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Catalysts

Highlights

Bi,WOs/RGO/g-C3N4 hybrid heterojunctions with 2D/2D/2D configuration were fabricated

Heterojunctions showed excellent CO, photoreduction activity to generate solar fuels
RGO plays dual roles as a supporter and a redox mediator to promote charge separation
Rapid charge transfer due to large interfacial contact contributed to high activity

Hybrid heterojunctions exhibited high photostability during recycling experiments

Abstract

We have rationally constructed a hybrid heterojunction comprising of Bi2WOs, reduced

graphene oxide, and g-CsN4+ (BWO/RGO/CN) with a 2D/2D/2D configuration for efficient

photoreduction to generate solar fuels. These heterojunctions displayed dramatically improved

performance towards CO- reduction to generate CO and CHa under visible-light irradiation,

compared to the base material (CN), P25 as reference, as well as binary BWO/CN and

RGO/CN heterojunctions. Particularly, the BWO/RGO/CN heterojunctions with 1 wt. % RGO

and 15 wt. % BWO achieved record performance in the yields of carbonaceous products




(CO+CHa4) compared to other synthesized catalysts, with a selectivity of 92% against H,. The
remarkable photocatalytic performance was mainly attributed to the unique 2D/2D/2D
architecture that creates large interfacial contact between the constituent materials for rapid
charge transfer, to hinder the direct recombination of photoinduced electrons and holes.
Notably, RGO played two significant roles: as a supporter to capture the electrons from CN,
and as a redox mediator to promote the Z-scheme charge transfer between CN and BWO. The
result is a greater extent of charge separation in the present BWO/RGO/CN heterojunction
system, as evidenced by the photoluminescence, photocurrent responses, and electron
microscopy findings. More importantly, the heterojunctions displayed excellent stability
during recycling tests with no obvious loss in the generation of CO and CHs from
photoreduction of CO,. This interesting interfacial engineering approach presented herein
offers a promising route for the rational design of a new class of layered multicomponent
heterojunctions with 2D/2D/2D architecture for various applications in environmental

protection and solar energy conversion.

Keywords: g-C3Nas; 2D/2D/2D architecture; Z-scheme charge transfer; hybrid heterojunction;

solar energy conversion
Introduction

The substantial rise in the levels of atmospheric carbon dioxide (COz), considered as one of the
main contributors to the greenhouse effect, has attracted significant attention in the past few
decades. Meanwhile, another global issue is energy shortage prompted by the rapid depletion
of fossil fuels [1-3]. As a renewable, safe, and economic technique, the photocatalytic
conversion of CO> into sustainable feedstocks (e.g., CO, CH4, and CHsOH) by utilizing
abundant and clean solar energy has become a promising strategy to simultaneously solve the

aforementioned two problems [4-7]. Since the pioneering work in 1979 by Inoue and co-



workers on CO2 photoreduction in aqueous suspensions of semiconductors [8], extensive
research has been directed towards designing the various catalysts to produce energy-rich
compounds from photocatalytic CO, reduction. Nevertheless, photocatalytic CO> reduction is
rather difficult due to its thermodynamically stable nature. Therefore, it is urgent to develop
highly efficient and visible-light-active semiconductor materials in order to reduce the inert

CO:. and efficiently harness the broad solar spectrum.

Two-dimensional (2D) layered materials have gained immense attention in the area of
photocatalysis in recent years [9,10]. Compared to OD and 1D materials, these 2D materials
possess impressive properties, including large specific surface area with abundant active sites,
superior electron conductivity (e.g., in the case of graphene) to facilitate charge transfer and
separation, and the ability to function as excellent catalyst supports (particularly nano-sized 2D
materials) [11-13]. Notably, combining different 2D layered materials and constructing
heterojunctions could create 2D layered composites efficient for various photocatalytic
applications, due to the large contact area between the layers and the greater charge transfer
rate [11]. These merits motivated us to design 2D layered composite catalysts for efficient

generation of solar fuels from photocatalytic CO. reduction.

Recently, 2D layered graphitic carbon nitride (g-CsNa4), which is an analogue of graphite,
has been tested as an alternative to various conventional metal-containing catalysts, due to its
fascinating features such as the appropriate band gap energy, tunable electronic structure, high
chemical and thermal stability, elemental abundance, and eco-friendly nature [14,15]. There
are many reports of applying g-CsN4 for decomposition of organic contaminants and hydrogen
evolution from water splitting [15-18]. In contrast, its use in the photoreduction of COz s scarce,
partly due to the moderate photocatalytic efficiency of g-CsN4 owing to the fast recombination
of photoexcited charge carriers. Strategies to address this limitation of g-C3Na4 include noble
metal loading, doping with metal and non-metal elements, creating textural porosity, coupling

4



with conducting materials, and constructing heterojunction with other semiconductors [19-25].
Notably, the charge carrier recombination can be efficiently hindered by a charge transfer
between the two semiconductors at heterojunctions, and this approach has been utilized by

many researchers to develop g-CsNs-based composite catalysts [26].

To construct effective 2D layered composite catalysts using g-CsNg, it is important to
combine it with another 2D semiconductor having well-matched band edge potentials. For
instance, we have recently reported [27] a g-C3N4/NiAl-LDH hybrid heterojunction with
2D/2D configuration, which was produced by a one-step, in-situ hydrothermal route. Under
visible light, this 2D/2D interface heterojunction displayed enhanced CO; reduction to generate
CO without using a sacrificial agent, and the performance is much higher than those for NiAl-
LDH and g-CsNasalone. Li et al. [28] constructed a 2D/2D g-C3N4/Bi2WOs layered composite
that showed enhanced CO- reduction activity (compared to g-CsN4 and Bi2WOs) through Z-
scheme charge transfer. Moreover, Ong and co-workers [29] reported a reduced graphene oxide
(RGO)/protonated g-C3sNs 2D/2D hybrid composite displaying enhanced CO: reduction
activity compared to g-CsN4 in the presence of water vapor and light illumination. They
attributed the improved COz reduction performance to the rapid electron shuttling from g-CaN4
to RGO, which hindered the direct recombination of photoinduced electron-hole pairs. Another
work by Li et al. [30] mentioned that 2D RGO improves the CO2 photoconversion efficiency
of Fe2V4013/RGO/CdS heterostructure, by playing the role of a redox mediator to promote the

Z-scheme charge transfer.

Utilizing the multiple roles of 2D RGO in improving CO, photoreduction efficiency, and
the nano-sized 2D BixWOe sheets as catalyst support, we rationally constructed a
Bi,WOs/RGO/g-C3sN4 hybrid heterojunction with unique 2D/2D/2D configuration via a two-
step hydrothermal route, for efficient photoreduction of CO and water to solar fuels, without
using a hole sacrificial agent. The synthesized heterojunctions were carefully characterized by
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different analytical techniques. Their photocatalytic performance was assessed and compared
with their bare counterparts and binary heterojunctions, in not only CO> reduction but also
water reduction to generate solar fuels under visible light. The impact of the Bi.WOs content
and the role of RGO on the photoreduction activities were thoroughly explored by photocurrent
and photoluminescence observations. In addition, the stability of the prepared heterojunctions

was assessed by carrying out four cycles of CO reduction under visible-light illumination.

Experimental section

Materials

Sodium tungstate dihydrate, bismuth (I11) nitrate pentahydrate, melamine, graphite powder,
and triethanolamine were purchased from Sigma-Aldrich. All other chemicals used in the
present work were of analytical reagent grade and used without additional treatment. The

deionized water used in this work was obtained from a Wellix Plus water purification system.

Method

Synthesis of g-C3N4 nanosheets

Bulk g-CsNa4 was first synthesized by directly heating the low-cost melamine in a tube furnace.
In brief, 5 g of melamine powder was placed in an alumina boat with a cover, heated to 550 °C
at the rate of 5 °C mint in air, and kept for 2 h. The obtained yellow aggregates were ground
into fine powders for further use.

The g-C3Na4 nanosheets were prepared via a facile heat-etching method using the bulk g-
CsNa4. Typically, 1 g of the as-obtained bulk g-CsN4 powder was put into an alumina dish
without a cover and thermally treated at 500 °C for 2 h in a muffle furnace under static air
conditions. After cooling to room temperature, a pale-yellow powder of g-C3N4 nanosheets was

obtained and denoted as CN.

Synthesis of graphene oxide



Graphene oxide was synthesized from graphite powder according to the modified Hummers’
route [31] described as follows. Graphite powder (2 g) and NaNOz (1 g) were added into 46
mL of conc. H2SO4 under ice bath. Then, 6 g of KMnO4 was gradually added with constant
stirring, and the temperature of the mixture was maintained below 5 °C. Thereafter, the ice bath
was replaced by a water bath, the suspension was heated to 35 °C, and the stirring continued
for 2 h. Subsequently, 92 mL of deionized water was added dropwise, which caused the mixture
to heat up to a maximum of 98 °C. The reaction mixture was maintained at that temperature
for another 15 min, in order to extend the oxidation degree of the graphite oxide product.
Finally, the reaction was terminated by further addition of 280 mL of deionized water followed
by 20 mL of 30% H20- solution. The resultant solid product was separated by centrifugation
and washed initially with aqueous HCI (5%) solution until sulfate anions were no longer
detectable with BaCl,. The solid was then washed repeatedly with water until the pH became

neutral and finally dried in vacuum at 60 °C.

Synthesis of 2D/2D/2D BWO/RGO/CN hybrid heterojunctions

The BWO/RGO/CN 2D/2D/2D hybrid heterojunctions were prepared by a two-step
hydrothermal route, which is summarized in Scheme 1. In the first step, binary RGO/CN
heterojunction was prepared by a hydrothermal method described as follows. A certain amount
of synthesized CN powder was first dispersed in 160 mL of water by ultrasonic treatment for
30 min. An amount of graphene oxide estimated to deposit 1 wt. % of RGO on CN was added
to the suspension, which was ultrasonicated for another 30 min. After ultrasonic treatment, the
suspension was agitated for 1 h at room temperature. Thereafter, the mixture was transferred
into a 200-mL Teflon-lined stainless-steel autoclave and heat treated at 160 °C for 6 h. The
resultant product was collected, washed, and dried at 80 °C to obtain the binary RGO/CN
heterojunction. Bare RGO was also fabricated under the similar conditions but in the absence

of CN powder.



In the second step, the target BWO/RGO/CN hybrid heterojunctions were obtained by a
hydrothermal method with RGO/CN heterojunction and Bi2WOs precursors. In a typical
experimental procedure, a calculated amount of synthesized RGO/CN heterojunction was
dispersed in 160 mL of water by ultrasonication, and then 2 mmol of bismuth nitrate
pentahydrate was added to the suspension and agitated for 30 min. Subsequently, 1 mmol of
sodium tungstate dihydrate was added, and the mixture was agitated for another 2 h. After
agitation, the uniform reaction mixture was transferred into a Teflon-lined stainless steel
autoclave (200 mL), which was heat treated in an oven at 160 °C for 6 h. The resultant product
was collected by centrifugation, washed repeatedly with deionized water, and dried at 80 °C
overnight. In this manner, a series of BWO/RGO/CN hybrid heterojunctions were prepared
with different weight percentages of BWO to RGO/CN (5, 10, 15, and 20 wt. %), and named
BRC-5, BRC-10, BRC-15, and BRC-20, respectively. Bare BWO sheets were prepared via a
similar process but without addition of the RGO/CN. For reference, the binary BWO/CN
heterojunction (15 wt. % of BWO with respect to CN) was also synthesized by the same

procedure as above, but in the presence of CN rather than RGO/CN.

The experimental details for the photocatalytic activity tests and the characterization techniques

used in this study are discussed in the supplementary material.

Results and discussion

XRD analysis was applied to reveal the crystal structure and phase composition of all the
prepared catalysts. In Fig. 1a, the XRD spectrum of RGO confirms the successful conversion
of graphene oxide to RGO through hydrothermal treatment, and the broad diffraction peak at
25.2° corresponds to the (002) plane that is characteristic of interlayer stacking with d-spacing
of 0.34 nm [32]. The XRD pattern of CN shows two distinct diffraction peaks: the stronger one

at 27.56° for the (002) plane corresponds to the typical interlayer stacking of the conjugated



aromatic segments, whereas the weak one at 13.02° for the (100) plane reflects the in-planar
ordering of tri-s-triazine units [20]. The RGO/CN catalyst displays almost the same XRD
pattern as that of CN but with decreased peak intensity, indicating that the integration of RGO
has little impact on the CN phase structure. For BWO, the major peaks at 26 = 28.20°, 32.76°,
47.04°, 55.82°, and 58.48° are ascribed to the crystallographic planes of (113), (200), (220),
(313), and (226), respectively, which are well matched with the orthorhombic phase of Bio,WOs
(JCPDS No. 73—-1126). Importantly, the patterns of BWO/CN and BWO/RGO/CN
heterojunctions consist of diffraction peaks related to both CN and BWO. The diffraction peaks
of CN cannot be discerned in the full-scale XRD spectra (Fig. 1b) due to the overlap between
the primary (002) plane of CN (at 27.56°) and (113) plane of BWO (at 28.20°). However, the
magnified XRD spectra (Fig. S1) clearly evidenced the overlap between these two peaks and
also the slight shift of the (113) plane peak of BWO towards lower 26 angle, which might be
due to the integration between CN and BWO. As expected, the characteristic RGO peak is not
observed in the BWO/CN and BWO/RGO/CN heterojunctions because of its low content.
Nevertheless, the existence of RGO in these heterojunctions can be identified by UV-vis DRS,

SEM, TEM, and XPS analyses, as discussed below.

UV-vis DRS analysis was conducted to explore the optical absorption characteristics of all
the prepared catalysts. As can be seen in Fig. 2, CN displayed intrinsic visible light absorption
with absorption edge at about 465 nm, whereas BWO exhibited an absorption edge at 440 nm.
A slight blue shift in the absorption edge was noticed after the addition of BWO to either CN
or RGO/CN, indicating that BWO has strong interactions with CN or RGO/CN and forms
BWO/CN or BWO/RGO/CN heterojunctions. Moreover, with increase in the content of BWO
on RGO/CN, the absorption edge was gradually shifted toward the lower wavelength region.
Compared to CN, RGO/CN displayed a slight red-shift and distinct improvement in optical

absorption over the entire wavelength region examined, indicative of the typical absorption of



RGO [23]. More importantly, such significant enhancement in light absorption related to RGO
is noticed in all the BWO/RGO/CN heterojunctions, which also provides direct and solid
evidence for the presence of RGO in these heterojunctions. The enhanced visible light
absorption of the BWO/RGO/CN heterojunctions can, therefore, produce more photoinduced
electrons and holes needed for the photocatalytic process, which can result in extraordinary
CO. reduction and H: generation activities. In addition, the band-gap energies of CN, BWO,
RGO/CN, BWO/CN, and BRC-15 calculated from the DRS patterns by applying the Kubelka—

Munk formula and Tauc plot were 2.65, 2.82, 2.60, 2.75, and 2.72 eV, respectively (Fig. S2).

Fig. 3 and Fig. S3 depict the FESEM images of CN, RGO, BWO, and BRC-15 samples. As
can be seen in Fig. 3a, CN possesses a layered structure, which was formed by the accumulation
of a few thin sheets with irregular orientation. As expected, RGO shows 2D ultrathin nanosheet
structure (Fig. S3). The BWO (Fig. 3b) displays an aggregated flake-like morphology several
nanometers in size. However, such aggregations of BWO are not seen in the SEM image of
BRC-15 (Fig. 3c), which might be due to the fact that, during the hydrothermal treatment,
several BWO sheets are grown on the surface of RGO/CN to prevent the self-aggregation of
BWO in the BWO/RGO/CN heterojunctions. Magnified SEM image of BRC-15 (Fig. 3d)
clearly displayed the existence of BWO, RGO, and CN in the BWO/RGO/CN heterojunctions.
According to the EDS analysis (Fig. S4), the corresponding atomic ratio of C/N (36.54/41.80
= 0.87) is higher than that predicted from the stoichiometry of g-CsN4 (0.75), which further
reveals the presence of RGO in the BRC-15 sample. Additionally, the Bi: W: O ratio in BRC-
15is 2.11:1:7.05 compared to the theoretical value of 2:1:6. The ratio of Bi to W is very close
to the stoichiometry, while the excess oxygen is attributed to RGO and adsorbed water

molecules as verified by XPS studies.

TEM and HRTEM analyses were employed to explore the detailed microstructure of the
2D/2D/2D BWO/RGO/CN heterojunction with reference to BWO, RGO, and CN. As shown
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in Fig. S5a, CN clearly exhibits a flat 2D layered structure composed of a few thin nanosheets,
whereas RGO displays (Fig. S5b) 2D nanosheets whose ultrathin nature is indicated by the
crumples. Moreover, the TEM image of BWO (Fig. S5c) also confirms the well crystallized
2D sheet-shaped morphology, and the average size of a BWO nanosheet was about 80 nm.
Notably, the TEM image of BRC-15 (Fig. 4a) clearly displayed even disposition of the BWO
nanosheets on the surface of RGO/CN. The magnified TEM image (Fig. 4b) further evidenced
the solid interactions among BWO, RGO, and CN in the BWO/RGO/CN heterojunctions. From
these results, it can be inferred that the highly-segregated BWO nanosheets in the reaction
solution are strongly attached to the RGO/CN during the hydrothermal process, which leads to
the formation of BWO/RGO/CN heterojunctions with highly effective 2D/2D/2D
configuration. It is also worth noting from Fig. 4c that the ultrathin RGO nanosheets are
strongly integrated with the CN and/or BWO, which can facilitate RGO’s dual action as support
material for CN and as mediator for efficient Z-scheme charge transfer between CN and BWO.
Furthermore, the HRTEM image of BRC-15 (Fig. 4d) displays lattice fringes with d-spacings
of 0.27 and 0.31 nm, corresponding to the (020) and (113) crystal planes of BWO, respectively
[28]. The other lattice fringes spaced by 0.32 nm belong to the typical (002) planes of CN [27].
Additionally, the EDS elemental mappings of BRC-15 (Figs. 4e to j) revealed the coexistence
of Bi, W, O, C, and N in the heterojunction. The uniform dispersion of these elements further
confirmed the successful construction of 2D/2D/2D BWO/RGO/CN heterojunction, rather than
physically mixed independent phases of BWO, RGO, and CN.

To explore the detailed surface chemical state of the elements and the interactions among
BWO, RGO, and CN in the heterojunctions, XPS analysis was performed over CN, BWO, and
BRC-15 catalysts. In the survey XPS spectra in Fig. 5a, the reference CN and BWO catalysts
show peaks related to their respective elements, whereas the BRC-15 heterojunction exhibits

peaks corresponding to Bi, W, O, C, and N elements, revealing that the heterojunction was
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comprised of CN, RGO, and BWO. The surface chemical composition of BRC-15 was
estimated by XPS analysis and also compared with the EDS bulk elemental composition (Table
S1). As expected, the C/N ratio (43.54/50.03 = 0.87) in BRC-15 is higher than those in CN
(0.74) and the theoretical value (0.75), indicating the existence of RGO in the heterojunction,
in good accordance with the EDS results (Fig. S4). Furthermore, the atomic ratio of Bi: W: O
in BWO is 1.98:1:6.08, which is very close to the stoichiometric ratio of Bi,WOe (2:1:6). The
excess O content observed in BRC-15 was attributed to RGO and surface-adsorbed water
molecules based on high-resolution O 1s spectra, as explained below.

The O 1s spectrum of BWO (Fig. 5b) can be deconvoluted into two peaks at 530.1 and 530.7
eV, which are assigned to the coordination of oxygen in Bi—-O, and W-O, respectively [33]. In
the O 1s spectrum of BRC-15, the two additional peaks at 532.3 and 533.8 eV correspond to
C—O species of RGO and O—H groups of adsorbed water, respectively, demonstrating the
interactions between BWO and RGO in the heterojunction [34-36]. For CN, the C 1s spectrum
(Fig. 5¢) displays two peaks positioned at 288.1 and 284.5 eV, which belong to the sp*
hybridised C in the N-containing aromatic rings (N—C=N) and graphitic carbon or adventitious
carbon (C—C) species adsorbed on the surface, respectively [37,38]. The N 1s spectrum of CN
can be divided into three components at 398.3, 399.6, and 400.9 eV (Fig. 5d). The main
component at 398.3 eV is ascribed to sp?-hybridised N in triazine rings (C—N=C), and the other
two components belong to bridged tertiary nitrogen N—(C)s species and amino functional
groups (N—H), respectively [27,38]. Along with these three components, BRC-15
heterojunction exhibits another N component at 397.6 eV, due to pyridinic-N originating from
the CN and RGO interactions [39]. The additional N 1s band in both CN and BRC-15 samples
at 403.9 eV belongs to m excitations [40]. In the Bi 4f spectrum of BWO (Fig. 5e), the two
bands centered at 164.2 and 158.9 eV are assigned to Bi 4fs;» and Bi 4f7 of the Bi* ions,

respectively [41]. The W 4f spectrum of BWO (Fig. 5f) comprises of two peaks (37.9 and 35.8
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eV) belonging to W 4fs; and W 4f72 of W*®, respectively [42]. Notably, obvious increase and
decrease in the respective binding energies of W 4f and N 1s were observed in BRC-15
compared to CN and BWO, and no such shift was observed for C 1s and Bi 4f bands. The shift
in binding energies indicate the strong interactions and charge transfer among CN, RGO, and
BWO in the BRC-15 heterojunction. Such phenomena have been reported by other research
groups for various composite materials [27,43,44].

Figure 6 depicts the FT-IR spectra of the prepared BWO, CN, and BWO/RGO/CN catalysts.
The spectral pattern of BWO (Fig. 6a) exhibits the typical absorption bands at 400-800 cm™,
which correspond to W—O and Bi—O stretching vibrations and W—O-W bending vibrations
[45,46]. For CN, various absorption peaks at 1200-1650 cm™ are assigned to the typical
stretching modes of C—N heterocycles [20]. The broad band of 3100-3300 cm™ belongs to the
stretching vibrational modes of residual uncondensed amino (N-H) fragments, and the
characteristic absorption band at 806 cm™ is attributed to the typical bending vibrations of s-
triazine species [27]. Compared with that of CN, in BWO/RGO/CN heterojunctions the main
characteristic FT-IR band at 806 cm is shifted to lower wavenumber (Fig. 6b), indicating that
the conjugated system of CN was slightly weakened and that strong interfacial interactions
developed among CN, BWO, and RGO in the resulting BWO/RGO/CN catalysts [27,47].

TGA was conducted under N2 atmosphere to verify the contents of BWO in the prepared
BWO/RGO/CN heterojunctions, and the results are displayed in Fig. S6. TGA plot of BWO
unveiled a total weight loss of about 2.5% in the temperature range from 25 to 800 °C, due to
the elimination of surface-bound water molecules [47,48]. For CN, the weight loss region from
550 to 730 °C originates from the combustion of g-C3N4[24]. The weight loss regions observed
for CN and BWO could be noticed in all BWO/RGO/CN catalysts. Nevertheless, the content

of BWO in the BWO/RGO/CN samples can be simply estimated from the remaining weight
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after heating to 800 °C. Thus, the weight percentages of BWO were found to be 3.2, 7.8, 12.15,

and 18.21%, for BRC-5, BRC-10, BRC-15, and BRC-20, respectively.

Photocatalytic performance

The photocatalytic activities over the constructed 2D/2D/2D BWO/RGO/CN heterojunctions
for CO2 reduction were evaluated with reference to binary and pure catalysts, under visible-
light using high-purity CO- and water vapor. Carbon monoxide was the direct and main product
generated from the CO> photoreduction process, and H» and O2 were produced from the water
(vapor) reduction reaction. Besides, CHs was also detected as a minor carbonaceous product
but only for the BWO/RGO/CN heterojunctions. In controlled experiments in the absence of
catalyst or in the dark, no products (carbonaceous or not) were detected, confirming that both
the catalyst and light are necessary for the photocatalytic reactions. Moreover, controlled
experiments (without water vapor or with only N> and water vapor) further illustrated that CO
and CHgs are solely generated through the reduction of CO> with water vapor over the catalysts
under visible light.

Figures 7a and 7b plots the evolutions of CO and CH4 with irradiation time using different
catalysts under visible light irradiation. The basic material CN showed only minimal
production of CO with a total yield of 0.26 umol for 5 h, because of the fast recombination of
photoinduced electrons and holes in it. Due to its appropriate band edge positions for both
water oxidation and reduction processes, CN also produced notable amounts of Hz and O> by
water (vapor) splitting (Figs. 7c and 7d). As expected, BWO showed negligible amounts of
products from either CO> or water reduction, certainly due to its small conduction band (CB)
potential (+0.20 eV, determined by the valence band (VB) XPS studies discussed later) that is
insufficient to drive either CO> reduction (E(CO2/CO) = —0.53 eV, and E(CO2/CH4) = —0.24
eV vs NHE at pH 7), and water reduction (E(H*/H2) = —0.41 eV vs NHE at pH 7) reactions

[15]. However, the introduction of BWO on CN greatly enhanced the CO. reduction activity
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to reach a CO evolution rate of 1.57 pmol for 5 h. This enhanced performance of BWO/RGO
might be due to the charge transfer between CN and BWO, which can suppress the
recombination of photoinduced charge carriers. Meanwhile, RGO/CN also showed improved
photocatalytic activity with a total CO yield of 1.05 umol for 5 h, implying that CN
hybridization with RGO has significant impact on the CO- photoreduction performance.

More remarkably, after introducing BWO on RGO/CN, the resulting 2D/2D/2D
BWO/RGO/CN hybrid heterojunctions displayed substantially enhanced CO, photoreduction
activities for the evolution of not only CO but also CHa as an additional solar fuel. As displayed
in Fig. 8a, the rate of CO evolution increased with increasing BWO amount in the
heterojunctions, attaining a highest CO production rate of 15.96 umol h* g~* for BRC-15 (with
1 wt. % RGO and 15 wt. % BWO), representing an outstanding 15-fold enhancement over the
base material CN, and 2.5- and 3.8-fold enhancements against binary BWO/CN and RGO/CN
hybrid heterojunctions, respectively. Moreover, BRC-15 showed the highest CH4 production
rate (2.51 pmol h™t g1) among all BWO/RGO/CN heterojunctions, evidencing its notable
selectivity of 92% for CO+CHys against Ho. Apart from the high CO> reduction activity for
carbonaceous products, BRC-15 also showed obvious improvement in the production of H>
and O (Figs. 7c and 7d). Importantly, the total amount of O generated on all the heterojunction
catalysts was correlated with the total amount of reduction products according to the
stoichiometry of the corresponding redox reactions, CH4 (8e7), O2 (4e7), H2 (2e7), and CO (2¢").
Nevertheless, when the BWO content in BWO/RGO/CN is increased beyond its optimum level
(15 wt. %), a decline in the CO2 reduction performance was noticed, presumably because the
excess BWO may (1) cover the active sites on the surface of CN and (2) cause self-
agglomeration, leading to decreased density of BWO/CN and BWO/RGO heterojunctions.
Therefore, the amount of BWO is a key factor for optimizing the photocatalytic performance

of BWO/RGO/CN heterojunctions.
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The effect of surface area on the photocatalytic CO2 reduction performance of
BWO/RGO/CN heterojunctions was also studied, and the results are shown in Fig. S7. The
specific surface area (Sger) of CN is about 96.3 m?/g, which is far superior to that observed for
BWO (18.5 m?/g). In contrast to the CO, photoreduction activities, the Sger of BWO/RGO/CN
heterojunctions decreased gradually with increasing BWO content. However, CO> adsorption
properties of these heterojunctions are quite different from their specific surface areas, but well
consistent with the CO. photoreduction activity results. As shown in Fig. S8, all the
BWO/RGO/CN heterojunctions displayed relatively higher CO, adsorption capacities than
those of CN and BWO, which will be beneficial for photoreduction of CO2. The maximum
CO2 adsorption values at atmosphere pressure and 298 K are 0.18, 0.12, and 0.23 mmol g for
CN, BWO, and BRC-15, respectively. The enhanced CO adsorption on composite
photocatalysts is due to the delocalized n-conjugated binding of CO2 molecules and a large -
conjugated structure of RGO establishing the unique m—m conjugation interaction [49,50].
Therefore, enhanced CO- availability on photocatalyst surface significantly contribute to
efficient CO. reduction. Besides, to investigate the role of the heterojunctions, the
photocatalytic CO. reduction test was also carried out for a mechanical mixture of BWO, RGO
(1 wt. %), and CN (15 wt. %) termed BRC-15 PM. According to the results displayed in Fig.
8a, the mechanical mixture produced much less products compared to BRC-15 as well as other
BWO/RGO/CN heterojunctions constructed by two-step hydrothermal method. Hence, the
loose heterojunctions in BRC-15 PM are insufficient to improve the CO2 photoreduction
activities, while the synergy among the components of the 2D/2D/2D BWO/RGO/CN hybrid
heterojunctions was mainly responsible for the extraordinary photocatalytic CO> activities.

The performance of the present BWO/RGO/CN heterojunctions in CO. photoreduction was
further compared with other photocatalytic systems. The first comparison was made with

commercial P25 catalyst under identical experimental conditions. However, P25 exhibited

16



rather poor CO2 reduction activity (Fig. 8a) owing to its UV-only light absorption and
unmatched CB potential to drive the CO2 reduction effectively [43]. More importantly, the CO
evolution over BRC-15 is also superior to various g-CsNs-based and other photocatalytic
systems reported previously [28,51-58]. Moreover, the AQY of BRC-15 at 400 nm is 0.75%,
which is also higher than the other state-of-the-art CO2 photoreduction catalyst systems [27,
59-62].

The present 2D/2D/2D BWO/RGO/CN hybrid heterojunctions was also evaluated for Hy
evolution under visible light. No H. evolution was noticed in the absence of either light
illumination or catalyst, indicating that H is only generated from photocatalytic reaction. As
displayed in Fig. S9, the amount of H evolution over CN was 18.12 pumol for 4 h. After the
introduction of either RGO or BWO on the surface of CN to form RGO/CN or BWO/CN, the
H> production increased significantly. Importantly, all the 2D/2D/2D BWO/RGO/CN
heterojunctions exhibited far superior photocatalytic H> production compared to CN, P25,
RGO/CN, and BWO/CN catalysts. The highest H yield (185 umol for 4 h) was observed for
BRC-15, being almost 10.2-, 3.8-, and 2.1-times superior to those for CN, RGO/CN, and
BWOI/CN, respectively. The general trend in H. evolution is similar to that for CO;
photoreduction activities, except that BRC-20 achieved higher activity here than BRC-10.
These results clearly demonstrated that the 2D/2D/2D BWO/RGO/CN hybrid heterojunctions
are promising visible-light-driven catalysts for generating solar fuels from not only CO>
reduction but also water splitting.

To investigate the stability and recycling capability of the BWO/RGO/CN heterojunctions,
four successive experimental runs were conducted using BRC-15 as a representative for the
reduction of CO2 to CO and CH4. As can be seen in Fig. 8b, BRC-15 retains its notable activity
after four cycles under identical conditions with no significant deactivation toward CO and

CHys evolution. Moreover, XRD and FT-IR analyses (Figs. S10a and S10b) clearly confirmed
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that the phase and chemical structures of BRC-15 did not change significantly during the
prolonged reaction. Based on these experimental outcomes, it can be concluded that the
constructed 2D/2D/2D BWO/RGO/CN heterojunctions are highly stable candidates for
practical application in generating solar fuels.

Photocatalytic mechanism

The remarkably high photocatalytic performance of the BWO/RGO/CN heterojunctions can
be primarily ascribed to their notable 2D/2D/2D configuration, together with other favorable
characteristics. In general, the strong optical absorption, high specific surface area, and rapid
separation and transfer efficiency of photoinduced charge carriers help to improve the catalytic
activity. Nevertheless, in the present case, the specific surface area is ruled out as a factor since
it does not affect the CO> photoreduction of BWO/RGO/CN heterojunctions as discussed
earlier. The DRS results reveal that introducing RGO on CN remarkably improves the optical
absorption, whereas no obvious change in light absorption was observed after adding BWO.
Although the final BWO/RGO/CN heterojunctions possess strong light absorption in the
visible region, this alone cannot account for their remarkable photocatalytic performance.

In order to explain how the interfacial charge transfer among RGO, BWO, and CN leads
to the remarkable photocatalytic performance of the BWO/RGO/CN heterojunction system,
PL spectral studies were conducted. As is well known, the intensity of the PL emission peak is
positively correlated with the recombination probability of the photoexcited charge carriers
[63]. Figure 9a displays the PL spectra of CN, RGO/CN, BWO/CN, and BWO/RGO/CN
catalysts. CN showed the strongest PL emission band at 460 nm, which indicates the rapid
charge recombination in it. The addition of RGO on CN appreciably diminished the PL
emission intensity due to strong electron shuttling from CN to RGO at their interface, hindering
the direct recombination of charge carriers. It is clear in Fig. 9a that BWO/CN displayed an

appreciable decrease in the PL emission intensity compared to CN, perhaps due to charge
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transfer between CN and BWO through Z-scheme, which facilitates the separation of charge
carriers. Compared to CN and binary catalysts of RGO/CN and BWO/CN, a substantial
quenching in PL emission intensity was observed for the BWO/RGO/CN heterojunctions, and
the trend in PL quenching was in good agreement with the photocatalytic activity results. This
drastic depletion of PL emission signals in the BWO/RGO/CN heterojunctions perhaps
originated from the joint promotion of charge transfer by RGO and BWO, as mentioned above.
Besides, the TEM and XPS results also show that RGO has strong interactions with both CN
and BWO, which can, therefore, justify its dual action as a supporter to capture the electrons
from CN and as a redox mediator to promote the Z-scheme charge transfer between CN and
BWO. In addition, the relatively higher PL emission signal of BRC-20 compared to BRC-15
further elucidates the effect of BWO content in the BWO/RGO/CN heterojunctions in
facilitating charge separation.

Furthermore, time-resolved PL studies were applied to better understand the roles of interface
on the dynamics of the photoinduced charge carriers. In Fig. 9b, a “biexponential” function

was used to fit the decay curves as follows [41].

-t

Fit = A+ Ble(ﬁ) + Bze(;_zt)
Where A is an exponential constant and ¢ is time. The shorter decay lifetime (1) is attributed
to the non-radiative relaxation process, and the longer decay lifetime (1) comes from the
radiative process which is related to the direct recombination of photoinduced charge carriers.
B1 and B2 are constants related to non-radiative and radiative relaxation processes, respectively.
The average charge carrier lifetime (1) was estimated from the equation as follows:

Bt + B,t3
T=——"=
BlTl + Bsz

Table S2 lists the fitted parameters of the time-resolved PL decay spectra of CN, RGO/CN,

BWO/CN, and BRC-15. The parameter ()¢) indicates the goodness of fit, and it is close to 1 for
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all four catalysts. BRC-15 showed a charge carrier lifetime of 10.07 ns, which is clearly higher
than RGO/CN (4.80 ns) and BWO/CN (5.93 ns), and much higher than CN (2.52 ns). This
shows that the formation of large intimate interfaces in the BWO/RGO/CN heterojunctions
slows down the charge carrier recombination, owing to the electric field associated with the
heterojunction. In particular, the electrons and holes were separated by the Z-scheme, which
resulted in decreased PL intensity and increased lifetime of charge carriers in the
BWO/RGO/CN heterojunctions. Combined with the UV-vis DRS, XPS, and FT-IR findings,
the PL results further evidenced the formation of strong interface heterojunction with Z-scheme
separation, which could contribute to the suppression of charge recombination and efficient
charge transfer. As a result, higher activities in the CO2 and water photoreduction were
achieved.

To give additional evidence to the exceptional charge separation in the BWO/RGO/CN
heterojunctions, transient photocurrent analysis was carried out. Figure 10 depicts the
photocurrent responses of the BWO/RGO/CN heterojunctions using CN, BWO, RGO/CN, and
BWO/CN as references, during five on-off cycles of intermittent light illumination. All the
catalysts displayed prompt and reproducible photocurrent responses for each irradiation period,
and the photocurrent dropped instantly in the dark and recovered once the light was on. Notably,
all the BWO/RGO/CN heterojunctions displayed better photocurrent responses than those of
CN, BWO, and binary (BWO/CN and RGO/CN) catalysts. Hence, there is greater separation
of the photoinduced charge carriers in BWO/RGO/CN heterojunctions, a result of their
exceptional 2D/2D/2D configuration that facilitates intimate interfacial contact among the
constituent BWO, RGO, and CN. Moreover, compared to BWO/CN, BRC-15 exhibited strong
photocurrent response under visible light, further proving our assumption about the dual roles

of RGO in the BWO/RGO/CN heterojunctions, namely as a redox mediator and as a supporter
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to facilitate charge separation. These results are well consistent with the PL and photocatalytic
results.

Thus, the photocurrent response and PL experimental data constitute sufficient evidence for
the dual function of RGO and the intimate interfacial contact among BWO, RGO, and CN
owing to the 2D/2D/2D configuration, where the photoexcited charge carriers could be
efficiently separated. This explains the extraordinary photocatalytic performance of the
BWO/RGO/CN heterojunctions.

It is generally accepted that charge separation in composite catalysts is associated with the
band alignment-prompted charge transfer at the interfaces of the constituent materials [27,
63,64]. In this work, VB-XPS analysis was conducted to determine the band edge positions of
CN and BWO, and the results are displayed in Fig. 11. The VB edge potentials of CN and
BWO were estimated to be approximately +1.35 and +3.02 eV, respectively, which are in good
accordance with previous reports [27,36]. The CB edge potentials calculated from the band-
gap energies of CN (2.65 eV) and BWO (2.82 eV) were -1.30 and +0.20 eV, respectively. To
further verify these band-edge potentials of CN and BWO, Mott-Schottky measurements were
conducted (Fig. S11). The slopes of the curves are positive for both CN and BWO, indicating
their n-type semiconductor nature [65]. From the Mott—Schottky plots, the flat-band potentials
were estimated to be —1.28 and +0.19 eV (vs NHE at pH 7) for CN and BWO, respectively. In
n-type semiconductors, the flat-band potential is an approximation of the potential of the CB
[66]. Therefore, the CB potentials of CN and BWO obtained from the Mott-Schottky
measurements are well consistent with the estimated CB values from VB-XPS analysis. Based
on the results from VB-XPS and Mott-Schottky plots, the CB potential of CN is clearly more
negative than the CB of BWO, whereas the VB of CN is less positive than the VB for BWO.
Nevertheless, the transfer directions of the photoexcited electrons and holes in the system

remain unclear, since both double-transfer and Z-scheme transfer modes are possible for the
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above-mentioned band edge positions. In previous reports [28,36,45,67], both transfer modes
have been proposed for the g-CsN4/Bi2WOe system in various photocatalytic applications. For
the present BWO/RGO/CN heterojunctions, in the double-transfer mode the photoreduction
process would proceed on the CB of BWO, and photooxidation reaction on the VB of CN. This
can be verified by measuring the production rate of hydroxyl radicals ("lOH) using the
terephthalic acid PL probing technique. As expected, CN showed poor PL emission intensities
(Fig. S12a), because of the VB potential of CN is much lower than the standard oxidation
potential of HO/"OH (+2.4 eV vs NHE) [68,69]. As shown in Fig. S12b, a significant increase
in the PL emission intensity with increasing irradiation time was observed, clearly
demonstrating that *OH were generated on the surface of the BRC-15 catalyst. Considering the
VB potentials of both CN (+1.35 eV) and BWO (+3.02 eV), only the photoinduced holes from
the VB of BWO are able to directly produce "OH. Therefore, this double-transfer mode does
not work in the present heterojunction system. Moreover, according to the photocatalytic
activity results, this double-transfer mechanism is impossible since the CB potential of BWO
(+0.20 V) is not sufficient to drive either CO> or water reduction reactions.

Based on the above findings and the remarkable performance of the BWO/RGO/CN
heterojunctions for CO reduction and Hz generation, an RGO-mediated Z-scheme charge
transfer mechanism is proposed. As illustrated in Fig. 12, both CN and BWO are excited to
generate electrons and holes under visible light, owing to their suitable band-gap energies for
absorbing visible light. Due to the intimate interfaces existing among BWO, RGO, and CN,
the generated electrons in the CB of BWO quickly transfer to the VB of CN through RGO
redox mediator to combine with holes in the VB of CN, resulting in the accumulation of holes
in the VB of BWO and electrons in the CB of CN. In such a way, CN and BWO are mutually
activated as manifested by the efficient charge carrier separation. The accumulated electrons

in the CB of CN further transfer to the RGO through a percolation mechanism, due to the
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exceptional storage capacity and electron conductivity of RGO [29,70]. Meanwhile, the
gathered holes in the VB of BWO can oxidize the chemisorbed water molecules to produce O>
and protons. Due to their delocalized w-conjugated binding 113, CO2 molecules can easily
adsorb onto the surface of RGO through ©-n conjugation interactions and become destabilized
(i.e. activated) [23,71]. The assembled electrons on the surface of RGO can easily reduce these
activated CO2 molecules to produce CO;" radicals, which subsequently generate CO, CHa, and
H> with the assistance of protons. It is well known that the formation of CO from CO:
photoreduction is thermodynamically more favored compared to the formation of CH4, because
the former needs only 2e /2H" whereas the latter requires 8¢ /8H". This is the reason why only
CO and H. were generated by the CN, RGO/CN, and BWO/CN catalysts. In contrast,
introducing both RGO and BWO on the CN substantially decreases the direct recombination
of photoinduced electrons and holes, resulting in increased electron density on the surface of
RGO. As a result, CHa is evolved in addition to CO on the BWO/RGO/CN heterojunctions. In
the case of Hz generation, the enriched electrons on the RGO surface effectively generate Ho,
and holes on the VB of BWO can react with triethanolamine (TEOA) to suppress the charge
recombination. The main steps involved in the CO2 photoreduction and H2 evolution processes

are summarized by the following equations.

BWO/RGO/CN + hv — BWO/RGO/CN (hyp + egp)
BWO/RGO/CN (h{z + egg) — RGO (e7) + BWO (hip)

BWO (h{g) + 2H,0 — 0, + 4H* + 4e~; E® = +0.82V

RGO (8e™) + 8H* + CO, — RGO + CH, + 2H,0; E° = —0.24V
RGO (2e™) + 2H* + CO, — RGO + CO + H,0; E® = —0.53V

RGO (2e7) 4+ 2H* — RGO + H,; E® = —0.41V
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BWO (h{p) + TEOA — BWO + TEOA*
Conclusions

In summary, BWO/RGO/CN hybrid heterojunctions with 2D/2D/2D configuration were
successfully fabricated by a two-step hydrothermal route. The 2D/2D/2D architecture was
confirmed to have large interfaces between the constituent materials. Notably, upon visible
light irradiation, the BWO/RGO/CN heterojunctions exhibited excellent performance for the
evolution of CO and CHs4 from CO: reduction and Hx evolution from water reduction,
compared to the CN, BWO, P25, and binary BWO/CN and RGO/CN catalysts. More
interestingly, an efficient Z-scheme charge separation and transfer mechanism was proposed
where RGO plays dual roles as a supporter and a redox mediator for the high photocatalytic
performance of the BWO/RGO/CN heterojunctions. With their high stability in repeated
catalytic cycles, the present 2D/2D/2D BWO/RGO/CN heterojunctions are promising

candidate photocatalysts for the practical generation of solar fuels.
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Figure captions

Scheme 1. Schematic diagram for the synthesis process of BWO/RGO/CN 2D/2D/2D hybrid
heterojunctions by a two-step hydrothermal route.

Fig. 1. (a, b) XRD patterns of the prepared RGO, CN, BWO, BWO/CN, RGO/CN, and
BWO/RGO/CN catalysts.

Fig. 2. UV-vis DRS patterns of all the prepared samples.

Fig. 3. SEM images of (a) CN, (b) BWO, and (c, d) BRC-15 samples.

Fig. 4. (a, b) TEM and (c, d) HR-TEM images of the BRC-15 heterojunction sample. (e to j)
EDS elemental mappings of its constituent elements.

Fig. 5. XPS profiles of CN, BWO, and BRC-15 catalysts. (a) Survey spectral patterns, (b) O
1s, (c) C 1s, (d) N 1s, (e) Bi 4f, and (f) W 4f spectra.

Fig. 6. (@) FT-IR and (b) magnified FT-IR profiles of the prepared CN, BWO, and
BWO/RGO/CN heterojunction catalysts.

Fig. 7. Time-dependent (a) CO, (b) CHa, (c) Hz, and (d) O, amounts generated over all the
synthesized photocatalysts (conditions: 300 W xenon lamp with a UV cut-off filter (A > 420
nm) as light source and 50 mg catalyst).

Fig. 8. (a) Comparison of the photocatalytic CO, CH4, Hz, and O2 production rates of all the
synthesized photocatalysts under visible light illumination for 5h. (b) Reusability of the
optimum BRC-15 catalyst for evolving CO and CH4 from CO: photoreduction over four
successive experimental runs.

Fig. 9. (a) Steady-state PL spectra of CN, BWO/CN, RGO/CN, and BWO/RGO/CN catalysts.
(b) Time-resolved PL profiles of CN, BWO/CN, RGO/CN, and BRC-15 catalysts.

Fig. 10. Photocurrent responses of CN, BWO, BWO/CN, RGO/CN, and BWO/RGO/CN
heterojunction catalysts.

Fig. 11. Valance band XPS profiles of CN and BWO catalysts.
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Fig. 12. Schematic illustration of the proposed mechanism for CO2 photoreduction in the

BWO/RGO/CN 2D/2D/2D hybrid heterojunctions.
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Fig. 3. SEM images of (a) CN, (b) BWO, and (c, d) BRC-15 samples.
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Fig. 4. (a, b) TEM and (c, d) HR-TEM images of the BRC-15 heterojunction sample. (e to j)

EDS elemental mappings of its constituent elements.
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Fig. 7. Time-dependent (a) CO, (b) CHa, (c) Hz, and (d) O, amounts generated over all the
synthesized photocatalysts (conditions: 300 W xenon lamp with a UV cut-off filter (A > 420

nm) as light source and 50 mg catalyst).
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Fig. 12. Schematic illustration of the proposed mechanism for CO, photoreduction in the
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44



