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a b s t r a c t

Semiconductor-employed photocatalytic CO2 reduction has been regarded as a promising approach for

environmental-friendly conversion of CO2 into solar fuels. Herein, TiO2/Cu2O composite nanorods have

been successfully fabricated by a facile chemical reduction method and applied for photocatalytic CO2

reduction. The composition and structure characterization indicates that the Cu2O nanoparticles are cou-

pled with TiO2 nanorods with an intimate contact. Under light illumination, all the TiO2/Cu2O composite

nanorods enhance the photocatalytic CO2 reduction. In particular, the TiO2/Cu2O-15% sample exhibits the

highest CH4 yield (1.35 μmol g-1 h-1) within 4h irradiation, and it is 3.07 and 15 times higher than that

of pristine TiO2 nanorods and Cu2O nanoparticles, respectively. The enhanced photoreduction capability

of the TiO2/Cu2O-15% is attributed to the intimate construction of Cu2O nanoparticles on TiO2 nanorods

with formed p-n junction to accelerate the separation of photogenerated electron-hole pairs. This work

provides a reference for rational design of a p-n heterojunction photocatalyst for CO2 photoreduction.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Photocatalytic CO2 reduction into solar fuels has attracted in-

creasing attention because it is a compelling approach to tackle

the issues of greenhouse gas global warming and energy shortage

we are currently facing [1–8]. It is of significance to develop sta-

ble and highly-active photocatalysts which process the characteris-

tics of good CO2 adsorption and solar light harvesting, rapid charge

transfer, and strong surface reaction capability [9–16]. Among var-

ious semiconductor photocatalysts, Cu2O is a typical p-type one

with a narrow band gap (∼2.2 eV). It can be excited by the visible

light and has more negative conduction band position, and there-

fore it has great potential in solar-driven CO2 photoreduction [17–

20]. At the same time, n-type semiconductor TiO2 has also been

widely studied due to its non-toxic, low-cost, and suitable band

structure, although it can only absorb the UV light [21–24]. How-

ever, both of the TiO2 and Cu2O suffer from the limitation of rapid

recombination of photogenerated electron-hole pairs, resulting in a

low photocatalytic performance [25–28].

As a matter of fact, when combining the p-type Cu2O with the

n-type TiO2 to construct a hybrid with a good contact, a p-n junc-
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tion would be formed between p-Cu2O and n-TiO2 upon light irra-

diation. In this case, an inner electric field would be built in such

formed hybrid, which facilitates the separation of the photoin-

duced electrons and holes, leading to an efficient photocatalysis

[29,30]. In recent years, Cu2O/TiO2 p-n junction was widely used

as an efficient photocatalyst for organic pollutants degradation

[31–36] and splitting water to hydrogen [37–39]. However,

there are few reports relevant to CO2 photoreduction upon the

TiO2/Cu2O composite. Bi et al. [40] and Xu et al. [41] recently re-

ported efficient CO2 photoreduction was achieved through employ-

ing porous Cu2O/TiO2 p-n junction as the photocatalyst. However,

it is still a great challenge to develop a facile approach to prepare

TiO2/Cu2O heterojunction with a good contact for a high-active

photocatalyst.

On the basis of the above background, in this work, the com-

posite of mesoporous TiO2 nanorods coupled with Cu2O nanopar-

ticles has been successfully prepared by a facile chemical reduc-

tion method. The composition and structure of the as-synthesized

TiO2/Cu2O composite were characterized. The enhanced photore-

duction capability of the TiO2/Cu2O composite was also studied.

The TiO2/Cu2O composite was fabricated according to the

schemed process displayed in Scheme 1, in which TiO2 nanorods

are firstly prepared and subsequently anchoring Cu2O nanoparti-

https://doi.org/10.1016/j.cclet.2021.10.047

1001-8417/© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



G. Yang, P. Qiu, J. Xiong et al. Chinese Chemical Letters 33 (2022) 3709–3712

Scheme 1. Illustration for fabrication of TiO2/Cu2O composite, where titanium gly-

colate precursor and TiO2 nanorods preparation was involved.

cles on its surface. XRD pattern obtained for titanium glycolate

precursor is shown in Fig. S1a (Supporting information), which dis-

plays amorphous characteristics [42]. As shown in Fig. S1b (Sup-

porting information), the as-prepared titanium glycolate precursor

is composed of rod-like nanostructures with a length of 2–6μm

and diameter of 0.7–2μm. As can be seen in Fig. S1c (Support-

ing information), the inside of the titanium glycolate precursor is

solid. Fig. S2a (Supporting information) shows the XRD pattern of

the TiO2 prepared from titanium glycolate precursor, and it can

be seen that the diffraction peaks belong to the standard pattern

(JCPDS No. 4–477) of anatase TiO2. As shown in Figs. S2b and

c (Supporting information), after refluxing 95 °C for 1h, the as-

prepared TiO2 still keeps a rod-like structure, and the nanorod is

comprised of nanoparticles, and accordingly forms a mesoporous

structure. Fig. S3a (Supporting information) shows the XRD pat-

tern of the as-synthesized Cu2O, all the peaks match well with

cuprite Cu2O (JCPDS No. 5–667). As can be seen in Figs. S3b and

c (Supporting information), the as-synthesized Cu2O are nanopar-

ticles with a size of 20–50nm.

Fig. 1a shows the XRD patterns of the TiO2/Cu2O composites.

It can be seen that all the diffraction peaks can be indexed to

anatase TiO2 (JCPDS No. 4–477) and Cuprite Cu2O (JCPDS No. 5–

667). With increasing Cu2O anchoring, the TiO2/Cu2O composite

obviously exhibits the characteristic peaks of Cu2O in XRD pattern.

Fig. 1b shows the UV-DRS spectrum of the as-prepared products.

TiO2 displays the characteristic absorption edge at about 389nm.

With increasing Cu2O anchoring, all the composites show the en-

hanced absorption intensity in the visible light region from 400nm

to 800nm.

The composition and states of elements for TiO2, Cu2O, and

the TiO2/Cu2O composite are analyzed by the X-ray photoelectron

spectroscopy (XPS). As depicted in Fig. 1c, Ti and O elements ex-

ist in the TiO2 sample, and Cu and O elements exist in the Cu2O

sample. For the TiO2/Cu2O-15% sample, Ti, Cu and O elements can

be observed. Fig. 1d shows the high-resolution XPS spectrum of

Cu 2p. The binding energy of 932.3 and 952.2 eV is attributed to

Cu 2p3/2 and Cu 2p1/3 of Cu2O, respectively [43,44]. The peaks at

binding energy of 934.2, 942.0, and 953.9 eV show the appearance

of CuO in the sample [45–47]. Fig. 1e shows the high-resolution

XPS spectrum of Ti 2p. The two typical binding energies at ∼458.2

and ∼464.0 eV can be attributed to the Ti 2p3/2 and Ti 2p1/2, re-

spectively, indicating the existence of Ti4+ in the TiO2 and the

TiO2/Cu2O-15% samples [25,48]. Fig. 1f displays the high-resolution

XPS spectrum of O 1s. For the TiO2 and the TiO2/Cu2O-15% sam-

ples, the peaks located at 530.0 and 531.2 eV correspond to the lat-

tice oxygen and the surface hydroxyl groups [49,50]. For the Cu2O

sample, the main peak is located at 530.7 eV, which is a signal of

surface absorbed oxygen molecule [46]. It can be observed that the

Ti 2p and Cu 2p bind energy of the TiO2/Cu2O-15% sample shift to

the higher one, compared with pristine TiO2 and Cu2O. This re-

sult indicates an interaction exists between the Cu2O and TiO2. In

other words, when the p-type Cu2O and n-type TiO2 have an in-

timate contact, a heterojunction could be formed, and an electron

transfer could occur from the p-type Cu2O to n-type TiO2 until the

system keeps equilibration [51].

The morphology of the TiO2/Cu2O-15% composite is further ob-

served by SEM images. As displayed in Figs. 2a and b, the compos-

ite still keeps the same rod-like structure as the TiO2 supporter,

while the Cu2O nanoparticles are deposited on the surface of the

rods (Fig. 2c). EDX mapping was performed to get more informa-

tion to confirm the composition of the TiO2/Cu2O composite. As

shown in Figs. 2d-h, the red, green, and blue colors represent the

existence and distributions of O, Ti and Cu, respectively. It can be

seen that Cu2O is uniformly coated on the TiO2 nanorods. This re-

sult further confirms the TiO2/Cu2O composite has been success-

fully prepared by such a facile chemical reduction method.

The photocatalytic CO2 reduction performance of the as-

prepared samples are evaluated under 300W Xe lamp irradiation,

and the gas products were detected by gas chromatography. As dis-

Fig. 1. (a) XRD patterns of the TiO2/Cu2O composites. (b) UV-DRS spectra of the TiO2, Cu2O and TiO2/Cu2O composites. (c) XPS survey spectra of TiO2, Cu2O and TiO2/Cu2O-

15% samples; high-resolution XPS spectra of (d) Cu 2p, (e) Ti 2p and (f) O 1s for different samples.
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Fig. 2. (a-c) SEM images of the TiO2/Cu2O-15% sample; (d-h) SEM image of the

TiO2/Cu2O-15% sample and its EDX mapping images of O, Ti, and Cu elements.

Fig. 3. Photocatalytic CO2 reduction activity (a) and production rates (b) of TiO2,

TiO2/Cu2O-5%, TiO2/Cu2O-15%, TiO2/Cu2O-25%, and Cu2O under light irradiation;

(c) transient photocurrent responses and (d) electrochemical impedance spectra of

TiO2, TiO2/Cu2O-15%, and Cu2O samples.

played in Fig. 3a, the pristine Cu2O nanoparticles almost have no

activity towards photocatalytic CO2 reduction under light irradia-

tion within 4 h. Compared with pristine TiO2, the TiO2/Cu2O com-

posites can enhance the photocatalytic performance for CO2 reduc-

tion. Among the different composites, the TiO2/Cu2O-15% shows

the highest activity. As shown in Fig. 3b and Fig. S4 (Support-

ing information), within 4h light illumination, the TiO2/Cu2O-15%

sample exhibits the CH4 yield with a rate of 1.35 μmol g−1 h−1,

which is 3.1 and 15.0 folds higher than that of pure TiO2 and pure

Cu2O samples, respectively. As shown in Fig. S5 (Supporting in-

formation), the XRD pattern of the TiO2/Cu2O-15% after reaction

correspond well to the standard Cu2O (JCPDS No. 5-667) and TiO2

(JCPDS No. 5-667), indicating that the TiO2/Cu2O-15% sample keeps

the same composition before and after reaction. Recently Xu and

co-workers [52] found the formation of Cu(I)/Cu(0) from the initial

atomically dispersed Cu(II) was proposed to be more effective for

CH4 formation. In present work, as shown in Fig. S6a (Supporting

information), with increasing of recycling test times, the yield of

CH4 decreases, and it is 0.59 μmol g−1 h−1 after four cycles. The

XRD pattern of the as-cycled TiO2/Cu2O-15% sample is shown in

Fig. S6b (Supporting information), it is found that the diffraction

peaks of the Cu2O disappear. It might result in the decrease of the

catalytic performance. Further study is underway.

Photo/electrochemical measurements are performed to study

the interfacial charge transfer of the above photocatalysts, which

has a significant impact on the photocatalytic performance [52–

56]. As shown in Fig. 3c, the TiO2/Cu2O-15% sample exhibits su-

perior photocurrent intensity than the pristine TiO2 and Cu2O, and

it indicates the composite has enhanced capability of electron-hole

pairs separation. Fig. 3d reveals the electrochemical impedance

Scheme 2. Schematic illustration of photocatalytic CO2 reduction upon the

TiO2/Cu2O composite.

spectra (EIS) of the TiO2, Cu2O, and TiO2/Cu2O-15% samples. It

can be obviously observed that the TiO2/Cu2O-15% sample has the

smallest semicircle, suggesting the smallest resistance existence

and rapid charge transfer at the interface of the TiO2/Cu2O-15%

sample.

Taking into the band structure of the photocatalyst is related

to the thermodynamics of the CO2 photoreduction. UV–vis diffuse

reflectance spectroscopy and valence-band XPS spectrum were em-

ployed to determine the band gap energy and the valence band po-

sition of the samples. As shown in Fig. S7 (Supporting information),

the band gap of TiO2 and Cu2O calculated from the Kubelka-Munk

function is 3.12 and 2.19 eV, respectively. As displayed in Fig. S8

(Supporting information), according to the valence-band XPS spec-

trum, the valence band position for TiO2 and Cu2O is 2.83 and

1.56 eV, respectively.

Based on the above results, the conduction band of TiO2 and

Cu2O is calculated to be −0.29 and −0.63 eV vs. NHE (pH 0), re-

spectively. As mentioned in the XPS result and reported previ-

ously [34,36,39], the p-n heterojunction would be formed when

the TiO2 and Cu2O have an intimate contact. In this case, as shown

in Scheme 2, the diffusion of electrons from Cu2O to TiO2 could

occur, while the holes diffuse from TiO2 to Cu2O. Accordingly, an

internal electric field from n-type TiO2 to p-type Cu2O would be

established. Under light illumination, photogenerated electron-hole

pairs would be produced due to the excitation of TiO2 and Cu2O,

and the formed internal electric field would facilitate the migra-

tion of electrons to the TiO2 and the transfer of holes to Cu2O. In

this regard, efficient charge separation would be achieved. Finally,

more photoinduced electrons would participate in the photocatal-

ysis process, and the photocatalytic CO2 reduction to CH4 is im-

proved.

In summary, a facile chemical reduction method has been

used to fabricate the TiO2/Cu2O composite, in which the Cu2O

nanoparticles couple with the TiO2 nanorods. Under light illumi-

nation, the TiO2/Cu2O composites show superior performance than

TiO2 and Cu2O towards photocatalytic CO2 reduction to CH4. The

TiO2/Cu2O-15% composite exhibits the highest CH4 yield rate of

1.35 μmol g−1 h−1 within 4 h. Based on the XPS, band structure,

and photo/electrochemical measurements, the TiO2/Cu2O compos-

ite with an intimate contact would allow the establishment of in-

ternal electric field, which greatly improves the separation and mi-

gration of photoinduced charge carriers, and therefore promotes

photoreduction of CO2 into CH4. It is expected that this work could
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offer an efficient approach to design p-n junction for CO2 photore-

duction.
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