
Nanoscale

PAPER

Cite this: Nanoscale, 2022, 14, 6349

Received 6th December 2021,
Accepted 4th April 2022

DOI: 10.1039/d1nr08023g

rsc.li/nanoscale

Core–shell TiO2−x-CuyO microspheres for photo-
generation of cyclic carbonates under simulated
sunlight†

Jeannie Z. Y. Tan, * Stelios Gavrielides and M. Mercedes Maroto-Valer

Propylene carbonates are important organic solvents and feedstocks for different applications, including

synthesis of polymers and Li-batteries. The generation of propylene carbonate utilising anthropogenic

CO2 and renewable solar energy offers an alternative sustainable process with a closed loop carbon cycle.

The development of microstructured photocatalysts with desired properties, including high degree of

product selectivity, wide range of optical properties, and maximised conversion yield, plays an important

role for effective production of propylene carbonate from CO2. A hierachical hollow core with a double

shell of TiO2−x-Cu2O-CuO was fabricated using the versatile solvothermal-microwave synthesis method.

The fabricated sample revealed effective cascading of photogenerated electrons and holes that promoted

the conversion of propylene carbonate (i.e., 1.6 wt%) under 1 Sun irradiation.

1 Introduction

Continuous development in nanomaterials research has been
inspired by the search of new applications, performance devel-
opment, and combined functionality in a single geometry. The
construction of multifunctional nanomaterials in a single geo-
metry has been achieved through surface coating, creating a
new class of substances designated as core–shell nano-
particles.1 The physical and chemical properties of core–shell
nanoparticles are mainly associated with the materials and
structure of the core and shell, but they are also associated
with the interface. A recent finding revealed that the core–shell
with raspberry-like structures could maximise the interaction
between the core Cr2O3 and shell Ti4O7 that is beneficial for
the separation of photogenerated electron–hole pairs, and
thereby, promoting the photoreduction of CO2 into CH4.

2

Titanium dioxide (TiO2) has been extensively explored as a
photocatalyst because of its abundant availability, non-toxicity,
and photocorrosion resistance. Unfortunately, the large
bandgap of TiO2 (i.e., 3.2 eV) limits its absorption to the UV
region, and therefore, utilising only 4% of the entire solar
spectrum.3 To enhance using a greater portion of the solar
spectrum energy while maintaining the commendable pro-
perties of TiO2,

4 various approaches have been proposed, such
as introduction of surface heterostructures,4,5 anion doping,6,7

loading of metals,8–10 and coupling of small bandgap semi-
conductors. Composites of CuxO and TiO2−x have been
reported and used for different photocatalytic applications,
such as hydrogen evolution,11 CO2 photoreduction12,13 and
photodegradation of volatile organic compounds.14

The use of renewable energy and anthropogenic CO2 to
generate valuable organic chemicals, including carbonates and
polycarbonates, has been reported.15–17 Using solar energy is a
sustainable and emerging approach for the generation of
value-added polymers because reactions can be performed at
low temperature and pressure, and thus, minimizing the
environmental impact.18 To date, the photocatalytic pro-
duction of cyclic carbonates from CO2 using rare and costly
metals (i.e., Co, Ru) titania-based photocatalysts has been
reported in a few studies.9,19 Although these studies revealed
superior selectivity and production yield with respect to the
pristine titania and benchmark P25, there is still a need to
identify less expensive and more abundant metals as co-cata-
lyst for cyclic carbonate production under mild reaction
conditions.

Agglomeration within a photocatalyst has been shown to
have a detrimental effect in the photocatalysis reaction due to
the formation of recombination centres and reduction of
surface area.20,21 The fabrication of core–shell nanostructures
has revealed an enhanced dispersibility and hinders the
agglomeration of the photocatalysts and co-catalysts.22,23

Recently, microwave-assisted synthesis of core–shell materials
is gaining attention owing to the rapid and versatility of micro-
wave approach.24 Using the two-step process of solvothermal
followed by microwave treatment, the fabricated core–shell
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metal oxide microspheres exhibited porous structure attribut-
ing to the self-assembled TiO2−x nanoparticles. When the
CuyO shell layer was incorporated, each TiO2−x nanoparticle
was evenly coated, resulting efficient charge transfer for
enhanced photogeneration of propylene carbonates even at
mild conditions compared to that of industrial.

2 Experimental
2.1 Chemicals

Absolute ethanol (ACS reagent), K2C4TiO9·2H2O (≥98.0%), tetra-
ethyl orthosilicate (TEOS, 98%), diethylene glycol (DEG, ≥99.5%),
2-propanol (anhydrous, 99.5%), copper(II) acetate (99.99%), pro-
pylene oxide (PO, 99%), 4-dimethylaminopyridine (DMAP,
≥99%), dichloromethane (CH2Cl2 anhydrous, ≥99.8%),
Chloroform-D (≥99.8 atom%, anhydrous), NH3 (28 wt%), NaOH
(pellets EMPLURA®) and HCl (37 wt%) were all purchased from
Sigma-Aldrich. All the reagents were used as received. Milli-Q
water was collected from a Millipore purification system with res-
istivity 18.2 MΩ cm.

2.2 Method

2.2.1 Synthesis of yellow titania microspheres. Typically,
0.6 g of K2C4TiO9 and 300 mL of H2O were mixed and stirred
until a clear solution was obtained. Then, 450 mL of DEG and
2-propanol, respectively, were added and stirred until a homo-
geneous yellow solution was obtained. The solution was then
transferred into the 100 mL Teflon-lined stainless-steel autoclaves
and treated at 190 °C for 12 h. After the hydrothermal treatment,
a yellowish orange powder was obtained that was then washed
three times with ethanol and water (alternating sequence),
respectively. After drying the powder obtained in an oven at 75 °C,
the product (denoted as TiO2−x, 0.06 g) was calcined at 500 °C
with ramping 1 °C min−1 and maintained at 500 °C for 4 h.

2.2.2 Synthesis of TiO2−x/SiO2 microspheres. The synthesis
of TiO2−x/SiO2 microspheres was prepared according to a pre-
vious study.22 Briefly, an ethanol dispersion of TiO2−x micro-
spheres (1.2 mL, 0.05 g mL−1) was added into a round bottom
flask containing ethanol (112 mL), Milli-Q water (28 mL) and
NH3 (2.0 mL, 28 wt%) under ultrasound for 30 min (solution
A). After that, 1.6 mL of TEOS was added into the solution A
with a flow rate 0.4 mL min−1. Then, the solution was kept
under continuous mechanical stirring for 12 h at room temp-
erature. The resultant TiO2−x/SiO2 microspheres were separ-
ated using a centrifuge (ThermoFisher Sorvall Biofuge Primo
Benchtop Centrifuge, 11 000 rpm for 15 min), followed by
washing three times with of Milli-Q water and absolute
ethanol (alternating sequence), respectively.

2.2.3 Synthesis of TiO2−x/SiO2/CuxO microspheres. The
product of TiO2−x/SiO2 microspheres obtained was re-dis-
persed into ethanol (76 mL) and mixed with concentrated NH3

(0.35 mL, 28 wt%) under ultrasound for 30 min (solution B).
12.2 mL of Cu-precursor with different concentration (i.e.,
12.5, 25, 50 mM, denoted as TC-x, in which x is the concen-
tration in mM), which was prepared using copper(II) acetate

and ethanol (solution C), was added into solution B with a
flow rate of 0.4 mL min−1, producing solution D. After stirring
for 30 min, 3.0 mL of NaOH (0.1 M) was added into solution D
and left stirring for 1 h. Then, the solution was transferred
into a sealed vessel for microwave treatment (150 °C for 45 s
using Discover 2.0 by CEM Corporate) to synthesize the CuxO
layer onto TiO2−x/SiO2. The resulted TiO2−x/SiO2/CuxO micro-
spheres were separated using centrifuge (11 000 rpm for
15 min), followed by washing with three times of Milli-Q water
and absolute ethanol (alternating sequence), respectively.

2.2.4 Removal of SiO2 barrier. The TiO2−x/CuxO micro-
spheres were synthesized using an alkaline hydrothermal
etching assisted crystallisation method. The TiO2−x/SiO2/CuxO
product obtained in the previous step was mixed with an
aqueous NaOH solution (20 mL, 1.0 M), then the solution was
transferred to a 100 mL Teflon-lined stainless-steel autoclave.
The autoclave was heated at 150 °C for 24 h, and then allowed
to cool down to room temperature. Then, the product obtained
was immersed in aqueous HCl (100 mL, 0.1 M) for 20 min,
and subsequently washed with Milli-Q water until pH value
was close to 7 to avoid any residue Cl− or salt formation in the
sample. Last, the sample was dried at 75 °C overnight.

2.2.3 Synthesis of TiO2−x/CuxO (without core–shell micro-
structure). TiO2−x microspheres (1.2 mL, 0.05 g mL−1) was
added into a round bottom flask containing ethanol (112 mL),
Milli-Q water (28 mL) and NH3 (2.0 mL, 28 wt%) under ultra-
sound for 30 min (solution A). After that, 12.2 mL of Cu-pre-
cursor (i.e., 25 mM) was added into solution A with a flow rate
of 0.4 mL min−1. Then, the solution was transferred into a
sealed vessel for microwave treatment (150 °C for 45 s using
Discover 2.0 by CEM Corporate) to synthesize sample
TC-25direct, which was separated from the precursor solution
using centrifuge (11 000 rpm for 15 min), followed by washing
with three times of Milli-Q water and absolute ethanol (alter-
nating sequence), respectively.

2.3 Characterisation

The morphology of the synthesized products was examined by a
field emission scanning electron microscopy (FE-SEM, Quanta 200
F FEI), a high-resolution transmission electron microscope
(HRTEM, FEI Titan Themis 200) equipped with an energy-disper-
sive X-ray spectroscopy (EDX) detector operated at 200 kV. To inves-
tigate the interior structures of the nanospheres, samples were
embedded in TAAB 812 resin and sliced into ∼90 nm thick sec-
tions. The sliced sections were mounted on the TEM Ni grid.
Surface area analysis was performed on Micromeritics ASAP 2420
Surface Area and Pore Analyser. The measurement was recorded
using N2 (99.999%) at 77 K. Crystallinity and phase identification
of the synthesized products were conducted using powder X-ray
diffraction XRD (Bruker D8 Advanced Diffractormeter) equipped
with Cu Kα radiation (λ = 1.5418 Å) and compared with the ICDD–
JCPDS powder diffraction file database. Diffuse reflectance spectra
were collected using a UV-vis spectrometer (Perkin-Elmer Lambda
900) equipped with an integrating sphere (150 mm). X-ray photo-
electron spectrum (XPS) analysis was performed using a Thermo
Fisher Scientific NEXSA spectrometer. The samples were analysed
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using a micro-focused monochromatic Al X-ray source (19.2 W)
over an area of approximately 100 microns. Data were recorded at
pass energies of 200 eV for survey scans and 50 eV for high resolu-
tion scan with 1 eV and 0.1 eV step sizes, respectively. Charge neu-
tralisation of the sample was achieved using a combination of
both low energy electrons and argon ions. C 1s electron at 284.8
eV was used as standard reference to calibrate the photoelectron
energy shift. All the data analysis was performed on the CasaXPS
software (version: 2.3.20rev1.0). The chronoamperometric
measurement was carried out on the Autolab PGSTAT 302N
electrochemical workstation with a standard three–electrode
system. A solar simulator (HAL-320 by Asahi Spectra USA; AM
1.5G; 100 mW cm−2) was used as the light source (100 mW cm−1,
350–1100 nm). To fabricate the working electrode, 1 mg of powder
sample was dispersed in 0.5 mL of ethanol followed by sonication
for 15 min. The solution obtained was drop-casted onto a piece of
fluorine doped tin oxide (FTO) glass to coat an area with dimen-
sion 1 cm × 1 cm. Then, the prepared film was air dried and
annealed at 200 °C for 1 h. Pt wire and Ag/AgCl (KCl 1 M) were
used as the counter and reference electrodes, respectively. The
electrolyte used was 0.2 M of Na2HCO3 aqueous solution. Surface
area analysis was performed on a Micromeritics ASAP 2420
Surface Area and Pore Analyser using Brunnaeur, Emmett and
Teller (BET) analysis to work out surface area from the shape of
the pressure vs. Nitrogen adorption plot.

2.4 Photocatalytic testing

Photogeneration of propylene carbonate (PC) from PO was con-
ducted in a customised stainless steel photoreactor with a
quartz window as shown in our recent publication.9 0.01 g of
sample was distributed as powder into the reacting solution,
which contained 200 mL of PO, 25 mL of dichloromethane and
0.23 of DMAP. The reacting solution was left stirring overnight
before light irradiation. The reaction was performed under the
optimised conditions (CO2 at 200 kPa and 55 ± 2 °C) within a
closed reactor filled, controlled by a hot plate placed and moni-
tored using a digital thermometer (RS-41) connected with the
reactor throughout the experiment for 5 h. A solar simulator
(HAL-320 by Asahi Spectra USA; AM 1.5G; 100 mW cm−2) was
used as the light source (100 mW cm−1, 350–1100 nm). After
the reaction, the solution was filtered using a filter funnel to
remove the powdered sample. Then, the product was purified
using a rotary evaporator (Sturt RE300, 60 °C, 50 rpm). The puri-
fied solution was added with 1.0 mL of Chloroform-D and then
analysed using 1H-Nuclear magnetic resonance (NMR) spec-
troscopy (Bruker AV400). The optimised sample (i.e., TC-25) was
also tested under the same experimenting conditions in the
absence of light (denoted as TC-25dark). Catalyst cycling test was
performed using the recovered catalyst in a fresh reacting solu-
tion under the same experimenting conditions. This step was
repeated 3 times. The conversion yield of the fabricated
samples was calculated using the equation below:

Conversion‐yield ¼ products obtained after purification ðgÞ
weight of PO solution ðgÞ

� 100%

3 Results and discussion

The core–shell TiO2−x-CuyO samples, which were fabricated
using the solvothermal-microwave approaches, revealed high
crystallinity and dispersive nanoparticles, as shown in Fig. 1A
and B, respectively. The pristine TiO2−x exhibited only anatase
phase (JCPDS Card No.: 21-1272). When CuyO was loaded as
the shell layer, the XRD signal of anatase phase was gradually
reduced with the increase of Cu-precursor concentration from
12.5–50 mM (Fig. 1A). This was probably due to the increase of
the CuyO shell layer. In addition, weak signals of Cu2O (JCPDS
Card No.: 65-3288) and/or CuO (JCPDS Card No.: 44-0706) were
detected, indicating a small amount of Cu2O and/or CuO
present in the samples. Specifically, the sample treated with
low concentration of Cu-precursor (i.e., 12.5 and 25 mM)
showed a weak signal of Cu2O (Fig. 1A-b and c). When the con-
centration of Cu-precursor increased to 50 mM, the signal of
CuO emerged (Fig. 1A-d).

The optical properties of the fabricated samples were ana-
lysed using the Kubelka–Munk function (Fig. 1B) derived from
diffused reflectance (Fig. S1†). The fabricated TiO2−x and the
samples with Cu2O (i.e., TC-12.5 and TC-25) exhibited approxi-
mately 3.2 eV of band gap. The band gap energy of TC-12.5
and TC-25 was not significantly reduced after the loading of
Cu2O, which has a band gap of ∼2.4 eV, probably due to the
small amount of Cu2O.

25 When the Cu-precursor concen-
tration was increased to 50 mM, the band gap was reduced to
2.7 eV. This was due to the presence of CuO, which has a
smaller band gap (∼2.2 eV) than Cu2O.

25 The estimated band
gap energy was not dominated by CuyO, suggesting highly dis-
persed CuyO coating around the TiO2−x nanoparticles. This
observation is further discussed later using the results from
the SEM and HRTEM studies.

The fabricated samples were tested for PC production
under solar simulator (Table 1). Sample TiO2−x converted
0.1 wt% of PO into PC. When CuyO was incorporated as the
shell layer, the conversion yield increased significantly. Sample
TC-25 achieved the highest conversion yield of 1.6 wt%. P25 as
the benchmark photocatalyst, samples TC-25dark and
TC-25direct converted only trace amount of product. The
product selectivity of the fabricated samples achieved 100% as
shown in the NMR (Fig. S2†). The performance of the fabri-
cated samples was further analysed and discussed using
various characterisation techniques, including photocurrent
measurements, HRTEM, and XPS analysis.

The electronic properties of the fabricated samples were
investigated by performing chronoamperometric analysis
(Fig. S4†). P25 exhibited the lowest photocurrent among the
samples (Fig. S4a†), whereas the fabricated TiO2−x exhibited
almost 10 times higher in the photocurrent measurement
(S4b†). When CuyO was loaded as the shell layer, sample
TC-12.5 revealed a significant increase in the photocurrent
upon the irradiation of solar simulator (Fig. S4c†). Raising
further the concentration of Cu-precursor to 25 mM, the
photocurrent was increased ∼50% (Fig. S4d†). When the con-
centration was increased to 50 mM, a detrimental effect was
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observed (Fig. S4e†). Hence, the trend observed in the chron-
oamperometric analysis explained the performance of the
photocatalysts in PC generation.

To obtain an insight of the physical and electronic pro-
perties of the fabricated samples, SEM and TEM analysis were
performed. The morphology of the pristine TiO2−x nano-
particles, which was fabricated using the solvothermal
method, featured a rough surface and possessed a diameter of
∼200 nm (Fig. 1C-a). The microtomed TiO2−x sample exhibited
an interesting microstructure under TEM, in which each par-
ticle was made up from many small nanoparticles (Fig. S5†),
that showed a bimodal pore size distribution in the meso-
porous range (i.e., ∼15 and ∼30 nm) with a surface area of
76 m2 g−1 (Fig. S6†). This self-assembled microstructure was

proposed to minimize the bulk recombination of photogene-
rated electron–hole pairs, resulting in enhanced electronic pro-
perties, as shown in Fig. S3.† When 12.5 mM of Cu-precursor
was employed to synthesize the shell layer, the rough surface
feature was still observable in TC-12.5 sample (Fig. 1B-b).
When the concentration of Cu-precursor increased to 25 mM,
the surface of the nanoparticles became smoother than for
sample TC-12.5 (Fig. 1C-c), indicating that the increase of Cu-
precursor concentration led to a thicker CuyO layer as well as
optimising the coating on each of the TiO2−x nanoparticles
within the microsphere (Further discussed with HRTEM).
Further increasing the concentration of Cu-precursor to
50 mM resulted severe agglomeration (i.e., TC-50 sample,
Fig. 1C-d).

The microstructure of the fabricated samples TC-12.5 and
TC-25 was further investigated using HRTEM. The element dis-
tribution and the formed core–shell structured nanoparticles
were analysed after microtoming. The microtomed samples
revealed a porous structure (Fig. 2). Sample TC-12.5 (Fig. 2a)
exhibited a thin and homogeneous layer of Cu (Fig. 2b), and
the O (Fig. 2c) and Ti (Fig. 2d) appeared as a ‘donut-shape’,
having a void in the middle of the nanoparticle. The bimodal
distribution of the pore size of this sample was shifted from
∼15 and ∼30 nm (i.e., sample TiO2−x) to ∼8 and ∼40 nm with
an slight surface area reduction (i.e., 73 m2 g−1, Fig. S4†) com-
pared to pristine TiO2−x. The reduction of pore size was attrib-
uted to the loading of CuyO; whereas the increase was associ-
ated with void formation. When the Cu-precursor concen-
tration increased, the amount of Cu increased significantly
(Fig. 2h). The elemental mapping of Cu exhibited a high dis-

Fig. 1 XRD (A), Kulbelka–Munk plot (B) and SEM (C) of TiO2−x (a), TC-12.5 (b), TC-25 (c), TC-50 (d). The Kubelka–Munk of P25 is included in (B) as
labelled.

Table 1 Yield obtained from the conversion of PO into PC utilising the
fabricated samples

Sample name

Composition
(Cu : Ti)

Conversion yield (wt%)XPS HRTEM

TiO2−x — — 0.1
TC-12.5 0.003 0.089 1.0
TC-25a 0.011 0.171 1.6
TC-50 1.734 0.402 0.8
P25 — — Trace
TC-25dark 0.011 0.171 Trace
TC-25direct 0.015 0.289 Trace

a Cycling tests were conducted. Further discussion and evidence can
be found in ESI (Fig. S3†).
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persion of Cu within the microsphere. This observation
revealed a novel core–shell structure, in which the shell CuyO
layer coated on each TiO2−x nanoparticles within the micro-
spheres. In additional, the void appeared on TC-25 tended to
be smaller than TC-12.5 sample as shown in the line scan ana-
lysis (Fig. 2f and l). As a result, a unimodal pore size distri-
bution (i.e., ∼21 nm) was observed in this sample (Fig. S4†).
The homogeneity of pore size distribution also led to
enhanced surface area (i.e., 88 m2 g−1) when compared to
samples TiO2−x and TC-12.5, resulting the highest conversion
among the fabricated samples. Further increasing the concen-
tration of Cu-precursor to 50 mM, the surface area reduced sig-
nificantly to 34 m2 g−1 because of severe agglomeration as
observed under SEM (Fig. 1C-d).

Based on the observations above, a synthesis mechanism
was proposed in which the formation of void within the TC
nanoparticles was due to the influx of highly concentrated
NaOH aqueous solution into the nanoparticles during the
hydrothermal treatment to remove the SiO2 barrier layer (refer
to Experimental section 2.2.4). The highly concentrated NaOH
broke some of the Ti–O bonds under the autogeneous pressure
within the autoclave, leading to the dissolution of TiO2−x.

26

Due to the small size of TiO2−x, the dissolution could be
achieved easily. However, the outflow of dissolved titania was
unfortunately restricted by the CuyO shell layer, causing imbal-
anced mass transport, which is known as the Kirkendall
effect.27 As a result, re-crystallisation of TiO2−x occurred within
the nanoparticles, forming a double shell with a hollow core.
When the thickness of CuyO increased, the outflow of dis-
solved titania was restricted, and re-crystallisation of TiO2−x

occurred immediately, resulting in less and smaller voids than
those observed in the sample with thinner CuyO layer (i.e.,
TC-12.5 sample).

The chemical composition of Cu and Ti was analysed using
XPS and EDX-HRTEM. The values obtained using these two
techniques were significantly different due to different depth
of analysis. Specifically, the quantitative EDX-HRTEM
measurement represented the bulk sampling focusing on only

one microsphere (Fig. 2a and e), whereas XPS analysis revealed
only the surface chemical composition because the sampling
depth was ∼5 nm. As a result, the XPS measured Cu : Ti ratio
of TC-50, which had thick and excessive CuyO, was >1, which
is incorrect.

XPS analysis was also performed to acquire information
regarding the surface state of the fabricated sample (Fig. 3).
TiO2−x exhibited a typical titania pattern, in which the differ-
ence of Ti 2p3/2 (458.4 eV) and 2p1/2 (464.1 eV) peaks was
approximately 5.7 eV (Fig. 3A-a). The separation of peaks
remained the same in the fabricated TC samples. However, the
peaks in all fabricated TC samples moved to a higher binding
energy (i.e., Ti 2p3/2 and 2p1/2 centred at 458.9 and 464.6 eV,
respectively) compared to pristine TiO2−x. The shift in the posi-
tion of these peaks indicated the Cu addition affected the elec-
tronic state of Ti element; probably some of the Ti ions were
substituted with Cu ions in the lattices after the dissolution re-
crystallisation reaction, forming the Ti–O–Cu structure. In
addition, the intensity of Ti 2p peaks decreased with the
increase of Cu-precursor concentration. This was because the
average depth of analysis for an XPS measurement is approxi-
mately 5 nm,28 the thicker CuyO layer revealed a weaker Ti 2p
peak intensity.

The O 1s binding energy of the fabricated samples shifted
to higher binding energy with the increase of Cu-precursor
concentration (Fig. 3B). Sample TiO2−x exhibited 2 deconvo-
luted areas, including the dominant peak centred at 531.1 eV
and a shoulder peak at higher binding energy (532.7 eV), indi-
cating the presence of oxygen vacancy within the sample
(Fig. 3B-a).29 When the Cu-layer was incorporated into the
sample, the area of the shoulder peak (532.7 eV) increased
with the concentration of Cu-precursor from 12.5 to 25 mM
(Fig. 3B-b and c, respectively). When the highest concentration
of Cu-precursor (50 mM) was employed, only a peak emerged
at 532.7 eV (Fig. 3B-d). This was because the thickness of CuyO
had exceeded the analysis depth of XPS (∼5 nm), and thus, the
data acquired was only from the shell layer of CuyO, as shown
in Table 1.

Fig. 2 HRTEM images (a and g) and Cu (b and h), O (c and i), Ti (d and j), combined mapping (e and k) and line scan (f and l) of TC-12.5 and TC-25,
respectively.
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High resolution Cu 2p spectra evidenced the presence of
CuyO in the fabricated TC samples (Fig. 3C). Sample TC-12.5
exhibited the characteristic pattern of Cu2O, in which the Cu
2p3/2 and 2p1/2 positioned at 932.6 and 952.2 eV, respectively
(Fig. 3C-b).30 When the Cu-precursor concentration increased

to 25 mM, the position of Cu 2p3/2 and 2p1/2 remained. In
addition, a very weak satellite peak (∼942.1 eV) was observed,
evidencing the presence of Cu2+.31 Hence, Cu2O and CuO co-
existed in the sample TC-25. Further increasing the concen-
tration to 50 mM, the Cu 2p3/2 and 2p1/2 shifted to higher
binding energy (i.e., 933.7 and 954.2 eV, respectively), proving
the formation of CuO.32 Meanwhile, the peak area of Cu2+

increased significantly. These observations confirmed that
only CuO was present in sample TC-50.32

Based on the information obtained from various character-
isation analysis, a working mechanism of the photocatalytic
reaction was proposed (Scheme 1). The results obtained
revealed that the co-existence of Cu2O and CuO in sample
TC-25 was an important characteristic to achieve the highest
conversion yield into PC. During the photocatalytic reaction,
electron–hole pairs were separated into conduction and
valence bands, respectively, in the semiconductors. The elec-
trons in Cu2O, which positioned at the highest VNHE, moved to
the conduction band of CuO that positioned at slightly lower
VNHE. The electrons accumulated in the conduction band of
CuO again moved to the conduction band of TiO2−x. The holes
remaining in the valence band of the semiconductors pro-
ceeded in the same direction to the photogenerated electrons.
The accumulated holes in the valence band of titania then oxi-
dised the PO to PO+. The unique microstructure of TC-25 pro-
vides an effective cascading of the electrons and holes, thus,
promoting the activation of CO2 and PO molecules, and the
subsequent addition reaction to produce PC.

4 Conclusions

The versatile 2-step synthesis process of solvothermal and
microwave approaches had successfully fabricated porous
double shell of TiO2−x and CuyO nanoparticles with hollow
core as a result of the Kirkendall effect. The bulk and surface

Fig. 3 High resolution XPS spectra of Ti 2p (A), O 1s (B) and Cu 2p (C)*
for the samples of TiO2−x (a), TC-12.5 (b), TC-25 (c), TC-50 (d). *TiO2−x

(a) does not possess Cu element.

Scheme 1 Illustrative diagram of the proposed working mechanism for
the photocatalytic generation of PC from PO.

Paper Nanoscale

6354 | Nanoscale, 2022, 14, 6349–6356 This journal is © The Royal Society of Chemistry 2022

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
1:

27
:5

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1nr08023g


analysis revealed that CuyO was successively coated onto each
titania nanoparticle within the microspheres. Various concen-
tration of Cu-precursor (12.5–50 mM), which was employed to
control the thickness of the shell CuyO layer, had also caused
the change of Cu+ to Cu2+. The optimised sample, which was
fabricated using 25 mM of Cu-precursor that resulted the bulk
Cu : Ti ratio of 0.171, exhibited the conversion yield of 1.6 wt%
for 4 h under 1 sun irradiation. The porous structure and the
synergistic effect of Cu2O and CuO as the outer shells of the
nanoparticles exhibited an effective transportation of the
photogenerated electro-hole pairs, allowing the conversion of
PO into PC.
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