measurement, pure Cu-Ni NWs
doesn’t possess photocatalytic performance for the degradation of
acetaldehyde. Therefore, 3 wt% addition of Cu-Ni NWs might be the
optimal proportion for the acetaldehyde photodegradation in these
TCN samples. In addition, the TCN samples displayed absorption
in the visible-light region based on the UV-vis absorption spec-
tra. As shown in Fig. 7(b), it could be found that S3 sample also
exhibited the highest photocatalytic activity, 56% degradation effi-
ciency under visible light irradiation, which was higher than S1, S5
and S20. The excellent visible light catalytic activity of S3 sample
matched well with its visible light response in UV-visible absorp-
tion spectra (Fig. 6), which indicated that the TCN’s light absorption
was improved obviously in the visible-light region and the light
response range extended at the same time.

The reason of the TCN’s excellent photocatalytic performance
could be attributed to the existence of Cu-Ni NWs. Conductive
Cu-Ni NWs served as electron reservoirs to suppress the recom-
bination of electron-hole pairs of TiO, and thus promote the
reaction process. The schematic diagram of the TCN composites
was demonstrated in Fig. 9. The excited electrons in CB of TiO,
were immediately transferred to Cu-Ni NWs and participated in
reduction process. In the same time, due to the gathering of
photo-generated electrons in Cu-Ni NWs, the recombination rate of
electron-hole pairs decreased, so more holes at the VB of TiO, could
participate in the process of oxidation reaction. In addition, the pho-
tocatalytic activity of the TCN composite photocatalysts prepared
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Fig. 8. DMPO spin-trapping ESR spectra under visible light irradiation (A >420 nm) for 15 min in aqueous solutions (a) and ethanol solutions (b), respectively.

by this method was chemically stable, every sample was tested for
more than four hours in sustained photocatalytic reaction and still
remained photocatalytical active. From the above results, it could
be concluded that the TCN composites were able to degrade flowing
CH3CHO gas effectively.

Comparing to SO and S1 samples, S3 possessed better pho-
todegradation efficiency because it was able to provide sufficient
one dimensional electron pathways in the matrix and then inhibit
the recombination of photo generated electron-hole pair. Never-
theless, when the weight ratio of Cu-Ni NWs was in the range of
3-20%, the photodegradation efficiency on flowing acetaldehyde
gas would decrease with the Cu-Ni NWs content increased. It was
considered that too much bimetallic nanowires covered most sur-
face of TiO,, causing extreme reflections of light irradiation. As a
result, photocatalytic performance of the TCN composites would be
depressed due to the reductions of light energy utilization [31]. At
the same time, excess Cu-Ni NWs would become the recombination
center and affect its own charge separation abilities [30,31,45].

3.3. DMPO spin-trapping ESR spectrum

Reactive species, such as superoxide radical (*O,~), electron
holes (h*), and hydroxyl radicals (*OH), had been identified to per-
form vital functions in the photocatalytic degradation process [49].
In this work, DMPO spin-trapping ESR spectrum was used to study
the effect of Cu-Ni NWs modification on the formation of *OH and
*0,~ radicals for this TCN composite system.

It could be seen from Fig. 8a that negligible signals for *OH
radicals could be detected for all the samples. According to the
analyses, it was found that the potential of the photo-generated
hole in the VB of TiO, was not higher enough to oxidize H,O and
produce *OH radicals (Eq(—OH/*OH)=2.4V) [50,51]. Thus it was
understandable that the signals of *OH radicals in these samples
were hardly measured under visible light irradiation. However, the
DMPO-ESR analysis results revealed that the signal of *O,~ radi-
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Fig. 9. Schematic and photocatalytic mechanism diagram of TCN heterostructure.
Er(TiO) and E¢’ refer to the Fermi levels of TiO, before and after attaining equilib-
rium, Ep(alloy) represents the Fermi levels of Cu-Ni NWs alloy.

cals was noticeably enhanced after the incorporation of Cu-Ni NWs
on TiO,, and the *0O,~ radical signals of these samples were also
gradually improved with the weight ratio of Cu-Ni NWs increased
(Fig. 8b). The much more generated *O,~ radicals should be ben-
efit from the enhanced charge separation and by reducing the O,
through the separated electrons, while the production of *OH was
inhibited.

The intensity of the *O,~ radicals signal on the respective cat-
alysts (Fig. 8b) was consistent with the photocatalytic activity
under visible light irradiation. These data suggested that the elec-
tron transfer from photoactivated TiO, nanoparticles to bimetallic
nanowires was one of the crucial factors influencing the photo-
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catalytic activity. The TCN composite catalysts promoted electron
transfer efficiently and exhibited high photocatalytic activity.

3.4. Photocatalytic mechanism of TCN heterostructure

Based on the experimental results, a possible schematic elab-
oration of photocatalytic mechanism upon TCN heterostructure
was proposed to explain the reason why TCN composites exhibited
excellent photocatalytic activity.

Firstly, the incorporation of Cu-Ni NWs improved the light-
harvesting ability of TiO, ranging from UV to visible light as
demonstrated in UV-vis absorption spectra (Fig. 6), which favored
the production of more photo-generated electron-hole pairs on the
TiO, surface. Based on the theory of optical band structure of pure
TiO, and as-prepared Cu-Ni NWs samples in previous work, Fig. 9
showed a possible energy band diagram to explain the process,
the direct coupling of Cu-Ni NWs and TiO, caused the Fermi level
to equilibrate, and attained an energy level close to the conduc-
tion band of the TiO, semiconductor. As shown in Fig. 9, when
there had light illuminate on the TCN composites, the generated
electron-hole pairs could be separated into electrons and holes,
while electrons could transfer into the Cu-Ni NWs and holes would
located on the VB of TiO, nanoparticles, respectively.

Secondly, a built-in electric field induced by the SPR effect of
bimetallic nanowires would accelerate the photo-generated elec-
trons and holes separation. The Schottky barrier created at the
Cu-Ni NWs/TiO, heterojunction interface could be estimated to be
0.85-1.35eV, for the work functions of Cu and Ni were 4.65eV
(®cy=4.65eV) and 5.15eV(Py;=5.15eV) [38] respectively, the
electron affinity of TiO, conduction band was 3.8 eV (X1jg2 = 3.8 eV)
[39]. And the work function of bimetal was expressed by the sum
of the work functions of two metal components [52,53], thus the
work function of Cu;_xNiy bimetal could be expressed as follows:

Waiioy (eV) = (1 = X) - Wey +X- Wy;

The estimated value of the Schottky barrier height in this sys-
tem was similar to the Cu-Pt/TiO, heterojunction system [44]. The
higher barrier at Cu-Ni NWs/TiO, heterojunction could prevent
electrons from recombining with holes again, because more energy
would be needed for the electron migration. On the one hand, a
suitable Schottky barrier could enhance electron-hole separation
so that increase the lifetime of charge carriers. On the other hand,
the strong confinement and anisotropic effect in this one dimen-
sion bimetal/semiconductor heterostructure could accelerate the
transfer of electrons and holes over the TCN matrix.

Thirdly, the conductive Cu-Ni NWs would perform as elec-
tron traps to further facilitate the separation of photo-generated
electron-hole pairs. After the separation of electrons and holes,
these two kinds of photo-generated charge carriers would be
transformed into active species (*OH) subsequently which were
responsible for the degradation of pollutants. In particular, the sep-
arated electrons would reduce O, to *O, ™, and the produced *0,~
could also combine with protons to yield HOO* and then H;0,
to oxidize pollutants [50]. Meanwhile the formed H,0, could be
further transformed into *OH afterward by trapping electrons. Fur-
thermore, the enrichment of electrons on the Cu-Ni NWs could
facilitate their participation in the multiple-electron reduction
reaction of oxygen [51]. Simultaneously, the concentration of h*
on TiO, could also improve the photocatalytic reaction rates of
acetaldehyde degradation. As known, the first step reaction was
crucial for determining the reaction rate and the production ratio
in multistep continuous reactions (O, — *0O;~ — Hy0, — *OH) [54].
Thus, more *O,~ radicals were produced in this photocatalytic sys-
tem than *OH generation, given that *O,~ radicals were major
reactive oxidation species, this matched well with the ESR results.

The above theoretical analysis proved that the photocatalytic
performance of TCN composite benefits from the optimized opti-
cal band gap, moderate Schottky barrier height, good metal
conductivity properties and structure of band alignment in the
heterostructure photocatalyst system.

4. Conclusions

In summary, Cu-Ni bimetallic nanowires were introduced into
TiO, matrix by one-step hydrolysis approach. The photocatalytic
performance of composites were evaluated using high concen-
tration flowing acetaldehyde gas pollutant. The results indicated
that the highest photodegradation efficiency among all the sam-
ples was obtained as 88% and 56% under UV and visible light,
respectively. The 3 wt% addition of Cu-Ni NWs was proved to be
an optimal proportion for the acetaldehyde photodegradation in
these TCN samples. Based on the ESR analyze, this new heterostruc-
tured photocatalyst succeed in not only utilizing both visible and
UV light but also enhancing photo-generated charge separation
capability. The reasons might be attribute to the one-dimensional
electron pathways, surface plasmon resonance effects and modi-
fied bimetallic Schottky barrier. This work might help to clarify the
photon-generated carrier separation and transmission processes in
metal-semiconductor network topology, and provide an effective
method for the preparation of bimetal-based heterostructured pho-
tocatalysts. Furthermore, as an effective photocatalytic material,
the optimized TCN composites also could be used in eliminating
VOCs in environment and applied in air cleaner to remove indoor
harmful gaseous pollution.
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