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core–shell composites for
photocatalytic CO2 conversion†
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A series of core@shell SrTiO3@NiFe LDH composites (STONFs) were synthesized and their photocatalytic

CO2 reduction performance was studied. The photocatalyst STONF 2 exhibited enhanced CO2 reduction

performance with CO yield of 7.9 mmol g�1 h�1. The yield was 25.7 times and 8.8 times higher than that

of NiFe LDH and SrTiO3 respectively, and also higher than most LDH based photocatalysts. Compared

with two individual components, STONFs exhibited their combined merits of widened absorption

spectrum, higher transportation efficiency and alleviated recombination of e�/h+ pairs. In addition, there

were fewer oxygen vacancies in STONF 2 than as-prepared SrTiO3. Lower oxygen vacancies

concentration would increase the opportunity of direct bonding between interface atoms of two

components and successively increase the electron transportation and separation. These factors

synergistically contributed to enhanced photocatalytic performance. This work will provide new insight

for designing complementary multi-component photocatalysis systems.
1. Introduction

Global warming caused by emission of greenhouse gas, espe-
cially CO2, has attracted increasing concern. Light-driven CO2

conversion into value-added chemicals is one of the attractive
ways to mitigate the situation. To date, great efforts had been
made to develop a photocatalytic CO2 conversion system.1–6

However, there still are two factors impeding photocatalytic
performance enhancement.7,8 On the one hand, some photo-
catalysts absorb light in a narrow spectrum and can't efficiently
utilize solar energy to generate sufficient carriers (e�/h+ pairs).
On the other hand, e�/h+ pairs recombine severely inside or on
the surface of catalysts. Constructing composites photocatalysts
is a feasible way, in which merits of complementary compo-
nents are combined. Components play different roles in the
photocatalysis system and exhibit overall advantages. Well-
matched energy band structure in composites can facilitate
carrier separation. In addition, tight combination between
components can alleviate carrier recombination in trans-
portation process.9–12

NiFe layered double hydroxide (NiFe LDH) is brucite-like
layers with a fraction of octahedrally coordinated Ni2+ and
Fe3+. It has gained attention in photocatalysis because of low
price, environmental friendliness, post-catalysis recovery, and
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wide absorption spectrum. However, LDH-based photocatalysts
possess high recombination rate of e�/h+ pairs and high charge
transfer resistance, which leads to low CO2 reduction efficiency
and restricts its practical application.13,14

The problem can be mitigated by integrating NiFe LDH with
other substance. Strontium titanate (SrTiO3), a typical perov-
skite type semiconductor, is a competitive candidate because of
its low price, components abundance, structural stability, and
environmental friendliness. Specically, SrTiO3 possesses low
charge transfer resistance and high crystallinity, which leads to
high transportation efficiency and limited recombination of e�/
h+ pairs at defects.15–17

Herein, SrTiO3@NiFe LDH core–shell composites (STONFs)
were synthesized, and their photocatalytic CO2 reduction
performance was studied. The photocatalyst STONF 2 exhibited
enhanced CO2 reduction performance with CO yield of 7.9 mmol
g�1 h�1. The yield was 25.7 times and 8.8 times higher than that
of NiFe LDH and SrTiO3 respectively, and also higher than most
LDH based photocatalysts. Compared with two individual
components, STONFs exhibited their combined merits of
widened absorption spectrum, higher transportation efficiency
and alleviated recombination of e�/h+ pairs. NiFe LDH shell
served as light absorbent and generated e�/h+ pairs. Then
electrons transferred onto the SrTiO3 core for CO2 reduction
because of matched band structure. In addition, there were
fewer oxygen vacancies in STONFs than as-prepared SrTiO3.
Lower oxygen vacancies concentration would increase the
opportunity of direct bonding between interface atoms of two
components and successively increase the electron trans-
portation and separation. These factors synergistically contrib-
uted to enhanced photocatalytic performance. This work will
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) PXRD pattern of as-prepared catalysts (orange arrows show
the peaks of NiFe LDH); (b) TEM image of as-prepared SrTiO3; (c and d)
TEM images of STONF 2; (e) SEM image of STONF 2; (f–i) EDS element
mappings of selected area; (j) overlapping image of (e–i).
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provide new insight for designing complementary multi-
component photocatalysis system.

2. Experimental

All the reagents were purchased commercially and used without
further purication.

2.1 Synthesis of SrTiO3

SrTiO3 was synthesized under microwave irradiation, which
consumes much shorter time (14 min) than that reported in
literatures (48 h).18,19 The process is shown as followed. In ice-
water bath, 750 mL TiCl4 and 3 mL 1,2-propanediol were
added into 75 mL H2O, following by 5 min stirring. Then 90 mL
3 mol L�1 LiOH aqueous was added, following by 30 min stir-
ring. Aer that, 30 mL 0.24 mol L�1 SrCl2 aqueous was added,
following by 30 min stirring. Then the mixture was irradiated
under 250 Wmicrowave for 14 min. The participate was washed
by 1.5 wt% acetic acid aqueous for 3 times and dried at 60 �C
for 8 h.

2.2 Synthesis of SrTiO3@NiFe LDH

Add certain amount of SrTiO3 and 18 g urea into 100 mL
0.025 mol L�1 Ni(NO3)2 and 0.008 mol L�1 Fe(NO3)3 mixture.
Aer 30 min ultrasonication, the mixture was transferred into
autoclave for 6 h hydrothermal reaction at 100 �C. The partici-
pate was washed by acetic acid aqueous (15 mL 0.5 wt%, 3
times) and water–ethanol (Vw : Ve ¼ 1 : 1, once) consequently,
and then was dried at 60 �C for 8 h. The products were named as
STONF 1, 2 and 3, when SrTiO3 amount was 0.1542 g, 0.4586 g,
1.3762 g respectively.

2.3 Photocatalysis experiment

5 mg photocatalyst was added into 4 mL acetonitrile and 1 mL
triethanolamine, following by 10 min ultrasonication. Then
pure CO2 was continuously pumped into the mixture for 20 min
to remove air. This mixture was exposed under visible light and
stirred vigorously. The light source was a 300 W Xe lamp with
a 420 nm cut-off lter. Light intensity was 120 mW cm�2. Aer
illumination for 3 h, the produced gases were analysed and
quantied by gas chromatography.

2.4 Material characterization

Powder X-ray diffraction (XRD) analysis was performed using
a Rigaku Dmax-2000 diffractometer equipped with Cu Ka (l ¼
0.15406 nm) radiation. Inductively coupled plasma spectrom-
etry (ICP, Cary5000) was used for multi-elemental analyses.
Catalyst morphologies were observed with transmission elec-
tron microscopy (TEM, JEOL JEM-2100F 200 kV) and SEM (Zeiss
Gemini SEM 500). UV-visible absorption (UV-vis ABS) was con-
ducted on a PerkinElmer UV-vis-NIR Spectrophotometer
Lambda 950 at room temperature. Time resolved photo-
luminescence spectra were conducted by Edinburgh FLS920
equipped with a picosecond pulsed light emitting diode
(Edinburgh EPLED-360). The excitation and emission
© 2022 The Author(s). Published by the Royal Society of Chemistry
wavelength were 360 nm and 430 nm, respectively. Photocur-
rent density, Nyquist plots, and Mott–Schottky plot measure-
ments were obtained using CHI 760D electrochemical
workstations (CHI, Shanghai). The electrolyte is 0.1 mol L�1

Na2SO4 aqueous solution. The auxiliary electrode is Pt wire.
Generated gas was tested and analysed using a gas chromato-
graph equipped with FID (GC 9790 II) and nitrogen acted as the
carrier gas. X-ray photoelectron spectroscopy (XPS) was con-
ducted on ESCALAB 250, Thermo Fisher Scientic. Electron
Paramagnetic Resonance (EPR) was conducted on Bruker A300
under 77 K. Microwave frequency was 8 GHz, modulation
amplitude was 8G, microwave power was 1.00 mW, and
modulation frequency was 100 kHz. 1H NMR were carried on
400 MHz Bruker Advance III at room temperature. Magnetic
eld intensity was 9.4 T.
3. Results and discussion

As described in the experimental section, a series of SrTiO3@-
NiFe LDH composites (STONFs) with different molar ratios were
synthesized. The molar ratios of SrTiO3 to NiFe LDH of the
composites were characterized by ICP-AES, which was 1 : 0.6,
1 : 1.3, 1 : 5.4 for STONF 1, 2 and 3, respectively. PXRD patterns
of the as-prepared samples are shown in Fig. 1a. All of diffrac-
tion peaks can be indexed as SrTiO3 (PDF# 86-0178) and NiFe
LDH (PDF# 40-0215, shown by arrows). The widen diffraction
peaks of NiFe LDH showed its nanocrystal size.

Morphology of samples was investigated by TEM, SEM and
EDS element mappings. As-prepared angular SrTiO3 (Fig. 1b)
became spherical aer growth of NiFe LDH (Fig. 1c and d),
indicating SrTiO3 crystals were nano-scaled dissolving under
alkaline NiFe LDH preparation system. Another difference
STONFs from SrTiO3 was that there were nanoparticles growing
on SrTiO3 core. EDS elementmappings of STONFs (Fig. 1e–j and
S1†) showed the existence of Sr, Ti, Ni and Fe belonging to
SrTiO3 and NiFe LDH. With the increasing of content, the NiFe
LDH incompletely coated (Fig. S1a and b†), homogeneously
RSC Adv., 2022, 12, 10592–10597 | 10593
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Fig. 2 (a) Production gas amount and corresponding CO selectivity of as-prepared catalysts; (b) time-dependent production gas amount of
STONF 2; (c) recycling test of STONF 2 for 5 times with CO2 refilled every 3 h.

Fig. 3 (a) UV-vis absorption spectrum and (b) transient photocurrent
response of as-prepared catalysts.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 3

/1
/2

02
6 

12
:4

4:
51

 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
coated (Fig. 1c and d) on SrTiO3 for STONF 1 and 2, respectively.
The NiFe LDH became self-aggregated for STONF 3.

Photocatalytic CO2 reduction experiments were carried out
under visible light irradiation (l > 420 nm), and the results were
summarized in Fig. 2a–c. As predicted by morphology, STONF 2
was completely core–shell structure, showed the highest CO
yield (7.9 mmol g�1 h�1) and selectivity (84%). As showed in
Fig. S2,† no liquid reduction products were detected. The CO
yield was 1.7, 2.0, 25.7 and 8.8 times higher than that of STONF
1 (4.6 mmol g�1 h�1), STONF 3 (4.0 mmol g�1 h�1), as-prepared
NiFe LDH (0.3 mmol g�1 h�1) and SrTiO3 (0.8 mmol g�1 h�1),
respectively. As shown in Fig. S3,† SrTiO3 showed weak visible
light absorption due to surface defects, which was responsible
for its visible photocatalysis.20–24 The photocatalysis efficiency
were roughly compared by CO yield. STONF 2 showed higher
photocatalytic performance than reported CoAl LDH, MgAl
LDH, ZnCr LDH, NiAl LDH, NiFe LDH, SrTiO3 based photo-
catalysts,25–38 as summarized in Table S1.†

In addition, blank contrast experiment was performed by
using N2 to replace CO2, the catalyst was selected as STONF 2.
No CO or CH4 were detected, which conrmed that CO and CH4

was originated from CO2.
The continuity and stability of STONF 2 were shown in

Fig. 2b, c and S4.† From Fig. 2b, one can see the yields of CO and
CH4 increased almost linearly with irradiation time and
exhibited ascending CO selectivity. Recycling catalytic system
with refreshed CO2 every 3 h for 5 times under continuous light
irradiation was conducted to test the stability. From which one
can see that the CO production kept stable (Fig. 2c). The
morphology and phase composition (Fig. S4†) didn't change by
comparation of that for STONF 2 before photocatalysis.

UV-vis absorption spectrum and transient photocurrent
response measurement were conducted to study the photo-
physical properties (Fig. 3). STONFs showed visible light
absorption. The photocurrent response (Fig. 3b) of STONFs was
2 > 1 > 3, which was in accordance with their photocatalysis
performance. STONF 2 exhibited the highest photocurrent
response, indicating the highest light utilization efficiency and
the most photo-generated carriers.
10594 | RSC Adv., 2022, 12, 10592–10597
In order to shed light on the improved catalysis performance
of STONFs, the band structures of as-prepared SrTiO3 and NiFe
LDH were examined. The Tauc plots (Fig. 4a) that calculated
from plots in UV-vis absorption spectrum showed the energy
gap (Eg) of SrTiO3 and NiFe LDH were 3.1 eV and 2.2 eV,
respectively. The at band potentials (Ef) of SrTiO3 and NiFe
LDH obtained by Mott–Schottky measurements (Fig. 4b) were
�0.75 V and �0.87 V (vs. NHE), respectively. Combining Eg and
Ef, band structure of STONF composites and photocatalytic
mechanism were showed in Fig. 4c. The detailed calculation
method was shown in ESI.† Induced by visible light, electrons in
NiFe LDH shell were excited to conduction band, and accord-
ingly holes situated in valence band. Then electrons rapidly
transferred to conduction band of SrTiO3 core, and converted
CO2 to CO. Meanwhile, holes were consumed by triethanol-
amine (TEOA). The well-matched band structure facilitated
carriers separation, which was desirable for photocatalysis.

The results were further conrmed by transient photo-
luminescence decays (Fig. 4d). The corresponding tting
parameters were listed in Table S2.† The lifetime of STONFs was
3.19 ns, 5.03 ns and 2.82 ns for 1, 2 and 3, respectively. STONF 2
showed the longest lifetime, suggesting the highest separation
and transportation efficiency.

The results of electrochemical impedance spectroscopy (EIS)
and corresponding tted circuit model were shown in Fig. 4e.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Tauc plots and (b) Mott–Schottky plots of SrTiO3 and NiFe LDH; (c) schematic illustration of band structure alignment in STONFs
composites; (d) transient PL decays and (e) Nyquist plots of as-prepared catalysts.
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The impedance curves consisted one capacitive loop in high
frequency region and one Warburg diffusion line in low
frequency region. The capacitive loop was assigned to charge
transfer resistance (Rct) and this was related with photo-
catalysis. As shown in Table S3,† Rct of SrTiO3 (10.22 U cm�2)
was much smaller than that of NiFe LDH (25.40 U cm�2),
indicating SrTiO3 was a good electron transporter. Rct values
were 2 < 1 < 3 (13.08 < 15.38 < 16.06 U cm�2), which was in
accordance with their photocatalytic performance.

Considering the results of EIS and transient PL decays, it was
obvious that integrating components with matched band
structure can promote carriers separation and transportation
efficiency. Photoelectron produced by NiFe LDH shell trans-
ferred to SrTiO3 core whose resistance was much lower than
that of NiFe LDH. Therefore, the combination of e�/h+ pairs
were prevented efficiently. SrTiO3 has merit of stability and is
cheaper than noble metal that commonly used in photocatalyst
modication strategy. Among all the samples in our experi-
ment, STONF 2 owned complete core shell structure and
exhibited most efficient electron transformation.

As deduced from TEM (Fig. 1b–d), SrTiO3 crystals were dis-
solved in nanoscale and thus the followed NiFe LDH growth was
on the fresh crystal surface. It is well known that reducing
interface defects, typically oxygen vacancies in oxide catalysts
can decrease carriers recombination and thus increase the
photocatalysis performance.20,39,40 So, it is necessary to study the
oxygen vacancies in STONF 2. The ratio of Ti3+ and Ti4+ can
reveal the oxygen vacancy contents. The reason was shown as
follows. The lattice oxygen in SrTiO3 was released to the gas
© 2022 The Author(s). Published by the Royal Society of Chemistry
phase due to the dissociation of Ti–O bond, usually the surface
Ti–O bond, thus forming oxygen vacancies (VO) and Ti3+, as
denoted in eqn (1) and (2).15,41,42

SrTiO3 ¼ SrTiO3�x þ 1

2
xO2 þ 2xe� þ xVO (1)

SrTiO3 ¼ SrTiðIVÞ1�2x TiðIIIÞ2x O3�x þ 1

2
xO2 þ xVO (2)

So, X-ray photoelectron spectroscopy (XPS) was studied. The
results were shown Fig. S5, S6,† 5a and b (high-resolution spectra
for Ti 2p andO 1s). The peaks around 458.5 and 458.0 eV in the Ti
2p5/2 region are the characteristic signals of Ti4+ and Ti3+.43–45 The
calculated relative Ti3+ species ratios were summarized in Table
1. The peak area ratio of Ti3+ and Ti4+ (R1 value) in STONF 2 was
0.73, which was lower than that in SrTiO3 (0.97), indicating less
oxygen vacancies in STONF 2. This probably was due to the
SrTiO3 crystals nano-scaled dissolution aer NiFe LDH surface
growth. The oxygen vacancy in the interface of SrTiO3 and NiFe
LDH was successively decreased. This would increase the
opportunity of direct bonding between interface atoms of two
components. The two components share the interface O atoms,
so direct bonding was based on breaking down H–O bonds for
NiFe hydroxide. O species in NiFe LDH attributed from M–O (M
¼ Ni, Fe), H–O, and O of interlayer Ac�.46,47

As summarized in Table 2, STONF 2 showed smaller ratio of
H–O and M–O contents (R2) (0.80) than bare NiFe LDH (1.08).
This result indicated that the relative amount of H–O bonds
RSC Adv., 2022, 12, 10592–10597 | 10595
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Fig. 5 XPS spectra of (a) the Ti 2p region and (b) O 1s region for as-prepared catalysts; (c) EPR signals of SrTiO3 and STONF 2.

Table 1 Chemical state of titanium species over SrTiO3 and STONFs

Catalyst

Ti4+ Ti3+ R1

BE (eV) Cont. (%) BE (eV) Cont. (%)
Cont. (Ti3+)/
Cont. (Ti4+)

SrTiO3 458.51 50.8% 458.00 49.2% 0.97
STONF 1 458.33 53.0% 457.79 47.0% 0.89
STONF 2 458.30 57.7% 457.75 42.3% 0.73
STONF 3 458.34 53.3% 457.76 46.7% 0.88

Table 2 Chemical state of oxygen species over NiFe LDH and STONFs

Catalyst

H–O M–O R2

BE (eV) Cont. (%) BE (eV) Cont. (%)
Cont. (H–O)/
Cont. (M–O)

NiFe LDH 531.79 32.9% 530.00 30.5% 1.08
STONF 1 532.04 23.9% 529.50 26.6% 0.88
STONF 2 532.09 25.6% 530.39 32.0% 0.80
STONF 3 532.10 14.62% 529.48 13.3% 1.09
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decreased, which was consistency of deduction from Ti 2p
analysis.48–50

In addition, X-band electron paramagnetic resonance spec-
troscopy (EPR) was also carried out to examine oxygen vacancies
due to the existence of single electron in Ti3+. The results were
shown in Fig. 5c. The intense and sharp signal in SrTiO3 and
much weaker signal in STONF 2 at g ¼ 2.00 indicated less
oxygen vacancies in STONF 2,51–53 in accordance with the XPS
results. Lower oxygen vacancies concentration would increase
the opportunity of direct bonding between interface atoms of
two components and successively increased the electron
transportation and separation. This was probably one reason
for the high catalysis performance of STONF 2.
4. Conclusions

In summary, SrTiO3@NiFe LDH core–shell composite was
synthesized, and their photocatalytic CO2 reduction performance
10596 | RSC Adv., 2022, 12, 10592–10597
was studied. The photocatalyst STONF 2 exhibited enhanced CO2

reduction performance with CO yield of 7.9 mmol g�1 h�1. The
yield was 25.7 times and 8.8 times higher than that of as-prepared
NiFe LDH and SrTiO3 respectively, and also higher than most of
LDH based photocatalysts. SrTiO3 and NiFe LDH had matched
band structure. NiFe LDH shell served as light absorbent and
generated e�/h+ pairs. Then electrons transferred onto the SrTiO3

core for CO2 reduction. STONFs owned merits of both compo-
nents. Widened absorption spectrum was benecial for carriers
generation. Smaller charge transfer resistance and longer carriers
lifetime indicated higher carriers separation and transportation
efficiency. The complete coating, fewer oxygen vacancies at
interface and tight combination increased the charge trans-
portation and thus decreased carries recombination. These
factors synergistically contributed to enhanced photocatalytic
performance. This work will provide new insight for designing
complementary multi-component photocatalysis system.
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