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CO, conversion into value-added fuels has been considered as
a promising solution to solve environmental problems and energy
crises. However, the efficiency of photocatalytic CO, conversion is
low. In addition, infrared light in the solar spectrum is not utilized
properly in most traditional photocatalytic reactions. Thus, the search
for photocatalysts that exploit the wide solar spectrum to achieve an
efficient water-based CO, conversion performance is still highly
challenging. Herein, we construct a WN-WO3; Z-scheme hetero-
structure to exploit the wide solar spectrum for efficient CO,—H,0
conversion into fuels (Hy, CO, and CH,) without any sacrificial agents.
After 5 h irradiation, the yields of H,, CO, and CH,4 are 3.0, 1.4, and 1.9
times higher than that of WN, respectively. The activity improvement is
ascribed to the direct Z-scheme mechanism of the WN-WOg3 heter-
ostructure under ultraviolet-visible illumination. In addition, the
infrared light in sunlight is also utilized by the WN-WOs3 hetero-
structure to generate heat via photo-to-thermal conversion, which
further accelerates such a conversion reaction. This work offers
a unique perspective for designing transition metal nitride/oxide het-
erostructures and paves a new way to boost the CO,-to-fuel
conversion performance.

The solar-driven conversion of CO, into useful hydrocarbon
fuels offers a sustainable way for solving environmental prob-
lems and energy crises.'” Extensive research efforts have been
made to explore suitable semiconductor materials as efficient
photocatalysts for CO, conversion.*** In particular, a variety of
well-designed heterostructures have been designed to improve
photoactivity via accelerating the charge-carrier separation.'**®
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However, the kinetic limitations of multiple e /h* transfer
processes and the thermodynamically stable CO, molecules
lead to low efficiency of photocatalytic CO, conversion, thus
restricting its practical applications.”?" Thus, to further
improve the efficiency, photothermal CO, conversion has been
explored as a promising strategy due to the high efficiency of
photo-to-heat conversion.*** However, H, is often required for
most photothermal conversion methods. Currently, approxi-
mately 95% of total H, is obtained from the steam reforming of
natural gas accompanied with unwanted CO, emissions. A new
research trend in this field is to directly utilize hydrogen atoms
generated from water splitting as hydrogen resources for CO,
conversion.”*?® Nevertheless, most previously reported studies
have been performed under harsh conditions (e.g., external
heating, high pressure, and UV illumination). Recently, the
photothermal effect of carbon-based materials has been re-
ported to promote photocatalytic CO, conversion.>*' For
instance, Wang et al. demonstrated the remarkable photo-
thermal effect of graphene on photocatalytic CO, reduction.
However, the photothermal effect of other non-carbon-based
materials on photocatalytic CO, conversion has been rarely
studied. In addition, ultraviolet-visible light is mainly used in
traditional photothermal reactions, while the infrared light in
the solar spectrum is not utilized completely.*” Therefore, there
is an urgent need to look for photocatalysts that can exploit the
wide solar spectrum to achieve an efficient water-based CO,
conversion performance in the absence of sacrificial agents
under mild conditions.

Semiconducting nitrides are a promising class of inorganic
materials for solar energy conversion applications as they have
better solar absorption and electrical transport properties than
the more widely studied oxides.**?** The construction of
Z-scheme semiconductor-based heterostructures represents
a powerful strategy to enhance the efficiency of photocatalysis-
based reactions.**** However, semiconducting nitride-based
Z-scheme heterostructures for CO, conversion, especially in
combination with the thermal effect, still remain untouched.
Thus, the rational design of metal nitride-based Z-scheme
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heterostructures for an efficient CO, conversion performance is
highly desirable.

Herein, we report the synthesis of a WN-WO; Z-scheme
heterostructure by the in situ partial thermal oxidation of WN
(Fig. 1a). WN was partially in situ converted into WO; on the
surface, allowing the construction of a Z-scheme photocatalyst.
The WN-WO; Z-scheme heterostructure exploited the wide
solar spectrum to achieve outstanding activity for the photo-
thermally assisted photocatalytic conversion of CO,-H,O into
fuels (H,, CO, and CH,) without external sacrificial agents
(Fig. 1b). The superior performance of WN-WO; was attributed
to the direct Z-scheme photocatalytic mechanism. Meanwhile,
as the main component of the WN-WO; heterostructure, WN
could absorb almost the whole spectrum of solar light because
of its narrow band gap. Although the absorbed sunlight could
not be directly used to produce active electrons or holes for the
photocatalytic reaction, it could increase the temperature of the
WN-WO; heterostructure to create a local photothermal effect.
The local photothermal effect is beneficial for accelerating the
reactant adsorption-desorption and charge carrier migration
on the WN-WO; heterostructure, thus enhancing the efficiency
of photocatalytic CO, conversion.

WN nanorods were synthesized via the complete nitridation
of WO; (ESI{).*® The scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images in Fig. S17
reveal that WN preserves the nanorod-like morphology of WO,.
The lattice fringe of 0.24 nm in Fig. S1bt is indexed to the WN
(111) plane. Then, the heterostructure was in situ formed by the
partial thermal oxidation of WN. The SEM and TEM images
show that the product still preserves the nanorod-like
morphology after oxidation treatment (Fig. 2a and inset in
Fig. 2b). Differing from initial WN, some amorphous regions
were observed in the high-resolution TEM (HRTEM) image
(noted by blue circles in Fig. 2b) after the oxidation treatment.
As a result, the intensities of the WN (JCPDS no. 65-2898)
diffraction peaks in the XRD patterns decreased after the
oxidation treatment (Fig. 2c), suggesting a decrease in the WN
content and an increase in the amorphous regions.** To confirm
the components of amorphous regions, the products were
further crystallized in an Ar atmosphere at 500 °C (denoted as
Cryst). As shown in Fig. 2c, the additional XRD peaks of the
sample after crystallization can be attributed to WO; (JCPDS no.
46-1096), revealing that the initial amorphous component is

Fig. 1 (a) Scheme illustrating the synthetic process of the WN-WOs3
heterostructure. (b) Z-scheme diagram of Pd-loaded WN-WO3 het-
erostructure for CO,—H,O conversion.
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Fig. 2 (a) SEM and (b) HRTEM (inset: TEM) images of WN-WOs. (c)
XRD patterns of WN (black), WN-WOs (red) and crystallized WN-WO3
(blue). (d) HRTEM image of crystallized WN-WOs. (e and f) XPS spectra
of W 4f and N 1s for WN and WN-WO-.

WO;.* Moreover, the lattice fringe of 0.37 nm, indexed to the
WO; (200) plane, is observed in the HRTEM image of the crys-
tallized sample (Fig. 2d). Thus, the WN-WO; heterostructure is
successfully obtained via the thermal oxidation treatment. The
CO, chemical adsorption capacities of WN and the WN-WO;
heterostructure were investigated by CO, temperature-
programmed desorption (CO,-TPD). In Fig. S2a,t there are
two types of desorption peaks, which represent weak CO,
adsorption (peak I, 60-100 °C) and strong CO, adsorption (peak
11, 300-500 °C), respectively. Compared with the observation for
WN, the II peaks of WN-WO; shifted to a higher temperature,
suggesting stronger CO, adsorption.*® Meanwhile, as shown in
Table S1, the amount of strong CO, adsorption is largely
enhanced in the WN-WO; heterostructure. The amount of weak
CO, adsorption (peak I) was very small and could be ignored.
Therefore, it could be proposed that the WN-WO; hetero-
structure exhibited better CO, chemical adsorption capacity.
Fig. S2bt shows the water vapor adsorption/desorption
isotherms of WN and the WN-WO; heterostructure.
Compared with the observation for WN, the adsorption capacity
of WN-WO; to water vapor decreased. This resulted from the
formation of WO;, whose adsorption capacity to water vapor
was poor. X-ray photoelectron spectroscopy (XPS) was carried
out to analyze the chemical components of WN and the WN-
WO; heterostructure. The survey spectra (Fig. S31) show a weak
O 1s peak for WN due to the inevitable exposure to air before
XPS measurements;**® in contrast, fresh WN was used for the
photocatalytic tests. In the W 4f spectra (Fig. 2e), two

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9ta10629d

Published on 02 December 2019. Downloaded on 1/2/2020 7:17:06 PM.

Communication

characteristic peaks of the W-N bond are located at 33.5 and
35.1 eV.** Besides, the peaks at 35.9 and 37.8 eV are attributed to
the W-O bond.* It is straightforward that the intensity of the
W-0 bond increases after the oxidation treatment due to the
increased oxide content. As a result, the intensity of the W-N
bond is reduced. As shown for the N 1s spectra in Fig. 2f, the
characteristic peak of the N-W bond is located at 397.4 eV for
WN.*® Compared with WN, WN-WO; shows another peak at
401.7 eV, which is associated with the N atoms at the tetrahedral
interstitial sites.* In addition, the N-O bond was not observed
in WN-WO;. Thus, the WN-WO; heterostructure rather than
oxygen-doped WN was obtained. More importantly, the in situ-
formed WO; could maintain excellent mechanical and electrical
interconnection with neighboring WN, which favored the
formation of a junction between the two semiconductors and
facilitated photo-induced charge-carrier separation and migra-
tion during photocatalysis.

CO,-H,O0 conversion was performed in a home-made sealed
reaction chamber. Fig. 3a shows the CO, reduction yields for the
Pd-loaded WN-WO; heterostructure after 5 h irradiation. XPS
analysis demonstrated that the Pd element was present in the
form of metallic palladium (Fig. S4t). In addition, the actual
content of Pd was 0.93%. As control samples, Pd-loaded WN
and WO; were also tested. The CO, reduction yields of H,, CO,
and CH, for WN were 605.2 + 7.8, 52.7 + 1.4, and 107.5 + 3.2
umol g, respectively. Compared with WN, WN-WO; exhibited
a better performance. The yields of H,, CO, and CH, reached
1842.6 + 14.1,75.8 & 1.4, and 202.7 & 3.8 umol g~ !, which were
3.0, 1.4, and 1.9 times that of WN, respectively. The formation
rates of H,, CO, and CH, for WN-WO; reached 368.5 + 2.8, 15.2
+ 0.3, and 40.6 + 0.7 umol h™* g7, respectively (Fig. 3b). In
general, the total consumed electron number (TCEN) for CO,
conversion is often used to estimate CO, reduction efficiency
due to the complexity of the products. The TCEN of the WN-
WO; heterostructure was higher than that of CdS-WO;,"* N-
doped WO;_,,” and many other photocatalysts (Table S27).
To investigate the effect of Pd on the performance, we carried
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Fig. 3 (a) CO, conversion performance of WOz, WN, and WN-WO-
with Pd loading under simulated sunlight irradiation for 5 h. (b) The
WN-WO3 production of H,, CO and CH, as a function of time. (c) The
stability test of WN-WO3 heterostructure. (d) The results of mass
spectrometry in the 1*CO, isotopic tracer experiment.
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out CO, conversion experiments on as-prepared WN-WO; as
well as on the Pd-loaded WN-WO; heterostructure (Fig. S51).
For both samples, the major products observed were H,, CO,
and CH,. It was seen that the yields of H,, CO, and CH,
increased from 500.9, 64.3, and 112.7 umol g’1 over the WN-
WO; heterostructure to 2113.1, 78.4, and 213.5 umol g~* over
the Pd-loaded WN-WO; heterostructure. Thus, Pd nano-
particles as co-catalysts not only enhanced the photocatalytic
efficiency of CO, conversion but also increased the selectivity of
CH,. To demonstrate the overall photocatalytic mechanism, the
evolution rate of oxygen as the oxidation product was measured
(Fig. S67). The result displayed in Fig. S61 shows that the elec-
trons from water oxidation are almost comparable to the
consumed electrons for the reduction reaction on both WN and
WN-WO;. This result clearly demonstrated that H,O acted as an
electron donor in the whole photocatalytic process.** To eval-
uate the stability, WN-WO; was repeatedly used for 5 cycles,
and no obvious deactivation was observed (Fig. 3c). In addition,
the good morphological and structural stabilities of WN-WO,
were confirmed by the SEM, XRD, and XPS results obtained after
long-term photocatalytic tests (Fig. S7 and S8%), thus confirming
the good stability of the WN-WO; heterostructure. The *CO,
isotopic tracer experiments (Fig. 3d) demonstrated that the
carbon atoms of the produced CO and CH, stemmed from the
CO, feedstock. Additionally, in situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) analysis (Fig. S9t)
demonstrated that these adsorbed CO, and H,O were converted
into carbonate, HCOO, HCHO, and CH;O before their trans-
formation into CO and CH, under UV light irradiation.®

To demonstrate the effect of light intensity on activity, we
tested the CO,-H,O reduction performance of the Pd-loaded
WN-WO; heterostructure under simulated sunlight irradia-
tion with different intensities (Fig. S10t). With the light inten-
sity increasing, the yield of H, increased from 1.1 mmol g*
(light intensity: 200 mW ¢m~?) to 13.3 mmol g~ * (light intensity:
800 mW cm ™). In addition, the yields of CO and CH, increased
from 69.7 and 84.7 umol g~ * (light intensity: 200 mW c¢cm™2) to
681.5 and 670.1 umol g ' (light intensity: 800 mW cm™?),
respectively. Thus, the rate of H,, CO, and CH, formation
increased with the intensity of light. In addition, the selectiv-
ities for CH, and CO were the best at 400 and 800 mW cm 2,
respectively.

In order to study the effect of the different wavelengths of
light on the catalytic process, we measured the transient
photocurrent response of the Pd-loaded WN-WO; hetero-
structure under ultraviolet, visible, and infrared light irradia-
tion (Fig. 4a). The intensity of all three lights was maintained at
0.4 W cm ™. Fig. 4a shows that there are obvious photocurrent
responses of the Pd-loaded WN-WO; heterostructure under
ultraviolet and visible light irradiation, whereas no obvious
photocurrent response can be observed under infrared light
irradiation. Meanwhile, the intensity of the photocurrent under
UV light irradiation was higher than that under visible light
irradiation. This revealed that both UV and visible lights could
produce photogenerated carriers on the surface of the Pd-
loaded WN-WO; heterostructure. In addition, the separation
efficiency of photogenerated carriers on the Pd-loaded WN-
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Fig. 4 (a) The transient photocurrent response of the Pd-loaded WN-
WO3 heterostructure under ultraviolet, visible and infrared light irra-
diation. (b) The CO,—-H,O conversion performance of the Pd-loaded
WN-WOs3 heterostructure under simulated sunlight and non-ultravi-
olet light irradiation for 5 h. (c) Infrared thermography images of the
Pd-loaded WN-WOz heterostructure under ultraviolet, visible and
infrared light irradiation. (d) The CO,—H,O reduction performances of
the Pd-loaded WN-WOs3 heterostructure at different temperatures. (e)
Performance comparison of the Pd-loaded WN-WOs hetero-
structures with different oxidation times.

WO; heterostructure under ultraviolet light was higher than
that under visible light. To further investigate the effect of UV
light on the performance, we compared the CO,-H,O conver-
sion performance of the Pd-loaded WN-WO; heterostructure
under simulated sunlight (wavelength: 200-1100 nm) and non-
ultraviolet light (wavelength: 420-1100 nm) irradiation (Fig. 4b).
The intensity of light was maintained at 0.4 W cm 2. Compared
with the observations for simulated sunlight irradiation, the
yields of H,, CO, and CH, declined under non-ultraviolet light.
Thus, the efficiency was also reduced under non-ultraviolet light
irradiation. To study the role of infrared light, we analyzed the
infrared thermal images of the Pd-loaded WN-WO; hetero-
structure under UV, visible, and IR light irradiation with the
same intensity (Fig. 4c). The temperatures of the Pd-loaded
WN-WO; heterostructure under UV, visible, and IR light irra-
diation reached 88.6, 94, and 107 °C, respectively. Thus, the IR
light contributed more to photo-to-thermal conversion. During
the performance test, the temperature of the Pd-loaded WN-
WO; heterostructure quickly reached 154 °C in 10 s under
simulated solar light irradiation (Fig. S111). We tested the CO,
reduction performances of the Pd-loaded WN-WO; hetero-
structure at different temperatures (Fig. 4d). The photocatalyst
was surrounded by circulating water in a jacketed reactor to
adjust the temperature. The actual temperature on the surface
of the photocatalyst was measured using an infrared camera.
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With the reaction temperature decreasing, the yields of H,, CO,
and CH, experienced remarkable reduction. The temperature-
dependent kinetic experiment on the photocatalytic CO,
conversion was carried out to further investigate the role of
heat.* The rate constant for the overall reaction could be esti-
mated using a pseudo-zero order model due to the dominant
electron consumption selectivity and linear increase in CH,
production. Fig. S12 presents the Arrhenius plot based on the
kinetic experiments by varying the reaction temperature (50, 75,
100 and 150 °C) on the photocatalyst surface. The apparent
activation energy value of the overall reaction over the Pd/WN-
WO; heterostructure was calculated to be 46.9 k] mol ™. This
result clearly explains that the elevation of surface temperature
has a positive effect on CO, conversion. It can be inferred that
the local photothermal effect will enhance the movement of gas
molecules and charge carriers, contributing to improved CO,
conversion efficiency. In addition, a series of control experi-
ments were carried out (Table S3t). The temperature of
a sample was varied by electric heating in the dark. No products
could be detected in the dark situation, indicating the photo-
catalytic nature of our conversion reaction. The results of the
control experiment in the Ar atmosphere further confirmed that
the carbon sources of evolved CO and CH, are from CO,
molecules. Thus, the CO,-H,O conversion reaction over the Pd-
loaded WN-WO; heterostructure was driven by the photo-
catalysis under ultraviolet-visible light and accelerated by the
photo-to-thermal conversion under infrared light. Fig. 4e
exhibits the performance of the Pd-loaded WN-WO; hetero-
structures with different oxidation times. WN-WO; obtained by
1 h oxidation treatment showed the best performance among
these catalysts. With the increase in the oxidation time, the
activity of the WN-WO; heterostructure decreased due to the
excessively thick oxide layer.

To reveal the reason for the enhanced CO, conversion
performance of the WN-WO; heterostructure, a series of
experiments were carried out. The band edge positions of WN
and WO; were determined by UV-vis-NIR diffuse reflectance
spectra (DRS) and ultraviolet photoelectron spectroscopy (UPS).
The band gap (E,) values of WN and WO, were calculated to be
1.9 and 2.4 eV, respectively (Fig. S13a and bt).>* Moreover, the
conduction band energy, E., of WN was estimated to be 4.03 eV
by UPS analysis. Thus, the conduction band (CB) and valence
band (VB) positions of WN were approximately —0.82 and
+1.08 V versus a normal hydrogen electrode (NHE), respec-
tively.>® Similarly, the CB and VB positions of WO; were deduced
at 0.63 and +3.03 V, respectively (Fig. S13c and df). By
combining these data, the corresponding band structure
diagram could be schemed and a staggered band alignment
heterostructure was constructed, as shown in Fig. 5a. To eluci-
date the interfacial charge migration in the WN-WO; hetero-
structure with the type-II or Z-scheme pathway, electron spin
resonance (ESR) analysis was performed.* In detail, the semi-
conductors with the VB potential higher than 2.4 V vs. NHE
could produce "OH radicals through the reaction of OH /H,O
with the photogenerated holes. Thus, no obvious "OH signal
was detected in WN due to the low VB potential (Fig. 5b).
Compared with WO;, WN-WO; showed a stronger DMPO-"OH

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) Schematic illustration of the charge-carrier migration
mechanism according to the type-Il and Z-scheme heterojunction for
the WN-WOs. (b) DMPO spin-trapping ESR spectra recorded for ‘OH
and (c) *O,~ under UV-vis light for WOz, WN, and WN-WOs3. (d) O 1s
and (e) N 1s XPS spectra of WN-WOs in the dark and UV-vis light
irradiation.

adduct signal with the relative intensities of 1:2:2:1, sug-
gesting that the photogenerated holes of WN-WO; accumulated
on the VB of WO;. Similarly, considering the fact that the CB
potential of WO; was more positive than the standard potential
of 0,/°0,~ (—0.33 Vvs. NHE), no obvious DMPO-'0,  (DMPO =
5,5-dimethyl-1-pyrroline N-oxide) signal was observed for WO;
(Fig. 5¢). The enhanced "0, signal for WN-WO; demonstrates
that the photogenerated electrons of the heterostructure accu-
mulate on the CB of WN, confirming the Z-scheme mechanism
with superior charge separation efficiency. To further validate
the Z-scheme mechanism, in situ irradiated XPS was carried out
(Fig. 5d and e).*”*® Under UV-vis light irradiation, the O 1s
and N 1s peaks showed positive (by 0.1 eV) and negative shifts
(by —0.2 eV), respectively, in comparison with those under
a dark condition. This implied that the electron density
decreased on WO; and increased on WN. Therefore, the pho-
togenerated electrons of WN-WO; migrated from WO; to WN,
following the proposed Z-scheme mechanism instead of a type-
II heterojunction mechanism. The transient photocurrent
response measurements (Fig. S147) directly indicated that WN-
WO; showed higher separation efficiency for the photo-
generated charge carriers compared with WN. Photo-
luminescence (PL) was used to explore the carrier separation of
WN and the WN-WO; heterostructure. The PL spectra of WN
and the WN-WOj; heterostructure in the wavelength range of

This journal is © The Royal Society of Chemistry 2019
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390-600 nm are shown in Fig. S15a.f Obviously, WN emitted
strong PL signals with peaks at 408, 432, and 459 nm.
Compared with the observation for WN, the PL signal intensity
of the WN-WO; heterostructure significantly decreased, indi-
cating a much lower recombination rate of photogenerated
electrons and holes. The PL results revealed that the WN-WO;
heterostructure showed higher photogenerated electron-hole
separation efficiency. The separation behaviors of the photo-
generated carriers were further confirmed by lifetime analysis
based on the fluorescence decay shown in Fig. S15b.f The
average lifetime of WN-WO; was longer than that of WN, sug-
gesting more effective separation and migration of the photo-
generated carriers in the WN-WO; heterostructure.* Thus, the
WN-WO; Z-scheme heterostructure exhibited a promising CO,
conversion performance.

Conclusions

In conclusion, we successfully synthesized a WN-WO; hetero-
structure as a direct Z-scheme catalyst that could exploit the wide
solar spectrum for the photothermally assisted photocatalytic
conversion of CO,-H,0. The Pd-loaded WN-WO; heterostructure
exhibited excellent activities for the conversion of CO,~H,O into
H, (368.5+ 2.8 umol h™* ¢~ "), CO (15.2 + 0.3 umol h ' g™ *), and
CH, (40.6 & 0.7 umol h™* g "), which were much higher than
those of WO; and WN. The activity improvement was ascribed to
the improved photoinduced carrier separation and migration
efficiency in the WN-WO; heterostructure due to the Z-scheme
charge transfer mode under stimulated sunlight irradiation.
Meanwhile, the conversion of CO,-H,0 into fuels could also be
facilitated by heat generated from the photo-to-thermal effect.
This work offers a stepping stone to design transition metal
nitride/oxide heterogeneous nanostructures and paves a new
avenue to boost the performance of photothermally assisted
photocatalysis for water splitting, CO,-to-fuel conversion, and
organic synthesis.
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