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Au/CQDs-TiO; composite nanorod array film with simple

preparation route and enhanced visible light response

1 | INTRODUCTION

At present, photocatalytic technology, which converts solar
energy into chemical energy, has been widely studied in environ-
mental restoration. In the photocatalytic process, the electron—
hole pairs generated from the absorbed light by the semiconduc-
tor photocatalytic materials can facilitate oxygen reduction reac-
tions, which can be applied to air purification, hydrogen gener-
ation and pollutant degradation [1-3].

Among these semiconductors, titanium dioxide (TiO,) based
photocatalysts have become one of the most popular and
promising photocatalysts due to their non-toxicity and low cost
[4]. The microstructure of TiO, with high specific surface area
also has a great influence on its performance. For example, var-
ious microstructures of TiO,, such as nanotubes [5], nanowires
[6, 7], nanofibres [8] and nanosheets [9], have been widely
explored. The well-oriented TiO, nanorod (NR) arrays repre-
sent another emerging nanostructure with a stable structure,
large specific surface area and high aspect ratio, all of which
can enhance light absorption and scattering and provide opti-
mal paths for the transfer of electrons [7, 10, 11].

However, the random photogenerated carrier transport,
which results in the recombination process of carriers, is con-
sidered to limit the efficiency of TiO, as a catalytic material.
Besides, due to the wide band gap, the TiO, catalyst absorbs
only the light in UV region, which further reduces its efficiency
under the irradiation of natural sunlight [12]. To solve the prob-
lems mentioned above, the noble metal-semiconductor com-
posite system is proposed to further enhance the photocatalytic
performance of TiO, [13—-15]. Due to surface plasmon reso-
nance (SPR), the noble metals can enhance visible light absorp-
tion. Moreover, the Schottky barrier formed at the metal—
semiconductor interface also improves the electron transfer
process and reduces charge recombination [16]. By combining
semiconductor photocatalysts with customised plasmonic metal
nanostructures, the high carrier recombination rate is decreased
[17]. The quaternary nanocomposite TiO,/CdS/tGO/Pt can
lightly reduce CO, to methane using visible light [18]. Elec-
trospun TiO, nanofibres double-modified with Au- and Pt-
NPs were prepared to photodegrade hydrogen generation [19].
Among these precious metals, gold can provide more active sites

for the catalyst and is more stable during the catalytic process
[20-22].

Due to their excellent stability, low toxicity, low cost and sim-
ple synthesis route, carbon quantum dots (CQDs) are widely
used in many fields such as bioimaging, sensors, nanomedicine
and photovoltaic devices, to name a few [23-25]. Most impor-
tantly, because the coupling of CQDs with other materials has
the ability to improve light collection and accelerate charge
transfer rate, CQDs have been successfully applied in photo-
catalysts (such as Fe, O3 [20], TiO, [27], BiOX [28]) to improve
their catalytic activity [29].

This paper prepared the Au/CQDs-TiO, NRs ternary pho-
tocatalyst in two steps using a simple hydrothermal method fol-
lowed by successive ionic layer adsorption and reaction (SILAR)
method, and the synergistic effect of modified TiO, NRs
with Au NPs and CQDs as dual co-catalysts on the photo-
catalytic performance was investigated. The expected merits of
this ternary photocatalyst were analysed as follows: first, highly
ordered NR arrays provide a fast transmission path for photo-
generated carriers. Second, Au NPs are used as localized surface
plasmon resonance sensitisers (LSPR), thereby improving the
separation rate of photogenerated electron—hole pairs and the
utilisation of visible light. Furthermore, CQDs further expand
the light absorption range and accelerates the interface charge
transfer (Figure 1(a)). To demonstrate these merits, the photo-
catalytic activities of Au NPs or CQDs as a single co-catalyst,
Au NPs and CQDs as dual co-catalysts, and catalysts loaded
with different amounts of CQDs were experimentally studied.
It has been determined that surface modification of TiO, NRs
with certain amount of Au NPs and CQDs as dual co-catalysts
significantly enhance the photocatalytic activity under UV and
visible light irradiation.

The typical manufacturing route of Au/CQDs-TiO, ternary
photocatalysts is shown in Figure 1(b). First, a highly ordered
TiO, NRs is prepared on fluorine-doped tin oxide (FTO)
glass by hydrothermal synthesis. Then, the CQDs prepared
in advance are bonded to the surface of the TiO, NRs by a
hydrothermal method. The SILAR method is used to reduce the
chloroauric acid on the membrane with sodium borohydride to
support the Au NPs on the catalyst sutface. Finally, highly dis-
persed Au NPs and CQDs nanoparticles are distributed on the
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FIGURE 1 (a) Proposed reaction mechanism of (a)

Au/CQDs-TiO; NRs (where TiO, NRs are the
titanium dioxide nanorods) photocatalytic
degradation; (b) schematic diagram of manufacturing
steps of Au/CQDs-TiO, NRs
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top and sides of the TiO, NRs. Because the prepared catalyst
is synthetised as a thin film on the FTO glass, it can be easily
collected and recycled after solar-driven photocatalysis.

2 | EXPERIMENTAL

2.1 | Reagents

Concentrated hydrochloric acid (HCI, 36.5-38 wt% by weight),
tetrabutyl titanate (Cy4H3cO4Ti, TBOT), tris-(hydroxymethyl)-
aminomethane (C4H{{NOj, Tiis), citric acid monohydrate
(CcHgO7-H,0), chloroauric acid (HAuCly-4H,0) and sodium
borohydride (NaBHy,), and deionised water were used for all
experiments.

2.2 | Preparation of the TiO, nanorod arrays

FTO conductive glass was used as a substrate for the growth
of TiO, NR arrays during the hydrothermal treatment. Before
the hydrothermal treatment, the FTO conductive glass (about
1.5 cm X 2 cm) was ultrasonically cleaned in a 1:1:1 solution
of deionised water, acetone and ethanol for 30 min and then
blow-dried with nitrogen. The TiO, NRs were prepared by con-
ventional hydrothermal methods. Generally, 30 mL of concen-
trated hydrochloric acid (36.5 wt% to 38 wt% by weight) was
diluted into 30 mL of deionised water in a 200 mlL beaker.
After the mixture was stirred at room temperature for 15 min,

CQDs-TiO2 NRs Au/CQDs-TiO2 NRs

1.2 mL of tetrabutyl titanate (TBOT) was slowly added drop-
wise to the mixture, and the resulting mixture was stirred at in
ambient conditions for 30 min. Finally, the mixture was trans-
ferred to a 100 mL Teflon-lined stainless steel autoclave with
the cleaned FTO substrate and subjected to hydrothermal treat-
ment at 150°C for 12 h. After synthesis, the TiO,-coated FTO
substrate was rinsed with deionised water and ethanol, and then
annealed in air at 450°C for 30 min. For compatison, TiO, NR
array samples calcined at 400°C and 500°C were prepated undet
the same conditions.

2.3 | Synthesis of carbon quantum dots

The CQDs were synthesised according to the previously
reported hydrothermal method [30]. In a specific experi-
ment, citric acid monohydrate (0.35 g), tris-(hydroxymethyl)-
aminomethane (0.6 g) and deionised water (20 mL) were mixed
by ultrasonication for 30 min. Then, the solution was trans-
ferred to a Teflon-lined stainless steel autoclave with a capacity
of 100 mL and heated to 180°C in a constant temperature
drying oven for 6 h. After the reaction was completed, the
reaction kettle was removed and allowed to slowly cool to
ambient temperature. The product was then collected and
filtered through a polyethersulfone membrane with a mesh size
of 0.22 um. The resulting orange-yellow CQDs solution was
further purified by dialysis. After, the solution was pre-frozen in
a refrigerator at a temperature of —80°C for 30 min, and then
was dried at —80°C in a freeze dryer for 24 h to obtain a CQDs
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powder. Finally, the 1 mg mL™" solution was prepared using
the CQDs powder and refrigerated until further use.

24 |
catalyst

Preparation of the CQDs-TiO, nanorod

In order to improve the effective interface contact, organic
bifunctional linking molecules, such as thioglycolic acid (TGA),
were utilised to bridge the surfaces of TiO, and CQDs due
to their excellent surface adhesion. This experiment compared
two methods of loading CQDs on to TiO, NRs. First, the
prepared TiO, NR array membrane was immersed in a 0.1 M
TGA 3-methoxypropionitrile solution for surface modification.
Then, it was immersed in the prepared 2 mLL CQDs solution for
12 h, rinsed with absolute ethanol and dried at 60°C. In another
method, 0.6 mL of 0.1 M TGA 3-methoxypropionitrile solution
and 2 mL of CQDs were added to 20 mL of deionised water
using a pipette, and the resulting solution was sonicated for
30 min to mix them evenly. Finally, the solution was placed in a
50 mL stainless steel autoclave lined with Teflon and then placed
in a constant-temperature drying oven at 150°C for 12 h. After
cooling, the sample was rinse with deionised water and absolute
ethanol, and dtied at 60°C. For subsequent compatisons, in the
second method, the different amounts of CQDs were added to
the solution to prepare photocatalytic films, which were indi-
cated as CQDs(0.5)-NRs, CQDs(1)-NRs, CQDs(2)-NRs and
CQD(2.5)-NRs.

2.5 |
catalyst

Preparation of Au/CQDs-TiO, nanorod

As previously reported [31], the successive ion-layer adsorp-
tion and reaction (SILAR) method was used to deposit gold
nanoparticles on TiO, NR array films. The TiO, NR array sub-
strate (or CQDs-TiO, NR array substrate) was immersed in
a HAuCl, (0.1 mg mL™") solution, deionised water, a NaBH,
solution (1 mg mL. ™) and deionised water for 60 s, respectively.
The SILAR process was repeated for five cycles to obtain the
Au-TiO, NR catalyst (or Au/CQDs-TiO, NR catalyst).

3 | CHARACTERISATION

The morphology and elemental composition of the synthesised
product were investigated using a scanning electron microscope
(SEM) and energy dispersive spectroscopy (EDS), which were
acquired on a Hitachi model SU8010. The crystalline phase
and the phase purity of the samples were recorded by high-
resolution transmission electron microscopy (HR-TEM, JEM-
1400 plus) and X-ray diffraction (XRD, Rigaku-D/max-2500)
over a 26 range of 20°-80° using Cu Ka radiation. A UV—vis
spectrophotometer (Perkin-Elmer Lambda 950) with an inte-
grating sphere attachment was used to test absorption spectrum

of the samples. The X-ray photoelectron spectroscopy (XPS)
spectra were performed on Thermo ESCALAB 250XT System

to determine the chemical status of the as-prepared Au/CQDs-
TiO, NRs microspheres.

In the case of photoelectrochemical investigation, the sam-
ple was clamped on to the clip electrode as the working elec-
trode, and the platinum chip electrode and the saturated calomel
electrode were applied as the counter electrode and the ref-
erence electrode, respectively. The three-electrode system was
immersed in 60 mL of a 0.5 M solution of Na,SO, (or contain-
ing a 10 mM methylene blue (MB) solution and 0.5 M Na,SO,
mixed solution) to evaluate the photoelectrochemical properties
(ot catalytic activity). The full spectrum, UV or visible light used
for experimental irradiation was enabled by a Xe lamp without
cut-off filter, with UV reflector (UVREF, 200-400 nm) or with
400 nm cut-off filter (400-780 nm), respectively.

4 | RESULTS AND DISCUSSION
4.1 | Morphology and phase
characterisations

The SEM images of the TiO, NRs shown in Figure 2(a)—(c)
demonstrate that a large number of TiO, NRs were grown on
the FTO surface. These TiO, NRs were so well ordered and
uniformly oriented that it looked like the substrate was cov-
ered with a blanket with micrometer-level thickness. The aver-
age diameter and thickness of the NRs were about 0.33 and
5.6 um, respectively, indicating an aspect ratio of around 17.
For semiconductor TiO,, such a vertically arranged and highly
ordered NRs microstructure suggests a great potential for high-
efficiency electron transport.

Comparing Figure 2(d) and (e) with Figure 2(a) and (c),
respectively, it can be seen that, after loading of Au NPs and
CQDs, many tiny bumps were attached to the top and side sur-
faces of the TiO, NRs. As shown in Figure 2(f), the presence
of O, Ti, Au and C in the Au/CQDs-TiO, sample was con-
firmed by element mapping. Figure 2(g) is a TEM image of the
CQDs, whose particle size was around 7-8 nm. The inset in
Figure 2(g) depicts the XRD pattern of CQDs, whose pattern
has a broad peak at 26 = 23° around, revealing an amorphous
carbon phase, and is consistent with previous literature reports
on CQDs [32, 33]. The HR-TEM in Figure 2(h) clearly shows
that spherical Au NPs and CQDs with diameters of about 5 and
8 nm, respectively, were distributed on the surface of TiO, NRs.
Further observed lattice fringes of 0.32 and 0.23 nm cotrespond
to rutile TiO, (1 1 0) and Au (1 1 1), respectively. The CQDs had
no obvious lattice fringes due to an amorphous structure which
agrees well with the XRD analysis (confirmed by Figure 2(h)).
These results indicate that, for the Au/CQDs-TiO, NRs com-
posite, the Au, CQDs and TiO, NRs were effectively mixed.

X-ray diffraction (XRD) confirmed the phase structure of the
TiO, NRs structure at a hydrothermal temperature of 150°C.
As shown in Figure 2(i), it can be seen that all diffraction peaks
for the TiO, NR arrays can be marked as the rutile phase
(PDF#21-1276) and the FTO substrate without the presence
of other impurity phases [10]. Not surprisingly, the four sam-
ples showed similar XRD patterns, indicating that the phase
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(a—c) The front, cross section, and cross-sectional high magnification of titanium dioxide nanorods (TiO, NRs); (d—f) the front, ctoss section and

EDS diagram of Au/CQDs-TiO, NRs; subpart (g) TEM picture of CQDs (inserted is the XRD diagram); (h) the picture of Au/CQDs-TiO, NRs HR-TEM image;
(i) the XRD data graph of TiO, NRs, CQDs-TiO, NRs, Au-TiO; NRs and Au/CQDs-TiO, NRs

structure of TiO, did not change after the deposition of CQDs
and Au NPs. However, no crystalline Au and CQDs peaks were
found in the CQDs-TiO, NRs, Au-TiO, NRs and Au/CQDs-
TiO, NRs samples. This may be a result of the very low diffrac-
tion of Au species, as there was no X-ray diffraction peak for
the Au NPs. No diffraction peaks attributable to CQDs are
observed, which may be due to the low doping amount and
high dispersion of CQDs in the fabricated CQDs-TiO, NRs
and Au/CQDs-TiO, NRs [20, 25, 34].

4.2 | Characterisation of optical property

The light absorption characteristics of Au NPs, CQDs, TiO,
NRs, CQDs-TiO; NRs, Au-TiO, NRs and Au/CQDs-TiO,
NRs were studied by DRS. As shown in Figure 3(a), the absorp-

tion edge of the TiO, NRs spectrum was slightly greater than
400 nm which due to the TiO, NRs existed in the rutile form
[22]. After CQDs loaded, the absorption activity of the CQDs-
TiO, NRs under visible light irradiation was slightly improved.
This indicates that the CQDs can be used as photosensitisers
to extend the optical response of TiO, NRs photocatalysts to
the visible light absorption range, which may lead to more pho-
togenerated carriers and in turn increase photocatalytic activity
[2, 35]. As shown in Figure 3(c), the two peaks of the absorp-
tion spectra of CQDs may be attributed to the 77—7r* transition
[35-37]. Due to the LSPR of the Au NPs, there was a large
absorption increase of Au-TiO, NRs and Au/CQDs-TiO,
NRs than pure TiO, NRs and CQDs-TiO, NRs in visible light
region after further deposition of Au NPs on the surface. From
the absorption spectra of Au NPs shown in Figure 3(d), the
obvious absorption peaks verified the plasmon excitation of Au
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FIGURE 3 (a) UV-vis absorption spectrum of titanium dioxide nanorods (TiO, NRs), CQDs-TiO, NRs, Au-TiO, NRs and Au/CQDs-TiO, NRs, (b) Tauc

diagram calculated from a diagram; (c and d) UV—vis absorption spectrum of CQDs and Au NPs, respectively

NPs in 500-600 nm. The optical band gaps of the TiO, NRs,
CQDs-TiO, NRs, Au-TiO, NRs and Au/CQDs-TiO, NRs
were calculated according to the Tauc diagram (Figure 3(b)),
where a, h and v represent the absorption coefficient, Planck
constant and optical frequency, respectively. By extrapolating
the x-axis intercept from the maximum slope of the curve,
the obtained band gaps of the TiO, NRs, CQDs-TiO, NRs,
Au-TiO, NRs and Au/CQDs-TiO, NRs were 2.94, 2.93, 2.78
and 2.73 eV, respectively. By modifying Au NPs and CQDs on
the surface, the charge transfer between Au, CQDs and TiO,
NRs resulted in a decreased band-gap value.

4.3 | X-ray photoelectron spectroscopy
analysis

To analyse the chemical composition of the modified TiO, NRs
sample and determine the chemical state of each component,
XPS analysis of the Au/CQDs-TiO, NRs was performed. Fig-
ure 4(a) shows that the surface layer of the Au/CQDs-TiO,
NRs was composed of Ti, O, Au and C, which is consistent
with the EDS mapping image (Figure 2(f)). The typical high-
resolution XPS spectrum of Ti2p is shown in Figure 4(b). The
two peaks at 458.70 and 464.29 eV are designated as the binding
energy of the Ti2ps3 » and Ti2py s, nuclear energy levels, which
can be assigned to the spin orbit of Ti2p weight Ti** [38]. Fig-
ure 4(c) shows the high-resolution XPS spectrum of the Ols

region. The peak at 529.52 eV corresponds to the oxygen in the
TiO, lattice (Ti—O-Ti), the peak at 530.23 eV represents the
hydroxylation reaction on the surface of titanium oxide (~OH),
and the peak at 531.88 eV can be attributed to the ionisation
of oxygen (such as OH™), which can compensate for the defects
on the surface of TiO,. For carbon, Figure 4(d) shows the peaks
at 288.47, 286.58 and 284.85 eV, which correspond to the C-C
bonds produced by accidental and indefinite contamination of
O C, C-O-H, respectively [21]. In the high-resolution spectrum
of Audf (Figure 4(¢)), the two peaks of Audf;,, and Audfs,,
were at 83.71 and 87.34 eV, respectively, suggesting that the Au
NPs were in a metallic state. However, the Audf; , peak of typ-
ical pure metal gold is located at 84.37 eV. This discrepancy is
due to the difference in work function between Au (5.27 eV)
and TiO, (4.1 eV), so the slight shift of the binding energy
to a lower value can be attributed to the redistribution of elec-
trons on the Au—TiO, contact interface (the so-called Schottky
barrier), which indicates that the Au NPs interact with adjacent
TiO, [22, 31, 34].

4.4 | Electrochemical characterisation

Figure 5(a) presents the measured photocurrents of TiO,
NRs prepared at different calcination temperatures. It can
be seen that the TiO, NRs calcined at 450°C showed the
strongest light current, so 450°C was chosen as the calcination
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response of CQDs-TiO, NRs prepared by two different CQDs loading methods

temperature in the following study. Figure 5(b) compares the
photocurrent responses of the CQDs-TiO, NRs, on to which
the CQDs were loaded by the immersion method or the
hydrothermal method. The experimental results revealed that
the photocurrent of CQD loaded by hydrothermal method was
2.1 and 5.2 times higher than that of immersion method and
pure TiO, NRs, respectively, proving that the hydrothermal
method is a more effective loading strategy. With a stronger
and more stable binding interface with TiO, NRs, a better pho-
toelectron transmission can be achieved [35, 39]. Therefore,
in the following experiments of this study, the hydrothermal

(a) Photocurtent response curves of calcined titanium dioxide nanorods (TiO, NRs) at 400°C, 450°C and 500°C; (b) compate the photocurtrent

method was adopted to load CQDs on the surface of the TiO,
NRs.

To investigate the catalytic performance of the samples
loaded with different amounts of CQDs, the transient pho-
tocurrent response of various samples (pure TiO, NRs, CQDs-
TiO, NRs and Au/CQDs-TiO, NRs electrodes with different
loadings of CQDs) were measured by controlling the on—off
irradiation cycle. The obtained I/ curves are shown in Figure 6.
For the three illumination states (UV—vis, UV, visible), as the
amount of CQDs increased, the photocurrent response of the
composite material increased first and then decreased. Among
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FIGURE 6 (a,c, ¢) The photocurrent response graphs of NRs and CQDs-NRs samples with different CQDs loading; (b, d, f) NRs, the photocurrent response

graphs of Au/CQDs-NRs samples with different CQDs loading under UV-visible,

them, the CQDs(2)-NRs exhibited the strongest photocurrent
response over the full spectrum, UV, and visible light region,
which were 3.5, 6.4 and 1.5 times larger than that of pure TiO,
NRs, respectively. A further increase in the concentration of
CQDs reduced the photocurrent, which may be caused by the
surface aggregation of CQDs. This proves that a proper amount
of CQDs can provide photoelectrons to the TiO, NRs, thereby
expanding the photo-responsive area. In addition, it can accel-
erate the interface charge transfer, thereby enhancing the pho-
toelectric response.

As another co-catalyst, a certain amount of Au NPs was
loaded to further optimise the photocatalytic activity (as shown
in Figure 6(b), (d) and (f))). After loading the Au NPs, the pho-
tocurrents of all samples increased significantly under UV, visi-
ble and full spectrum conditions. On the one hand, the Au NPs

UV and visible

effect includes the LSPR, which greatly improves the ability of
the photocatalyst to capture visible light. On the other hand,
due to the Schottky barrier formed at the metal-semiconductor
interface, the Au NPs can effectively promote the separation of
photogenerated electron—hole pairs.

As a result, after depositing the Au NPs, the Au/CQDs(2)-
NRs samples still demonstrated the largest overall photocurrent
response among all the prepared samples, which were 1.4 and
5 times that of the CQDs(2)-NRs and pure NRs, respectively,
and a photocurrent over 14 mA-cm™2 was observed. This result
revealed that the deposition of Au NPs can greatly improve the
performance of the catalyst and has excellent synergistic effects
with CQDs.

As shown in Figure 7(a), a set of linear sweep voltamme-
try (LSV) curves for the samples were measured in the visible
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NRs

light (1 > 420 nm) region. The TiO, NRs have a very small
visible light drive current because the inherent band-gap struc-
ture of TiO, does not respond in the visible light region. Nev-
ertheless, an obvious photocurrent enhancement was observed
at the CQDs-TiO, NRs and Au/CQDs-TiO, NRs photoan-
odes. This result proved that CQDs can not only improve the
visible light utilisation efficiency but also enhance the electron—
hole separation rate of TiO, NRs. In addition, the photocur-
rent density of the CQDs(2)-NRs was greater than that of the
CQDs(1)-NRs, and the photocurrent density grew after loading
Au NPs on to the corresponding CQDs-TiO, NRs samples.
After comparing the current difference between the light and
datk environment at the same voltage, 0.6 V was selected as the
photoanode bias voltage for the following experiments.

In order to further clarify the roles of the loading of Au
NPs and CQDs on the interface charge transfer process of the
TiO, NRs catalyst, electrochemical impedance spectra (EIS)
of different catalysts was performed in the open circuit under
full-spectrum irradiation, as shown in Figure 7(b) [40—42]. By
loading of Au NPs and CQDs, the Au-TiO, NRs and CQDs-
TiO, NRs showed the smaller radius than TiO, NRs. The EIS
Nyquist plots of the photoanodes had the decreased radius
in the order: TiO, NRs > CQDs-TiO, NRs > Au-TiO,
NRs > Au/CQDs-TiO, NRs. Generally, a semicircle with a
small radius in the EIS spectrum indicates a faster separation
and transfer of charge carriers. The Au/CQDs-TiO, NRs had

the smallest impedance value, indicating that there is a faster
interface electron transfer between the photoelectrode and the
electrolyte, and the dynamics of the charge transfer process were
strong. Therefore, it was proved that modification of the TiO,
NRs with Au NPs and CQDs as dual co-catalysts can cause the
photogenerated cartiers to be more effectively separated and
promote a photoinduced charge transfer.

The MB solution was degraded under full spectrum irradi-
ation to evaluate the photocatalytic performances of the pre-
pared samples. The reaction system was irradiated using an Xe
lamp, and an additional bias of 0.6 V was applied for degradation
experiments. A circulating water cooling system was utilised to
maintain a constant temperature in the catalytic system. Degra-
dation experiments with only irradiation, only applied bias, and
neither irradiation nor bias was conducted as controls. Every
15 min, 10 uL of the degraded solution was removed, and the
concentration of the MB solution was recorded with an UV—vis
spectrophotometer.

As shown in Figure 7(c), among these four samples, the
Au/CQDs-TiO; NRs sample had the highest photocatalytic
activity with a degradation rate of 95.0%. In addition, it can be
seen that after loading of the Au NPs on TiO, NRs, the pho-
tocatalytic degradation rate was significantly improved. More-
over, after the sample was decorated with CQDs, the degrada-
tion rate was further accelerated. Therefore, the employment of
Au NPs and CQDs as co-catalysts to modify the TiO, NRs was
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found to improve the activity of the catalyst. At 120 min, the
degradation rate of the Au/CQD-TiO, NRs was 40% higher
than that of pure TiO, NRs. Au NPs can assist photocat-
alytic reactions in various ways (such as local heating, elec-
tric field enhancement, Schottky batrier, hot electron injection)
[16], while CQDs increase the electron—hole separation on Au
NPs and TiO, NRs. In addition, by comparing the degradation
results of TiO, NRs with and without biasing, it was found that
the catalytic activity was slightly enhanced after biasing, There-
fore, the proper bias voltage was beneficial for separating the
photogenerated electron—hole pairs to a certain extent, prolong-
ing the carrier lifetime, and thus enhancing the photocatalytic
activity [34]. During the degradation experiment, the photocur-
rent of the sample with a polarisation time of 10,000 s was also
recorded to evaluate the long-term stability of the catalyst (Fig-
ure 7(d)) [40]. With the extension of the catalytic time, all sam-
ples demonstrated extremely high robustness and stability. The
introduction of Au NPs and CQDs did not affect the stability of
the catalyst but also improved the overall photocurrent density.

5 | CONCLUSION AND OUTLOOK

In summary, the Au/CQDs-TiO, NRs photocatalytic film was
successfully prepared by a simple hydrothermal method and
SILAR method. The Au/CQDs-TiO, NRs composite photo-
catalytic materials have better photocatalytic activity than the
pure TiO, NRs, mainly because the loading of CQDs and Au
NPs can effectively promote electron—hole separation rate and
enhance the absorption of TiO, NRs in visible light. The syn-
ergism between the dual co-catalysts CQDs and Au NPs on the
TiO, NRs was experimentally demonstrated. The application
of a small bias on the electrode promoted the separation and
transfer of photogenerated electron—hole pairs, which improved
the photocatalytic efficiency of the Au/CQDs-TiO, NRs. The
advantages of this recyclable photocatalyst improved catalyst
efficiency and strong stability, and it is particularly useful for the
environmental pollutants degradation under sunlight.
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