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The Photoreduction of CO2 provides a promising way to solving environmental issues. In this work,
hydrogen-doped Titania powders were fabricated using NaBH4 heated with TiO2 at 350 �C. The reduced
Titania was decorated with Platinum nanoparticles by Poly (N-vinyl-2-pyrrolidone) PVP protected Pt
solution. The copper precursor was mixed with the previous sample to get Cu-Pt bi-metal co-catalysts
deposited on the surface of reduced TiO2. After wrapping with graphene oxide (GO) sheets, core-shell-
structured photocatalysts graphene-wrapped Cu-Pt/rTiO2 be synthesized. A systematic study of CO2 pho-
toreduction performance of graphene-wrapped Cu-Pt/rTiO2 was conducted using the on-line GC system
with SiO2 fiber as the substrate. Under AM1.5 G simulated sunlight, the graphene-wrapped Cu-Pt/rTiO2 @
SiO2 produced carbon monoxide (394.84 lmol g-1cat 1. h�1) from CO2 with remarkable selectivity reach-
ing 99%. Over 7 h of illumination period, the prepared sample was showing excellent stability with no
decrease in origin CO2 conversion rate. Elemental mapping and transmission electron microscopy images
confirmed Cu-Pt bi-metal nanoparticles deposited on the surface of TiO2 nanoparticles. The Inert gas con-
trol group test confirmed that carbon monoxide products originate from CO2.
� 2020 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).
1. Introduction

In recent years, the increasing consumption of fossil fuels and
the rising concentration of carbon dioxide in the atmosphere have
caused severe environmental problems such as erratic weather
patterns [1]. Because of the massive burning of fossil fuels, the cur-
rent level of carbon dioxide far exceeds the natural fluctuations of
the past 800,000 years, which is probably the highest in 1500 mil-
lion years, according to the boron isotope ratio in plankton shells
[2]. How to effectively reduce the carbon dioxide content in the
atmosphere and make further use of it has become an important
research topic all over the world. For more than three decades,
researchers have tried to mimic the photosynthesis of plants in
nature, which aims to spontaneously convert carbon dioxide and
water from the atmosphere into chemical fuels, using sunlight as
an energy input [3]. Among the various carbon dioxide reduction
products, in terms of conversion and economic efficiency, CO has
an absolute advantage in market compatibility and net present
value [4,5]. Various semiconductor materials, such as CdS, g-
C3N4, Fe2O3, Cu2O, and WO3, have been developed as active photo-
catalysts [6]. Because of its high reduction potential, low cost, and
high stability, TiO2 has attracted much attention as the most
promising photocatalyst for carbon dioxide [7–9].

The most common crystalline phases of TiO2 are rutile, anatase,
and brookite. They all have large electronic bandgaps of 3.0–3.2 eV
[10]. With such large bandgaps, titanium dioxide can only use
ultraviolet light with a wavelength of fewer than 400 nm, which
only accounts for 2–5% of the total spectrum. For carbon dioxide
reduction, the ideal bandgap is estimated to be 1.8–2.0 eV. How
to increase the light absorption of the semiconductor catalyst is
the key to utilize solar energy effectively.

Doping is one of the commonly used techniques to extend the
range of semiconductor optical absorption because it can effec-
tively reduce the bandgap of the semiconductor. TiO2 is treated
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with a reducing agent to form an oxygen vacancy in the lattice,
called the self-doping of TiO2. Oxygen vacancy constitutes surface
defects, which play an essential role in catalysis. It can alter the
interaction between the surface of the catalyst and the target
molecule, thus reducing the reaction activation energy and even
changing the reaction pathway. Among the many experimental
supports, scanning tunneling microscopy showed that carbon
dioxide molecules were well absorbed in oxygen cavities. The
quantum mechanical model also indicates that electron transfer
from CB of stoichiometric anatase TiO2 to CO2 is not energetically
favorable but defects on the surface of anatase TiO2 can promote
electron transfer to CO2 [11]. Lin et al. reduced titanium dioxide
with aluminum to obtain Titania with surface oxygen vacancy. Sig-
nificant color changes in titanium dioxide can be observed. The
white titanium dioxide before the reaction turns black after the
reduction reaction. The non-metallic element X (X = H, N, S, I)
was then added to the Al reduced titanium dioxide nanocrystals
(TiO2-x), resulting in the color change. All the TiO2-X nanoparticles
have enhanced absorption in the visible and near-infrared regions
[12].

Depositing Metal Nano-particles on semiconductors is benefi-
cial to the performance of photocatalysts. It can improve the
charge separation, promote the activation of CO2, and provide
active catalytic sites for the reduction process. The Fermi levels
of metal NPs are usually lower than the conduction band of
TiO2. The Schottky barrier can form at the interface between
TiO2 and metal NPs. The electrons produced by the light will then
rapidly migrate from TiO2 to the metal NPs through the Schottky
barrier until their Fermi levels are equal [13]. For example, ultra-
violet irradiation leads to a Fermi energy level equilibrium
between TiO2 and Au through charge distribution, thus causing
the Fermi level shift –22 mV [14]. The Fermi level shift promotes
the effective photocatalytic reaction and indicates the efficient
electron transfer on the TiO2 and metal NPs interface system.
The commonly used metal nanoparticles as co-catalysts for TiO2

are Pt, Pd, Cu, Ag, Ni, Co, and Au [15], etc. Using P25 TiO2 powder
as a base photocatalyst, Wang et al. showed that the ability of
noble metal co-catalyst to promote CO2 reduction is in the order
of Ag < Rh < Au < Pd < Pt [16]. These metals can be used as elec-
tron sinks to concentrate photogenerated electrons produced by
photocatalysts, thus reducing the possibility of electron-hole
recombination [17].

Researches on bimetallic cocatalysts attracted exceptional
attention. Numerous experiments have observed that copper and
noble metals such as Pd, Pt, Au, Ag bimetallic catalysts can signif-
icantly improve the efficiency CO2 photocatalytic conversion on
semiconductors such as TiO2 [18]. Strasser [19] and coworkers
demonstrated that the compressive strain in the shell of Cu@Pt
nanocrystals modified the d-band structure of the surface Pt atoms.
The adsorption energy of the reaction intermediates diminished by
this d band shift results in the bimetallic system superior to the
undrained Pt catalyst [20].

Carbon nanomaterials such as carbon nanotubes and graphene
Nano-sheets are widely used to improve TiO2 photocatalytic reduc-
tion of CO2, especially two-dimensional graphene. By loading of
graphene can increase the specific surface area of photocatalyst,
enhance the adsorption of carbon dioxide by p-p conjugation
between CO2 molecules and graphene, and accelerate the trans-
portation of photo-generated electrons between photocatalyst par-
ticles due to its excellent conductivity [21]. Yilong Zhao and
coworkers demonstrated that the thickness of reduced graphene
oxide sheets could optimize the recombination rate of photogener-
ated charges. Where the sample contained 2% mass fraction rGO
showed the optimum Photoluminescence spectra results [22].

The use of optical fibers as the support for photocatalysts can
increase conversion rates when the optical fibers are simultane-
735
ously applied as a light distributing guide [23,24]. The high loading
rate and the direct photoexcitation of the catalyst can achieve
when coated on fibers. Quantz wool framed by SiO2 threads prac-
ticed as a substrate can avoid agglomeration of powder samples
and increases the reaction as well.

Herein, the core–shell-structured photocatalysts graphene-
wrapped Cu-Pt/rTiO2 be synthesized by a self-assembly method
of a simple chemical bonding reactions and tested by coated on
SiO2 fibers as support. Under AM1.5 G simulated sunlight, the
graphene-wrapped Cu-Pt/rTiO2 @ SiO2 produced carbon monoxide
(400 lmol g-1cat 1. h�1) from CO2 with remarkable selectivity
reaching 99%. Over 7 h of illumination period, the prepared sample
was showing excellent stability with no decrease in origin CO2 con-
version rate. Control group tests confirm the carbon monoxide
products originate from CO2.
2. Materials and methods

2.1. Materials

Titanium dioxide (Aeroxide� TiO2 P25) procured from Evonik
Degussa. Polyvinylpyrrolidone (PVP, average M.W.8000) provided
by Acros Organics. Sodium Borohydride (NaBH4 98% purity) and
Chloroplatinic acid hexahydrate ACS reagent (37.5% Pt basis) pur-
chased from Sigma-Aldrich. Electroless copper plating solution
(CuSO4�5H2O 7.6 g/L) purveyed by Haofan Technology Co., Ltd. Gra-
phene Oxide Dispension (GO) obtained from Jining Leadernano
Tech. L.L.C. High-temperature quartz fiber (99.99% purity, u = 5 l
m, 2.2 g/cm3) acquired from Orris New Materials Technology Co.,
Ltd. High purity Nitrogen (99.99%), Carbon Dioxide (99.99%) and
Helium (He, 99.99%) supplied by Linde HKG Ltd. The Millipore
Direct Q-5 purification system-generated De-ionized water (DI
water) exerted to prepare solutions and wash samples.

2.2. Sample preparation

Use a mortar and pestle to grind 200 mg of P25 with variable
quantities of sodium borohydride, then place the mixtures in tube
furnace heated under 350℃ for 30 min in the N2 atmosphere to get
reduced TiO2 (rTiO2).

The annealed samples were tested by Gas chromatography.
rTiO2 with the highest CO2 reduction yield dispersed into DI water
and dropped into PVP-Pt solution, and then put into ultrasonic sink
for 30 min. Pt with a mass fraction of 0.35 wt% was introduced into
the sample, the weight percentage calculated by platinum ionic
concentration. The PVP-Pt solution is prepared by dissolving
chloroplatinic acid precursor in water and reducing by sodium
borohydride. PVP (Polyvinylpyrrolidone) operated as the
dispersant.

A certain amount of electroless copper solution dropped into
the sample, and the volume of the solution controlled by calcula-
tion, so that the mass fraction of copper introduced was 0.35 wt
%. The graphene oxide (GO) aqueous suspension was then added
to the sample in the same way, with a mass fraction of 2%. After
300 rpm stirring for 30 min, the samples were centrifuged to
remove water and heat for 30 min at 350℃ in the tube furnace
under N2 flow. The prepared graphene-wrapped Cu-Pt/rTiO2 pow-
ders were immobilized by dip-coating onto SiO2 fibers. The sample
preparation flow chart is shown in Fig. 1.

2.3. Characterization

As-prepared samples characterized by transmission electron
microscopy (TEM) equipped with FEI Tecnai G2 20 S-TWIN. The
morphology and elemental information obtained by high angle



Fig. 1. Sample preparation flow chart.
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annular dark-field (HAADF) scanning electron microscopy images
and selected area electron diffraction (SAED), which was imple-
mented in the transmission electron microscope (FEI Tecnai F30).
UV–vis diffuse reflectance spectra (UV–vis DRS) detected on a Var-
ian Cary 5000 Scan UV–Vis-NIR spectrometer with the reference of
BaSO4. High-accuracy mass flow controller (MFC YJ-700 Konxin)
was exercised to control the flow rate of gas. Gas products analysis
carried out by gas chromatography (GC, SRI instruments 8610C)
equipped with helium ionization detector (HID) and thermal con-
ductivity detector (TCD).
2.4. Photoreduction test

A 3 mg sample was dispersed on the SiO2 fiber by dip-coating
and placed in the center of the cylindrical reactor with a quartz
window. Fill the reactor with the wet carbon dioxide and helium
mixed gas with an airflow rate of 10 mL/min for 1 h. Then the reac-
tor was placed under the sunlight simulator illuminated for 7 h
under continuous airflow and the light intensity set to 1000 W/
m2 (AM 1.5G).

Under illumination, the gas in the reactor was injected into the
gas chromatograph by continuous airflow with a rate of 10 mL/
min. Ehsan Pipelzadeh and coworkers’ research indicated that
the disturbance of continuous gas flow is beneficial to adsorption
and desorption. They compared constant pressure and press swing
with gas flow and concluded that the photocatalytic efficiency is
higher under the airflow [25]. GC detected the product concentra-
tion with a flame ionization detector (FID) and a thermal conduc-
tivity detector (TCD) each 60 min intervals. The gas products are
analyzed by the external standard method.
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Total CO yield (lmol)

COyieldðlmolÞ ¼ ðCfinal;CO�Cinitial;COÞ�Volumetricflowofproductgas
AmountofphotocatalystusedðgÞ , CCO for con-

centration of CO
The Control group test was exercised with moist helium gas

instead of CO2/He mixture to determine the initial carbon products
involved in the system.
3. Results and discussion

3.1. The characterization results of the catalysts

The sample was reduced by the variable amount of sodium
borohydride at 350℃ under N2 flow. The reduced titanium dioxide
has shown in Fig. 2. With the NaBH4 content increased, the sam-
ples’ color went from white to dark, indicating that there were
defects inside the titanium dioxide nanoparticles.

The UV–vis spectrumwas shown in Fig. 3. The reduced titanium
dioxide samples had significant light absorption in the visible area.
This enhanced absorption is caused by a disordered surface and
trivalent titanium ions. It is well known that hydrogen atoms in
the amorphous layer can interact actively with Ti 3d and O 2p elec-
trons, resulting in a significant reduction in the energy bandgap of
the intermediate gap state [26]. Besides, hydrogenation causes sur-
face states to be disordered, causing the maximum valence band to
move upward, while Ti3+ and Vo make the conduction band mini-
mum [27].

As the CO yield result shows in Fig. 3, the rTiO2 generated by
the reduction reaction of 200 mg P25 and 20 mg NaBH4 shows the
highest CO yield rate. During the detection process, no H2 was
detected. Tiny amounts of CH4 were detected in samples with



Fig. 2. Samples’ color change to dark after the reduction concerning the amount of NaBH4.

Fig. 3. UV–vis DRS TiO2 reduced with different amount of NaBH4 and CO yield.
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40 mg NaBH4, but the overall reduction efficiency of the samples
was still declined. Although light absorption becomes better with
NaBH4 continuously added in, the CO2 reduction rate is not
increasing. The results are consistent with works reported by
others previously. Activity decline is most likely due to the
recombine of photogenerated charges with excessive Ti3+ as
recombination centers [28–30]. The rTiO2 with the highest activ-
ity were used in subsequent preparation. Disperse this rTiO2 into
DI water, then combined with Cu-Pt nanoparticles and graphene
oxide sheets to get the Graphene-wrapped Cu-Pt/ rTiO2. No
noticeable color change of those samples during the preparation
steps.

The functional groups of the TiO2, rTiO2 unwashed, and rTiO2

washed with DI water samples were identified by the Fourier
transform infrared spectroscopy (FTIR). Fig. 4 (a) displays the IR
KBr spectra for these three catalysts, while the spectral range
was from 4000 to 400 cm�1. The typical B-H bands (2200–2400
and 1125 cm�1) are detectable by FTIR from unwashed rTiO2. The
Fig. 4. (a) FTIR spectra of TiO2, rTiO2 unwashed and rTiO2 washed catalys
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result proved the NaBH4 residue in the sample after the reduction
reaction, which could affect the photoreduction results due to
hydrogen production. After thoroughly washing by DI water, the
B-H disappeared, demonstrated that the rTiO2 washed samples
removed NaBH4 impurities.

The effect of Cu composition on CO2 photoconversion to CO
yield is compared in Fig. 4 (b). The other components of the cata-
lyst remain unchanged, and the CO2 photoreduction rate decreases
significantly after the mass fraction of copper was doubled. We can
find the same trend in the experimental results of Saurav Sorcar
and coworkers. For Pt-Cu bimetallic cocatalyst system, the surface
of some Pt is exposed to the reaction gas and involved in the pho-
tocatalytic reaction rather than entirely covered by the Cu will lead
to a better catalytic effect [31]. Due to the reaction mechanism of
electroless copper plating, copper is targeted growth on the Pt sur-
face. High copper content or low Pt content will result in a wholly
covered Pt surface. They also displayed that with 0.35% mass
fraction of Pt has an optimized effect, continuously increasing the
ts, (b) Effect of Cu composition on CO2 photoconversion to CO yield.
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content of Pt will reduce the photocatalytic product. And this is
consistent with Wei-Ning Wang and co-authors’ work on the
impact of Pt content and particle size for photocatalytic yield.

Increasing the mass fraction content of the Pt will cause the Pt
nanoparticles aggregated into larger particle sizes. The size of Pt
nanoparticles can significantly affect their work function, which
will substantially affect the selectivity of photocatalysis. Wei-
Ning Wang and co-authors demonstrated that as Pt nanoparticles
become larger, their properties may be approaching that of bulk
Pt, which could capture both photoelectrons and holes and act as
recombination centers [32].

The high angle annular dark-field scanning transmission elec-
tron microscopy (HAADF) image and energy dispersive Xray spec-
troscopy (EDS) elemental mapping patterns for Ti, O, Pt, and Cu
(Fig. 5a, b, c, d, e, f) endorsed that Pt and Cu nanoparticles are suc-
cessfully decorated on rTiO2.
Fig. 5. (a) (b) annular dark-field scanning transmission microscope (HAADF-STEM) imag
and (f) Cu, respectively, of the Cu-Pt/rTiO2 nanocomposites (g) (h) (i) transmission electro
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The TEM images of the samples are showing in Fig. 5g, h, i. As
can be seen in Fig. 5g, there is a typical cubic nanoparticle mor-
phology of TiO2 (P25) [33], with noticeable dark small particles
deposited on the surface. The particles with sizes around 5 to
10 nm presented a non-uniformly shaded image in Fig. 5h. This
phenomenon is often seen in TEM images of the nanoparticles
formed by different metals [34,35]. The lattice deformation that
appears in Fig. 5i supports the formation of this nanoparticle by
different kinds of minerals [36–38]. Combined lattice structure
with the EDS elemental mapping results, it indicated that this
nanoparticle is a Cu-Pt bimetallic particle.
3.2. Photocatalytic activity for CO2 reduction and discussion

The stainless steel reactor used in the gas chromatographic
analysis is shown in Fig. 6 (a). The UV–visible diffuse reflectance
e and energy dispersive X-ray spectroscopy (EDS) mapping of the (c)Ti, (d) O, (e) Pt,
n microscopy (TEM) images of the graphene-wrapped Cu-Pt/rTiO2 nanocomposites.



Fig. 6. (a) Stainless steel reactor, (b) UV–vis DRS of graphene-wrapped Cu-Pt/rTiO2, (c) (d) Production results from GC.

Table 1
Comparison of physicochemical properties of different catalysts.

Sample Surface area
(m2/g)

Pore volume
(cm3/g)

Pore diameter
Dv(d) (nm)

Graphene-wrapped Cu-
Pt/rTiO2

57.034 0.501 3.820

Graphene-wrapped Cu-
Pt/rTiO2 @ SiO2

97.366 0.155 3.052

M. Zhang et al. Materials Science for Energy Technologies 3 (2020) 734–741
spectra of graphene-wrapped Cu-Pt/rTiO2 are presented in Fig. 6
(b). The light absorption of 450–500 nm is observed. A systematic
study of CO2 photoreduction performance of graphene-wrapped
Cu-Pt/rTiO2 was conducted using the on-line GC system with
SiO2 fiber as the substrate. Under AM1.5 G simulated sunlight,
the graphene-wrapped Cu-Pt/rTiO2 @ SiO2 produced carbon
monoxide (394.84 lmol g-1cat 1. h�1) from CO2 with remarkable
selectivity reaching 99%. Over 7 h of illumination period, the pre-
pared sample was showing excellent stability with no decrease
in origin CO2 conversion rate, the results displayed in Fig. 6 (c) (d).

Total CO yield (lmol)

COyieldðlmolÞ ¼ ðCfinal;CO�Cinitial;COÞ�Volumetricflowofproductgas
AmountofphotocatalystusedðgÞ , CCO for con-

centration of CO
The N2 adsorption isotherms characterized the BET surface area

(SBET) and pore volume of the graphene-wrapped Cu-Pt/rTiO2 and
graphene-wrapped Cu-Pt/rTiO2 @ SiO2 catalysts displayed in Fig. 7.
The BET surface areas of graphene-wrapped Cu-Pt/rTiO2 and
graphene-wrapped Cu-Pt/rTiO2 @ SiO2 are 57.034 m2 g�1and
97.366 cm2 g�1, respectively (Table 1).

The sample coated on SiO2 fiber has a larger surface area due to
the 3 D (3 dimensions) structure formed by the fibers. The proper-
ties such as external surface area and light transmittance of the
optical fibers were reported to have a positive effect on photocon-
version of the catalysts [23]. The 3 D structure of the SiO2 fiber
increases the surface area of the powder catalyst not only exposed
more reactive active sites but also more favorable for the adsorp-
tion and desorption of reactants and products. Moreover, fiber
Fig. 7. (a) N2 adsorption isotherms, (b) BJH pore site distribution of graphene-
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could work as a channel of light transmission. Light gets into the
SiO2 fiber can be transmitted along with the core to the tail, which
significantly improves the light absorption of the underlying cata-
lyst and benefits the photoconversion efficiency.

Although a small amount of powder samples is advantageous in
calculating the yield per gram, the absorption efficiency of light is
low. On the other hand, redundant samples coating on the SiO2 will
cause the powder to fall off, so it no longer has the advantage of the
enlarged surface area of the 3 D structure and the upper layer block
the lower layer of illumination will reduce the photocatalytic yield.
Therefore, in the test process using a coating on the SiO2 surface
without shedding samples.

3.3. Apparent quantum yield (AQY) calculation

Apparent quantum yield (AQY) is calculated by the equation
below [31]

AQY (%)¼ Numberofreactedelectrons
Numberofincidentphotons � 100
wrapped Cu-Pt/rTiO2 and graphene-wrapped Cu-Pt/rTiO2 @ SiO2 catalysts.
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The AQY values for CO evolution of CO2 reduction were calcu-
lated according to the following equation:

AQYð%Þ ¼ 2� NumberofevolvedCOmoleculars
Numberofincidentphotons

� 100

Graphene-wrapped Cu-Pt/rTiO2 @ SiO2 produced carbon
monoxide (394.84 lmol g-1cat 1. h�1), the number of reacted elec-
trons is 4.755 � 1020

Number of incident photons ¼ Lightabsorbedbythephotocatalyst
Theaveragephotonenergy � t, t is the

time (s)
Light absorbed by the photocatalyst = H � A = 0.314 J/s,

H = 100 mW/cm2 , A is reactor irradiation area.
The average photon energy ¼ hc

k = 5.64 � 10�19 J
Number of incident photons = 2 � 1021 J
AQY(%) of graphene-wrapped Cu-Pt/rTiO2 @ SiO2 sample is

23.77%.

4. Conclusions

In summary, core-shell-structured photocatalysts graphene-
wrapped Cu-Pt/rTiO2 @ SiO2 with high activity and stability were
synthesized by an economical method for efficient photoreduction
of CO2. The graphene-wrapped Cu-Pt/rTiO2 @ SiO2 not only
achieved a remarkable CO2 photoreduction performance with
excellent activity and stability but also demonstrated a control-
lable, economical, and can be large-scale industrialized preparation
process. The developed fabrication process was solution-
processed, highly controllable, and environmentally-friendly. In
brief, the highly efficient and stable graphene-wrapped Cu-Pt/
rTiO2 @ SiO2 shows a potential of industrial-scale CO production
and demonstrates a way of waste light utilization.
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