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Ultrathin and Small-Size Graphene Oxide as an Electron
Mediator for Perovskite-Based Z-Scheme System to
Significantly Enhance Photocatalytic CO, Reduction

Yan-Fei Mu, Wen Zhang, Guang-Xing Dong, Ke Su, Min Zhang,* and Tong-Bu Lu

The judicious design of efficient electron mediators to accelerate the interfacial
charge transfer in a Z-scheme system is one of the viable strategies to improve

the performance of photocatalysts for artificial photosynthesis. Herein,
ultrathin and small-size graphene oxide (USGO) nanosheets are constructed
and employed as the electron mediator to elaborately exploit an efficient
CsPbBr;-based all-solid-state Z-scheme system in combination with a~Fe,0;
for visible-light-driven CO, reduction with water as the electron source.
CsPbBr; and a-Fe,0; can be closely anchored on USGO nanosheets, owing
to the existence of interfacial strong chemical bonding behaviors, which can
significantly accelerate the photogenerated carrier transfer between CsPbBr;
and orFe,0;. The resultant improved charge separation efficiency endows
the Z-scheme system exhibiting a record-high electron consumption rate of
147.6 pmol g™ h~" for photocatalytic CO,-to-CO conversion concomitant with
stoichiometric O, from water oxidation, which is over 19 and 12 times higher

environmental crises.’™% The economic
efficiency of this artificial photosynthesis
technology could be attained by resorting
to the development of cost-effective
photocatalytic systems. In this regard,
halide perovskite nanocrystals (NCs),
a kind of fascinating light-harvesting
materials possessing low-cost fabrication
techniques and excellent optoelectronic
properties such as large extinction coef-
ficients and long photogenerated carrier
lifetime, "1l have been demonstrated to
be able to achieve visible-light-driven CO,
reduction concomitant with desirable
water oxidation recently,*% exhibiting
great potential in the field of practical arti-
ficial photosynthesis. However, this kind
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than that of pristine CsPbBr; nanocrystals and the mixture of CsPbBr; and
0-Fe,0;, respectively. This work provides a novel and effective strategy for
improving the catalytic activity of halide-perovskite-based photocatalysts, pro-
moting their practical applications in the field of artificial photosynthesis.

1. Introduction

Inspired by natural photosynthesis, the use of sunlight-driven
CO, reduction over photocatalysts with water as electron source
to produce fuels or high-value added chemical feedstocks is
one of promising approaches to surmount the energy and
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of semiconductor NCs in its pristine form
generally displays very low activity for
photocatalytic CO, reduction, due to the
insufficient charge separation and the lack
of intrinsic catalytic sites.

Recently, continuous efforts have
been devoted to enhance the activity of
perovskite nanocrystals for photocatalytic CO, reduction, such
as loading perovskite NCs on graphene oxidel"l or g-C;N,[!8l
to improve the photogenerated carrier separation, designing
appropriate heterojunction with other materials involving abun-
dant active sites," or directly doping metal active sites on the
surface of perovskite NCs.' However, these strategies only
concern about the CO, reduction half-reaction, and the H,0
oxidation half-reaction has attracted little attention, the latter
of which also plays a pivotal role in controlling the overall per-
formance. In this context, constructing appropriate Z-scheme
system?0-22 with halide perovskite NCs and another oxygen
evolution photocatalysts could be one of feasible strategies to
improve the photogenerated carrier separation and enhance the
water oxidation ability, which has not gained sufficient atten-
tion for perovskite NCs.[*]

The effectiveness of Z-scheme systems relies on the judi-
cious design of efficient electron mediators to achieve fast
interfacial charge transfer.??%l Herein, we have elaborately
designed ultrathin and small-size graphene oxide (USGO)
nanosheet and employed it as electron mediator to exploit an
efficient CsPbBr;-based all-solid-state Z-scheme system in com-
bination with hematite (coded as CsPbBr;/USGO/c+-Fe,03) for
visible-light-driven CO, reduction. Our strategy is based on
the following important considerations: 1) From an economic
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viewpoint, o~Fe,03 is an ideal material for photocatalytic water
oxidation, owing to its inexpensive fabrication techniques,
high chemical stability, and suitable band structure for visible-
light response and triggering water oxidation reaction.[30-34
2) The 2D graphene material is a promising electron transfer
mediator owing to its excellent electron transport mobility, >3l
which can accelerate the charge transfer between CsPbBr; and
o-Fe,0;, thus improving the photogenerated carrier separation
efficiency. 3) There are abundant functional groups such as car-
boxyl and hydroxyl in the surface of USGO,*”l which can form
strong chemical bonds with CsPbBr;,34 facilitating CsPbBr;
loading and photogenerated electron transfer from CsPbBr;
to graphene oxide. As expected, this CsPbBr;/USGO/o-Fe,04
Z-scheme photocatalyst system achieves efficient charge
transfer between CsPbBr; and o-Fe,0;, exhibiting significantly
improved photocatalytic activity for CO, conversion in a reac-
tion system with water as electron source, which is over 19
times higher than that of pristine CsPbBr; nanocrystals.

2. Results and Discussion

The USGO nanosheets were synthesized with modified
methods of predecessors**? by controlling the amount of oxi-
dants and oxidation time, and the details are described in the
Supporting Information. The mean size of as-prepared USGO
nanosheets can be obtained based on the analysis of atomic
force microscopy (AFM) image of USGO (Figure 1a), being
=200-400 nm. Further analysis of the corresponding height
cross-sectional profile of USGO (Figure 1b) displays that the
mean height of USGO sheets is =0.75 nm, indicating that a
fully exfoliated ultrathin graphene oxide nanosheet was suc-
cessfully prepared.®] The corresponding IR spectrum of as-
prepared USGO (Figure S1, Supporting Information) shows
the main characteristic absorption peaks of graphene oxide,
featuring abundant oxygen-containing functional groups. X-ray
diffraction (XRD) pattern of USGO (Figure S2, Supporting
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Information) further demonstrates the formation of graphene
oxide with small size, exhibiting a weak and broad diffraction
peak at 26 = 12.1° without the typical diffraction peak of native
graphite.*!

Zeta potential ({) of as-prepared USGO dispersed in hexane
was further measured, being —67 mV, which is reversed with
those of o-Fe,03 (30 mV) and CsPbBr; (27 mV) in the same
condition (Figure 1c). The opposite charge nature of USGO
surface in comparison with those of o-Fe,0; and CsPDbBr;
should facilitate the spontaneous assembly of o-Fe,O; and
CsPDbBr; on the surface of USGO. The prepared processes of
CsPbBr;/USGO/ o-Fe,03 Z-scheme are illustrated in Figure 1d,
and the detailed information regarding the preparation pro-
cesses is described in the Supporting Information. In brief, the
Fe,0; semiconductor was firstly anchored on the as-prepared
USGO nanosheets through a hydrothermal process to oxidize
Fe;0,4 nanoparticle precursor.*! The XRD pattern (Figure le)
of as-prepared Fe,0; anchoring on the USGO displays typical
diffraction peaks for o-Fe,O; phase (JCPDS: 00-033-0664).14
The resulting USGO/ o+Fe,03 composite also exhibits negative
charge property with a ¢ value of =32 mV (Figure 1c), which
was then mixed with as-prepared uniform cubic CsPbBr;
(Figure S3, Supporting Information) in hexane solvent to easily
generate the final CsPbBr;/USGO/o-Fe,03 composite through
electrostatic self-assembly (Figure S4, Supporting Information).
XRD pattern of CsPbBr;/USGO/o+Fe,0; (Figure le) demon-
strates the successful loading of CsPbBr; on USGO/o-Fe,0;,
which contains the typical diffraction peaks of CsPbBr; with
cubic phase (JCPDS: 00-054-0572).

The morphology and composition of CsPbBr;/USGO/o-
Fe,0; were firstly inspected by transmission electron micros-
copy (TEM) measurement. As presented in Figure 2a, cubic
CsPbBr; and rod-like o+Fe,03 can be perceptibly observed on
the USGO nanosheet. It can be seen that o-Fe,0; nanorods are
clustered on the surface USGO nanosheet, while CsPbBr; nano-
cubes are homogeneous elsewhere on the surface of USGO
nanosheet, which can be further illustrated from the element
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Figure 1. a) Typical tapping mode AFM image and b) the corresponding height cross-sectional profile of USGO deposited on the mica substrate.
The mean height of most USGO sheets is =0.75 nm. c) Zeta potentials of as-prepared CsPbBr;, a-Fe,O;, USGO, and USGO/o-Fe,O; in hexane.
d) Schematic illustrations for the synthesis processes of CsPbBr;/USGO/o-Fe;,O5. €) XRD patterns of as-prepared orFe,0;, USGO/oxFe,0O;

CsPbBr;/USGO/ o-Fe,03, and CsPbBr; powders.
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Figure 2. a) TEM image, b—h) elemental mappings, and i) HRTEM image with lattice spacing of as-prepared CsPbBr;/USGO/ o-Fe,Os.

mappings of CsPbBr;/USGO/o-Fe,0; composite (Figure 2b-h).
Further high-resolution TEM (HRTEM) measurement
(Figure 2i) confirmed the presence of o-Fe,0; and CsPbBr; on
the surface of USGO nanosheet, exhibiting clear lattice fringes
of 0.25 nm for (110) plane of &-Fe,0;% and 0.58 nm for (100)
plane of cubic CsPbBr;,*! respectively. The interaction behav-
iors of o-Fe,O3; and CsPbBr; on the USGO nanosheets were
firstly inspected by measuring the Raman spectra of USGO
nanosheets before and after loading o~Fe,0; and CsPbBr;. As
presented in Figure S5 (Supporting Information), there are two
characteristic peaks at 1343 and 1583 cm™ for USGO, which can
be assigned to the corresponding D-band and G-band of typical
graphene oxide.*¥! Note that the peak intensity ratio between
D- and G-bands for CsPbBr;/USGO/ ¢-Fe,03 is obviously larger
than that of pristine USGO, which reveals that the incorpora-
tion of o+Fe,0; and CsPbBr; can lead to a disordered carbon
structure in USGO. The UV-vis diffuse reflectance spectra of
CsPDbBr;, o-Fe,03, and CsPbBr;/USGO/o-Fe,0; in Figure S6
(Supporting Information) show that compared with CsPbBr;
and o~Fe,03, the light absorption of CsPbBr;/USGO/o-Fe,0;
composite possessed an obviously red absorption shift and
enhanced absorption intensity above 475 nm, further indicating
the strong interaction between CsPbBr;, USGO, and ¢+Fe,0;.
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The detailed interaction behaviors between the compo-
nents in CsPbBr;/USGO/o-Fe,O; composite were further
analyzed with the aid of high-resolution X-ray photoelectron
spectroscopy (XPS) measurements (Figure 3 and Figure S7,
Supporting Information). As depicted in Figure 3a, the Fe 2p
spectrum of pristine o-Fe,0; exhibits two typical peaks at 710.8
and 724.4 eV, which can be assigned to Fe 2p;,, and Fe 2p;,
respectively.®] There are obvious positive shifts of binding
energy (=0.5 eV) for both Fe 2p;;, and Fe 2p,;, (Figure 3a) in
USGO/o-Fe,03, which could originate from the formation of
C—0O—Fe bondsl% between o-Fe,0; and USGO. As a result,
the C 1s peaks in USGO/o-Fe,0O; show perceptible shifting
to low energy in comparison with those of pristine USGO as
shown in Figure 3b. Incorporating the obvious positive shift
(=0.3 eV) of the Fe—O—Fe bonds (at 530.0 eV) in O 1s peak
(Figure S7c, Supporting Information), the presence of strong
interaction between o-Fe,0; and USGO is conducive to the
interfacial charge transfer between them. In addition, the
bonding energies of Br 3ds/, (68.2 eV) and Br 3d;;, (69.2 eV)
in CsPbBr;/USGO/o-Fe, 05 also present obvious positive shifts
(=0.2 eV) with respect to those of pristine CsPbBr; (Figure 3c),
and a decrease in the bonding energies for typical peaks of C
1s in CsPbBr;/USGO/o-Fe,03; has been observed relative to

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. High-resolution XPS spectra of as-prepared samples: a) Fe 2p for o~Fe,03 and USGO/¢-Fe, O3, b) C 1s for USGO and USGO/ o~-Fe,O;, ¢) Br
3d for CsPbBr; and CsPbBr;/USGO/o-Fe, 03, and d) C 1s for USGO/o-Fe,03 and CsPbBr;/USGO/ o-Fe,0s.

those in USGO/ e+Fe, 05 (Figure 3d). Besides, there are negative
shifts (=0.2 eV) of O 1s peak (Figure S7a, Supporting Informa-
tion) and positive shifts (=0.3 eV) of Pb 4f peak (Figure S7b,
Supporting Information) in CsPbBr;/USGO composite with
respect to those in pristine USGO and CsPbBr;. These results
indicate the existence of strong interaction between CsPbBr;
and USGO by forming Br—O—C bonds,¥ which can accel-
erate the interfacial electron transfer rate between CsPbBr; and
USGO.

Apart from the connection pattern, it is known that the
transfer processes of photogenerated carriers between two
semiconductors practically associate with their energy offsets of
conduction and valence band edges, which have crucial influ-
ence on the ultimate photocatalytic activity. To obtain these
thermodynamic information, we first calculated the band-
gaps of CsPbBr; and orFe,O; by analyzing their Tauc plots
(Figure S8, Supporting Information) based on the UV-vis dif-
fuse reflectance spectra measurements (Figure S6, Supporting
Information), being 2.29 and 2.06 eV, respectively. The conduc-
tion band potentials of CsPbBr; and o-Fe,0; can be further
derived from their Mott—Schottky plots (Figure S8, Supporting
Information), being —1.07 and 0.24 V versus NHE as illus-
trated in Figure 4a, respectively. Thereby, the corresponding
valence band potentials of CsPbBr; and o-Fe,O; are 1.22 and
2.30 V versus NHE (Figure 4a), which are consistent with the
results of XPS valence spectra measurements (Figure S9, Sup-
porting Information). It is worth noting that both CsPbBr;
and orFe,0; are n-type semiconductors, which can be inferred
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from corresponding Mott—Schottky plots with positive slopes
(Figure S8, Supporting Information). Moreover, the conduction
band position of o-Fe,03 is even lower than the mid-position
between conduction and valence bands of CsPbBr;, indicating
that the Fermi energy level of CsPbBr; is higher than that of
o-Fe,0;. Therefore, if CsPbBr; and o-Fe,O; simultaneously
contact the USGO electron mediator, the electrons in the sur-
face of CsPbBrj; tend to migrate to o~Fe,03 via USGO to realize
the Femi energy level equilibrium of the system, resulting in a
built-in electric field in the interface of CsPbBr;/USGO/o-Fe,04
pointing from CsPbBr; to o-Fe,0;. This orientation of built-in
electric field can facilitate the photogenerated electron transfer
from orFe,03 to CsPbBr;, suggesting that photogenerated car-
rier transfer between CsPbBr; and o-Fe,O; complies with a
Z-scheme pathway.

The time-resolved photoluminescence (TRPL) traces of sam-
ples were further recorded to check out the favorable influ-
ence of USGO on the photogenerated carrier transfer between
CsPbBr; and o-Fe,0;. As depicted in Figure 4b, the PL decay
(red symbols) of CsPbBrj is related to the radiative and non-
radiative deactivations of photogenerated excitons in CsPbBrs;.
The mixture of CsPbBr; and o+Fe,O; (coded as CsPbBrj:o-
Fe,03) exhibits just slightly accelerated PL decay (blue sym-
bols) in comparison with pristine CsPbBr;, indicating the
inferior charge transfer between CsPbBr; and o-Fe,03, which
may result from the electrostatic repulsion between CsPbBr;
and o-Fe,0; owing to their same charge nature as presented
in Figure lc. Note that loading CsPbBr; on the surface of
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Figure 4. a) Schematic illustration of band structures for CsPbBr; and o-Fe,O; derived from the results of flat-band potential and UV-vis absorption
spectroscopy measurements. b) Time-resolved photoluminescence decay of as-prepared CsPbBr;, CsPbBr;:0-Fe, 03, CsPbBr3/USGO, and CsPbBrs/
USGO/a-Fe;0;3. ) |-t curves of CsPbBrs, CsPbBrs:o-Fe,O3, CsPbBr;/USGO, and CsPbBr;/USGO/ o+-Fe, O3 plotted at a bias potential of —0.4 V (vs Ag/
AgCl) under light illumination. d) The yield of CO generated from photocatalytic CO, reduction after 4 h of irradiation under 300 W Xe lamp, with the

light intensity of 100 mW cm™.

USGO can bring forth a significantly accelerated PL decay
(purple symbols) with respect to pristine CsPbBr;, indicating
the occurrence of efficient electron transfer between CsPbBr;
and USGO due to the formation of strong chemical bonds
in the interface of CsPbBr;/USGO. Moreover, there is a fur-
ther acceleration of PL decay (olive symbols) if CsPbBr; and
o-Fe,03 were simultaneously incorporated on the surface of
USGO (CsPbBr;/USGO/ a-Fe,03), which can be ascribed to the
excellent electron transport ability of USGO and the favorable
energy offset between CsPbBr; and o-Fe,0;. All these PL evolu-
tion traces can be well fitted with a multiexponential function,
and the corresponding values of amplitude-averaged lifetimes
are tabulated in Table S1 (Supporting Information), being 31.3,
29.1, 20.6, and 13.9 ns for CsPbBr;, CsPbBr;:0-Fe,03, CsPbBr;/
USGO, and CsPbBr;/USGO/ o-Fe, 03, respectively.
Photocurrent response and electrochemical impedance
spectroscopy (EIS) measurements were further carried out to
give evidence of the benefit of USGO on the charge separa-
tion between CsPbBr; and o-Fe,O;. As presented in Figure 4c,
mixing CsPbBr; with o+Fe,O; in the absence of USGO just
bring forth a slightly higher photocurrent intensity with
respect to pristine CsPbBr;, which is even lower than that
of CsPbBr;/USGO, highlighting the pivotal role of USGO
in charge transfer. The photocurrent intensity of CsPbBrs/
USGO/o-Fe,05 further proves the facilitation of USGO to
the interfacial charge separation, exhibiting a significant
improvement of photocurrent intensity compared to pristine
CsPbBr; as depicted in Figure 4c. Furthermore, the values of
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semicircular radius in Nyquist plots for these samples are in
the order: CsPbBr; > CsPbBrs:o-Fe,0O; > CsPbBr;/USGO >
CsPbBr;/USGO/-Fe,0; (Figure S10, Supporting Informa-
tion), indicating that the charge-transfer resistance obviously
decreased for CsPbBr;/USGO/c+Fe,0;, as evidenced by the
corresponding fitting results (22 614 Q for CsPbBr;, 12 627 Q
for CsPbBr3:0-Fe;03, 8679 Q for CsPbBr;/USGO, and 4573 Q
for CsPbBr3/USGO/c+Fe,03). These results are consistent with
the photocurrent response measurements, once again demon-
strating the favorable influence of USGO on the interfacial
charge transfer.

The photocatalytic performances of CsPbBr;, o+Fe,0s3,
CsPbBr;/USGO, and CsPbBr;/USGO/a-Fe,0;3 for CO, reduc-
tion were evaluated in CO,-saturated acetonitrile/water solution
under simulated sunlight irradiation with Xe lamp coupled
with a 400 nm filter, and the light intensity was adjusted to
100 mW cm™ by calibrating with a NREL-calibrated Si solar
cell. Herein, there is only very small amount of water in
the reaction system, because of the instability of halide perov-
skite in the reaction system with a large amount of water. For
these CsPbBrs-based photocatalysts, the results of chromato-
graphic analyses show that the main reduction product is CO,
and only negligible CH, and H, can be detected. Although
the CO,to-CH, conversion by the photogenerated electrons
in these catalysts is thermodynamically permissible, the unfa-
vorable evolution of CH, may originate from the rapid des-
orption of the reaction intermediate, that is CO,P% from the
surface of the catalyst. This phenomenon is consistent with

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the common observation in the photocatalytic systems with
CsPbBr; as photocatalyst.'*% As depicted in Figure 4d, the
yield of CO is only 3.7 umol g™' h™' with pristine CsPbBr; as
photocatalyst, owing to the insufficient charge separation. It
is noted that no reduction product can be detected with pure
o-Fe,05 as photocatalyst, because the conduction band poten-
tial (0.24 V vs NHE) of o+Fe,0; is not high enough to trigger
CO, reduction reaction. Under the same condition, loading
CsPbBr; on USGO can bring forth an obvious improvement
of photocatalytic activity as presented in Figure 4d. An obvi-
ously enhanced yield of 14.6 umol g! h™! can be achieved for
CO,-t0-CO conversion, owing to the strong interaction between
CsPbBr; and USGO.

More importantly, if CsPbBr; and orFe,O; were simulta-
neously incorporated onto the USGO nanosheet, the activity
of photocatalytic CO, reduction can be further significantly
enhanced as shown in Figure 4d. CsPbBr;/USGO/ o-Fe, 03 com-
posite achieves an exciting yield of 73.8 umol g~ h™! for CO,-to-
CO conversion, which is over 19 times higher than that of pure
CsPbBr3. To the best of our knowledge, the electron consumption
rate (Rejectron = 147.6 tmol g h7!) with CsPbBr;/USGO/ o-Fe,03
as photocatalyst is well above that of reported metal-halide
perovskite materials photocatalysts with desirable water as elec-
tron source and under 1 sun light irradiation (Table S2, Sup-
porting Information). In addition, to evaluate the superiority
of USGO for accelerating the charge transfer between CsPbBr;
and orFe,03, the photocatalytic activity of CsPbBrs:o-Fe,04
composite has also been assessed under the same condition. As
shown in Figure 4d, CsPbBr;:0-Fe,0O3; composite just exhibits
a slightly improved photocatalytic activity (5.8 umol g h™)
compared to pristine CsPbBr;, highlighting the important role
of USGO in accelerating the interfacial charge transfer rate
by providing an electron transport freeway. Besides, the time-
dependent data for the evolution of CO (Figure S11, Supporting
Information) and the XRD patterns of CsPbBr;/USGO/¢+Fe,0;
after photoreduction of CO, (Figure S12, Supporting Informa-
tion) suggest that the catalytic activity and crystal structures of
CsPbBr; and orFe,0; were basically maintained in CsPbBr;/
USGO/crFe,03 after photocatalytic reaction for 8 h. The
slightly increased diffraction peaks of CsPbBr;/USGO/¢-Fe,0;
may result from the occurrence of a certain degree of aggre-
gation after reaction. Furthermore, the reusability of CsPbBr;/
USGO/ o-Fe, 03 composite was also tested with two consecutive
cycles of the photocatalytic experiments. As shown in Figure S13
(Supporting Information), after two cycles, the activity of
CsPbBr;/USGO/ o-Fe,03 was remained for 90%, indicating the
relatively stability of CsPbBr;/USGO/a-Fe,0; composite in the
reaction system containing small amount of water.

The origin of reduction product CO was further identified
by performing a series of reference experiments with CsPbBr;/
USGO/orFe,0; as photocatalyst. There is negligible light
response in the absence of light irradiation or photocatalyst in
the reaction system, suggesting that CO,-to-CO conversion is
triggered by the photogenerated carriers in CsPbBr;/USGO/o-
Fe,0s. In addition, replacing CO, with N, also results in negli-
gible light response, indicating that CO is produced from CO,
reduction. This speculation has been further confirmed by iso-
tope tracking experiment with 1*CO, instead of CO,, where the
major reaction product *CO with m/z value of 29 and negligible
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BCH, with m/z value of 17 (Figure S14, Supporting Informa-
tion) can be clearly observed by the gas chromatography/mass
spectrometry analysis. Moreover, oxidation product O, can also
be detected in the gas products, and the ratio of the amounts
of CO and O, is close to 2:1 (Figure S15, Supporting Informa-
tion), indicating that the photogenerated holes in CsPbBrs/
USGO/o-Fe,05 are mainly consumed by the water oxidation
reaction. Further H,'O isotope labeling experiment demon-
strated that O, is the product of water oxidation, where the
oxidation production 0, (m/z = 36) can be clearly observed in
the result of gas chromatography/mass spectrometry analysis
(Figure S16, Supporting Information).

From the thermodynamic point of view, the result of signifi-
cantly enhanced performance of CsPbBr;/USGO/¢-Fe,0; indi-
cates that the photogenerated carrier separation in CsPbBr;/
USGO/o-Fe,05 is Z-scheme mechanism. If the pathway of
interfacial charge transfer between CsPbBr; and o-Fe,0; com-
plies with traditional type-II heterojunction, the photogenerated
electrons in CsPbBr; should transfer to o-Fe,O; via USGO
mediator. As shown in Figure 4a, the conduction band potential
of orFe,0; is lower than the reduction potential of CO,-to-CO
conversion (—0.52 V vs NHE). The photogenerated electrons
in o~Fe,03 have no driving force to trigger the reduction reac-
tion of CO,, which contrasts with the results of photocatalytic
measurements. To further confirm the Z-scheme mechanism
in CsPbBr3/USGO/c-Fe,0; system, we resorted to in situ
irradiated XPS (ISI-XPS) measurement®*? to inspect the
orientation of interfacial charger transfer between CsPbBr;
and o-Fe,0;. As presented in Figure 5a, without light irra-
diation, the Br 3d spectrum of CsPbBr;/USGO/o-Fe,05 could
be resolved into two typical peaks corresponding to Br 3ds,
(68.2 eV) and Br 3d;/, (69.2 eV). In addition, Pb 4f spectrum
of CsPbBr;/USGO/ o-Fe,0; exhibits two characteristic peaks at
138.3 and 143.2 eV (Figure 5b), which can be assigned to Pb
4f;, and Pb 4f;),, respectively. Light irradiation brings forth an
obvious negative shift (=0.3 eV) of binding energies for both Br
3d and Pb 4f, indicating an increased electron density around
the Br and Pb nucleus by accumulating electrons. On the
other hand, a characteristic peak at 711.3 eV for Fe 2p;;, can
be clearly observed in Fe 2p spectrum of CsPbBr;/USGO/o-
Fe,0; without light irradiation (Figure 5c). Meanwhile, the
characteristic peak position of Fe 2p;, at 725.3 eV can also be
obtained by fitting the Fe 2p spectrum with considering the
interference of Cs 3d signal (Figure 5d). Upon light irradia-
tion, both Fe 2p;; and Fe 2p;; exhibit positive shifted binding
energies, being 711.6 and 725.5 eV, respectively, which suggests
the occurrence of holes accumulation in o-Fe,03. These phe-
nomena of binding energy shifting induced by light irradia-
tion confirm that photogenerated electrons in o~Fe,0; transfer
to CsPbBr; through USGO electron mediator, which is in line
with Z-scheme mechanism.

3. Conclusion

In summary, we have successfully constructed an efficient
halide-perovskite based all-solid-state Z-scheme system using
USGO as electron mediator, which presents an exciting electron
consumption rate of 1476 umol g h™! for the conversion of

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. High-resolution XPS spectra of CsPbBr;/USGO/ o-Fe, O3 in the dark or under 300 W Xe lamp irradiation with a 400 nm filter: a) Br 3d, b) Pb

4f, c) Fe 2ps),, and d) the full-spectrum of Fe 2p.

photocatalytic CO,-to-CO with water as the sacrificial reductant.
XPS measurements revealed that o~Fe,03; and CsPbBr; display
strong interaction with USGO by forming chemical bonds.
With respect to the mixture of o-Fe,0; and CsPbBrj3, the intro-
duction of USGO can bring forth a significant improvement
of charge separation efficiency between o~Fe,O; and CsPbBr;
as demonstrated by the photophysical and electrochemical
measurements. Further ISI-XPS characterization confirmed
the pathway of interfacial charge transfer between CsPbBrs;
and orFe,0;, and gave an obvious evidence of the formation of
Z-scheme heterojunction between CsPbBr; and o-Fe,O;. This
work provides an important inspiration for the utilization of
halide perovskite as well as various low-cost semiconductors in
the field of artificial photosynthesis.
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Supporting Information is available from the Wiley Online Library or
from the author.
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