Journal of Environmental Science International pISSN: 1225-4517 eISSN: 2287-3503
30(1); 57~67; January 2021 https://doi.org/10.5322/JES1.2021.30.1.57

ORIGINAL ARTICLE

Application of Cu-loaded One-dimensional TiO, Nanorods for
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Abstract

Photocatalytic green energy H, production utilizing inexhaustible solar energy has been considered as a potential solution
to problems of energy scarcity and environmental contamination. However, the design of a cost-effective photocatalyst using
simple synthesis methodology is still a grand challenge. Herein, a low-cost transition metal, Cu-loaded one-dimensional TiO,
nanorods (Cu/TNR) were fabricated using an easy-to-use synthesis methodology for significant H, production under
simulated solar light. X-ray photoelectron spectral studies and electron microscopy measurements provide evidence to
support the successful formation of the Cu/TNR catalyst under our experimental conditions. UV-vis DRS studies further
demonstrate that introducing Cu on the surface of TNR substantially increases light absorption in the visible range. Notably,
the Cu/TNR catalyst with optimum Cu content, achieved a remarkable H, production with a yield of 39,239 umol/g after 3 h
of solar light illumination, representing 7.4- and 27.7-fold enhancements against TNR and commercial P25, respectively. The
notably improved H, evolution activity of the target Cu/TNR catalyst was primarily attributed to its excellent separation and
efficiently hampered recombination of photoexcited electron-hole pairs. The Cu/TNR catalyst is, therefore, a potential
candidate for photocatalytic green energy applications.
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1. Introduction 2018; Ganguly et al., 2019; Kumaravel et al., 2019). In
1972, Fuyjishima and Honda discovered the

Massive consumption of non-renewable fossil fuels photoelectrochemical production of hydrogen from
for global energy demands results in scarcity of energy water using the Pt/TiO, system. Since then, TiO»-based
resources and environmental pollution. Therefore, the materials are considered an attractive materials for a
primary objective is to seek viable solutions that exclude wide range of photocatalytic applications, including
the issues as mentioned above (Jo et al., 2018a; Jo et al., oxidation of organic compounds (Jo et al., 2018b; Li et

2020). Solar-indued photocatalytic water reduction for al., 2019b), hydrogen production from water splitting
the generation of clean hydrogen energy has been (Zhang et al., 2017; Peng et al., 2018), and hydrocarbons

considered as a sustainable solution to rising energy generation from CO, reduction reaction (Sorcar et al.,
shortages and environmental problems (Yuan et al., 2018; Sorcar et al., 2019), owing to their chemical
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stability, non-toxicity, and high reactivity (Singh and
Dutta, 2018). However, the optical response of TiO; is
confined to the ultraviolet portion of the solar spectrum,
resulting in limited utilization of solar energy (Khatun et
al., 2018). Besides, TiO, is often known for its low
quantum efficiency in photocatalytic applications
because of the high recombination rate of photoexcited
electron-hole pairs (Gao et al., 2019). Therefore,
overcoming these disadvantages may present new
directions to elevate the photocatalytic efficiency of
Ti0,.

Tailoring TiO, could enhance its efficiency in the
production of H, and give access to its intrinsic benefits.
Several approaches have already been investigated to
address the limitations of TiO,, including loading noble
or transition metals (Sharma and Lee, 2017; Wei et al.,
2019), doping with foreign elements (Koltsakidou et al.,
2017; Seetharaman et al, 2017), and forming
composites by coupling TiO, with other semiconductors
(Kim and Jo, 2018; Park et al., 2020). Among these
approaches, loading TiO, with transition metals such as
Cu, Fe, Ni, and Co could effectively improve the
efficiency of TiO, by preventing recombination of
electrons and holes through extracting generated
electrons and improving visible light absorption (Jin and
Jo, 2018). Cu is one of the cheapest and most promising
transition metals that can be applied effectively to
produce hydrogen (Lee et al., 2019). As such, the
combination of TiO, and Cu metal is anticipated to have
a synergistic impact on the photocatalytic efficiency of
renewable H, production. Another approach to further
improve the photocatalytic performance of TiO, is to
tune its morphology. For instance, Jiang et al., (Jiang et
al., 2018b) have demonstrated that the nanorod
of TiO;,
photocatalytic evolution of H, compared to its TiO,

morphology significantly boosts the
counterpart with nanoparticle morphology. Moreover,
TiO, nanorods may be of considerable value since they
demonstrate a lower rate of recombination of

photogenerated charges (Hu et al., 2019).

In view of the above factors, we rationally prepared a
hybrid photocatalyst consisting of one-dimensional
TiO, nanorods and low-cost Cu metal, using an easy
synthesis route that includes hydrothermal and
photodeposition methods. The fabricated Cu/TNR
catalyst was thoroughly characterized by a variety of
analytical tools. The photocatalytic performance of the
Cu/TNR was assessed by recording the H, evolution
under simulated sunlight illumination. The role of Cu
content in the production of H, was carefully
investigated. A plausible photocatalytic mechanism was

also proposed based on the experimental studies.

2. Materials and Methods

2.1. Synthesis of TiO; Nanorods (TNR)

1.0 g of bare TiO, (P25, Evonik) was mixed with 30
mL of 10 N NaOH solution, transferred to a Teflon-lined
autoclave and then thermally treated to 130T for 72 hin
an oven. After cooling to room temperature, the white
gel suspension obtained was washed with HCI (0.1 N)
and water to remove impurities. Subsequently, the
resultant product was annealed at 500 for 1 h to get the
TNR.

2.2, Synthesis of Cu/TNR

0.49 g of TNR were dispersed in 40 mL of 25%
CH;0H by ultrasonication using a 70 mL pyrex reactor,
followed by the addition of a certain amount of
Cu(NO3), to the suspension. After sealing the reactor
tightly, Ar gas was purged for 30 min to eliminate the
dissolved oxygen and subsequently irradiated with a 400
W Hg lamp for 30 min. The resulting mixture was rinsed
with water through centrifugation and dried in an oven at
80T for 10 h; the product obtained was named as
Cu/TNR.

* Hydrogen production measurement
The photocatalytic hydrogen evolution tests of the
prepared samples were conducted at ambient

temperature and atmospheric pressure in an 80 mL
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Fig. 1. The XRD spectra of the bare TiO,, TNR, and
Cu/TNR samples.

quartz reactor. Briefly, 2 mg of catalyst powder was
dispersed into 40 mL of 25% methyl alcohol aqueous
solution, and the reactor was then closed securely using a
sleeve cover. The dissolved oxygen in the suspension
was removed by purging the ultra-pure argon for 30 min.
The dispersion was then illuminated with a 300 W xenon
lamp (Newport) using AM 1.5G (100 mW/cm) filter
under constant stirring. The generated H, gas was
periodically sampled from the reactor headspace using
500 pL gas-tight syringe (Hamilton). Finally, the H, gas
produced was quantified by gas chromatography
(Shimazu Corp. GC-2010) with a thermal conductivity
detector.

*» Measurement and analysis

The crystal structure of the prepared catalysts was
measured by an X-ray diffractometer (XRD: Rigaku
(D/Max-2500)) with Cu Ke radiation (A = 1.5406 A).
The detailed surface structure was examined on a
transmission electron microscope (TEM, Hitachi, HT
7700) and a high-resolution TEM (HRTEM, Titan G2
ChemiSTEM Cs Probe (FEI Company, Netherlands))
equipped with an energy-dispersive X-ray spectrometer
(EDS). Ultraviolet-visible diffuse reflectance spectroscopy
(UV-vis DRS) studies were carried out on a Shimadzu
UV-2600 UV-vis spectrophotometer, using BaSOy as a

reflectance standard. Steady-state photoluminescence
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Fig. 2. The UV-vis DRS spectra of the bare TiO,, TNR, and
Cu/TNR samples.

(PL) measurements were executed on a Shimadzu
RF-6000 spectrofluorophotometer with an excitation
wavelength of 300 nm.

3. Results and discussion

The crystal structures of the synthesized catalysts
were identified by XRD patterns shown in Fig. 1 Th
Measurement e definite peaks at 25.4°, 37.9°, 48.1°,
54.1°, 55.2°, and 62.7° observed in the XRD spectra of
the TNR and Cu/TNR are ascribed to the (101), (004),
(200), (105), (211), and (204) planes, respectively, and
the pattern is well consistent with the standard pattern of
anatase TiO, (PDF# 01-070-7348). The clear and intense
patterns without impurity peaks reflect the crystallinity
and purity of the samples. It is also observed that the
peaks belonging to Cu did not appear in the XRD
patterns of both TNR and Cu/TNR catalysts, possibly
due to the high-dispersion and low quantity of Cu in the
catalysts (Kadi et al., 2020). Besides, the bare P25 TiO,
reference sample, as expected, exhibited the patterns of
anatase and rutile (Fig. 1), following the previous report
(Jiang et al., 2018a).

The light absorption properties of the catalysts were
examined using UV-vis DRS studies (Fig. 2). The bare
TiO,
approximately below 400 nm, referring its UV light

profile illustrated an absorption edge at
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Fig. 4. The elemental mappings (a-d) and EDS profile (e) of the Cu/TNR sample.

response bandgap. The TNR catalyst displayed a slightly
altered absorption edge, but with an absorption similar to
that of bare TiO,. Interestingly, the introduction of Cu to
the TNR substantially increases the light absorption in
the visible range, which could be assigned to the surface
plasmon resonance of Cu (DeSario et al., 2017). This
indicates that the Cu is successfully loaded onto the
surface of TiO,, which could also serve as direct

evidence of the existence of Cu. The improved optical

absorption of Cuw/TNR catalyst will therefore promote
the production of photoinduced charge carriers, which
can eventually lead to the improved photocatalytic
performance of Cu/TiO, for hydrogen production.
TEM examinations explored the morphology and
microstructure of the TNR and Cu/TNR samples. As
shown in Fig. 3, the TNR sample, different from its bare
TiO, counterpart with a particle-like morphology,
exhibits a rod-like morphology with random sizes. After
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Fig. 5. XPS profiles of the Cu/TNR catalyst. (a) Full spectrum, (b) Ti 2p, (c) O 1s, (d) Cu 2p spectra.

introducing Cu to its surface, TNR retains its rod-like
morphology (Rodriguez-Aguado et al., 2019), as shown
in Fig. 3b. Although Cu particles cannot be seen in the
TEM image, their presence is evidenced by the HRTEM
image of Cu/TNR, which shows two distinct lattice
fringes with d-spacings of 0.35 and 0.21 nm attributed to
TiO, (101) and metallic Cu (111) planes, respectively
(Fernandez-Arias et al., 2020; Wang et al., 2018).
Additionally, the elemental mapping images of the
CwWTNR sample (Fig. 5a-d) illustrate the evenly
distributed Ti, Cu, and O elements, demonstrating the
close integration of the metallic Cu and TNR
components. In addition, Ti, O, and Cu were found in the
EDS profile of Cu/TNR catalyst (Fig. Se) further verified

the successful decoration of Cu on the TNR surface.

To elucidate the surface elemental composition and
valence states of elements in the Cu/TNR catalyst, XPS
measurements were performed. The XPS survey
spectrum in Fig. S5a reveals that the Cu/TNR catalyst was
composed of Ti, O, and Cu elements, reflecting the
successful deposition of Cu on the TNR surface,
consistent with the findings of the UV-vis DRS and
TEM studies. The Ti 2p XPS spectrum of Cw/TNR in
Fig. 5b displays two peaks at 457.9 and 463.8 eV
attributed to Ti 2ps;, and Ti 2pi, spin couple,
respectively, indicating the presence of tetravalent Ti
ions (Kim and Jo, 2019). Moreover, the O 1s spectrum of
Cu/TNR (Fig. 5¢) illustrates two peaks representing the
lattice oxygen (Ti-O) and surface adsorbed water at
529.6 and 531.3 eV, respectively(Deng et al., 2019). In
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Fig. 6. (a) The hydrogen generation activities of the bare TiO,, TNR, and Cu/TNR samples. (b) The hydrogen generation
activities of the Cu/TNR catalysts with different Cu contents.
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Fig. 7. (a) The PL profiles of the bare TiO,, TNR, and Cu/TNR samples and (b) The PL profiles of the Cu/TNR

samples with different Cu contents.

addition, the Cu spectrum in Fig. 5d displays the peaks
related to Cu 2ps;, and Cu 2py,, at 931.9 and 951.6 eV,
confirming the zero-valence state of Cu in the CW/TNR
(Xu et al., 2019). These findings clearly demonstrated
the successful preparation of the metallic Cu loaded
TNR catalyst.

Photocatalytic H, production activities of the
fabricated catalysts were evaluated under simulated
solar light with methyl alcohol as a sacrificial reagent to
trap photogenerated holes. The variation in H;
production with illumination time over bare TiO,, TNR,
and Cu/TNR photocatalysts are presented in Fig. 5. After

3 h of light illumination, bare TiO, exhibited H,
generation with a yield of 1,467 pmol/g, whereas TNR
displayed a higher H, production yield of 5,240 pmol/g,
which is more than 3-times higher activity than bare
TiO.. Interestingly, loading Cu onto the surface of TNR
greatly enhances photocatalytic activities, resulting in
excellent H, production yields by all of the Cu/TNR
catalysts. It is also observed that with an increase in Cu
content, H, yields increased first and then declined
gradually. In particular, the Cu/TNR catalyst with 2
wt.% of Cu, attained a remarkable H, production with a
yield of 39,239 umol/g after 3 h of light illumination,



Application of Cu-loaded One-dimensional TiO, Nanorods for 63

Elevated Photocatalytic Environmental Friendly Hydrogen Production

()

2.68 eV

N

Intensity (a.u.)

12 9 6 3 0 -3
Binding energy (eV)

(b)

(ahv)“r

2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
hv (eV)

Fig. 8. (a) VB-XPS profile of the TNR (b) Tauc plots to determine the optical band gap of the TNR.

representing 7.4- and 27.7-fold enhancements against
TNR and bare TiO,, respectively. These results suggest
that the optimum content of Cu in Cu/TNR catalysts is
crucial to achieving the remarkable photocatalytic H,
efficiency.

The remarkable photocatalytic H, evolution of the
Cuw/TNR catalyst demonstrates the intimate interface
between the metallic Cu and TNR components, which in
turn facilitates charge transfer and reduces charge
recombination. This phenomenon is verified by PL
spectra studies. The PL profiles of the bare TiO,, TNR,
and Cu/TNR were illustrated in Fig. 6. In general, a
high-intensity PL emission peak reflects a greater
chance of electron-hole recombination and lower
photocatalytic efficiency (Jo et al., 2019; Jo and Tonda,
2019). Fig. 6a shows that bare TiO, displayed the
strongest PL  emission peak, indicating fast
recombination of charge-carrier in the catalyst.
Meanwhile, TNR displays a decreased PL emission
signal than bare TiO,, which implies that the
recombination of photogenerated charges can be
efficiently hampered within the TNR catalyst. Notably,
the target Cu/TNR catalyst displayed a substantially
quenched PL signal that directly relates to its excellent
separation and effectively inhibited recombination of

photoexcited charges compared to other reference

catalysts, bare TiO, and TNR. These results are
consistent with the results of the photocatalytic
hydrogen production yields of the catalysts.
Furthermore, PL studies were also applied to examine
the impact of Cu amount on the photocatalytic properties
of the Cw/TNR catalysts. As expected, the Cu/TNR
catalyst with 2 wt.% of Cu demonstrated the lowest PL
emission intensity among the catalysts with different Cu
contents (Fig. 6b), in accordance with the H, production
activities.

The PL results discussed above indeed concluded that
the remarkable H; evolution activity of the Cu/TNR was
attributed primarily to the intimate interface between
metallic Cu and TNR components, where the
photoexcited charge carriers could be efficiently
separated. In addition to this factor, the effective optical
absorption of the Cu/TNR catalyst was another
important factor that significantly influenced the
photocatalytic H, evolution performance of the
Cuw/TNR, as verified by the UV-vis DRS studies
discussed above. In addition, the valence band XPS
(VB-XPS) and the Tauc plots were applied to explore the
band edge potentials of the present catalyst. Fig. 7a
displays the VB-XPS profile of the TNR from which the
VB potential was estimated to be 2.68 eV. The bandgap
of the catalyst determined from the Tauc plot was 3.26
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Table 1. Comparison of photocatalytic activity in hydrogen production

Photocatalyst Co-catalyst (lz}ihtins;l;:;;) S:;igzrl producI;in rate . fﬁQc}:z]ct;mz% ) Reference
(umol/g/h)
Cw/TNR Cu 3?1000Wm)\(;/cl;r%p 25% methanol 13,079 18.75 This work
CW/TiO, Cu 3 (%%‘(\)Vm);i /lenr?)p 10% methanol 2,800 43 (“32“0 le;) al,
Cu(OH)/TiO; Cu(OH), ?gg?;&;ﬁg 0.09 Zy:gl‘yle“e 3,418 13.9 (Yu ;gldl)Ra“’
Cu,0/TiO, cwo O (%%‘(\)Vm);i /lenr?)p 20% methanol 1,523 7.05 (Ligofts)al"
Cu-TiO, nanowire Cu ?gg?;&;ﬁg 25% methanol 5,104 17.2 (Xi‘;:) le;) al,

eV. By combining these results, the conduction band
(CB) potential of the catalyst was measured as —0.58 eV.
Based on the above experimental results, the
photocatalytic mechanism for the remarkable H,
evolution activity of the developed catalyst was
presented schematically in Fig. 8 and explained as
follows. Under the applied light illumination, the
catalyst can absorb the photons and be excited to
generate electrons (¢ ) and holes (h") in the CB and the
VB, respectively. The excited e in the CB of TNR is
readily captured by the metallic Cu owing to its
extraordinary electron trapping properties (Li et al.,

Oxidated
products

CH,OH+H,0

Fig. 9. Schematic illustration of the proposed mechanism for
hydrogen production in the Cu/TNR photocatalyst.

2019a), which results in an e accumulation on the
metallic Cu surface. Meanwhile, the holes at the VB of
TNR can react with methanol (sacrificial reagent), which
results in reduced recombination of photoexcited e~ and
h'. After being captured by the metallic Cu, the
photogenerated e will further reduce the protons in the

aqueous solution to produce H,.

4, Conclusions

In this study, an efficient Cw/TNR photocatalyst was
fabricated via a facile hydrothermal method followed by
a photodeposition technique. The results of different
characterization techniques confirmed the successful
formation of the Cu/TNR photocatalyst. Markedly, the
fabricated Cw/TNR catalyst with optimum Cu content,
achieved a remarkable production of H, with a yield of
39,239 pumol/g after 3 h of solar light illumination,
representing 7.4- and 27.7-fold improvements against
TNR and commercial P25, respectively. The notably
improved light absorption of the Cuw/TNR catalyst,
which helps to produce more photoexcited charges, was
crucial to the improvement of the H, evolution activity.
In addition, the excellent separation of photoexcited
electron-hole pairs is another key factor that

significantly influenced the H, evolution of the target
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Cu/TNR catalyst. This study, therefore, gives an insight
into the fabrication of low-cost transition metal-loaded
TiO, photocatalysts for photocatalytic green energy

production.
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