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The selectivity of the CO, photoreduction reaction in the presence of
water vapour can be modulated by the band structure of a g-CsN,4
photocatalyst. The major products obtained using bulk g-C3;N, with a
bandgap of 2.77 eV and g-C3N4 nanosheets with a bandgap of 2.97 eV
are acetaldehyde (CH3;CHO) and methane (CHy,), respectively.

Photocatalytic reduction of CO, to fuels using sunlight is an ideal
solution to the global warming and energy problems. In this
approach, the reduction of CO, can take place on the solid-liquid
interface or the solid-gas interface of semiconductor photocata-
lysts.'™ It is a complex reaction involving multiple-electron
transfers, leading to a mixture of products such as carbon
monoxide, organic compounds including formic acid (HCOOH),
formaldehyde (HCHO), methanol (CH;OH), methane (CH,) as
well as higher hydrocarbons. These organic compounds are fuels
with different energy densities, and they are also important
industrial chemicals. Concerning the practical use of these
compounds, it is essential to produce them to be as pure as
possible. This requires the development of photocatalysts with
high selectivity for a specific product. Unfortunately, little is
known about the crucial factors controlling the selectivity of the
photocatalytic CO, reduction. Revealing these crucial factors is
therefore important but it remains a great challenge.

For a single-component photocatalyst, there are many factors
that can affect its reaction selectivity. A previous study shows that
modifying the surface atomic structure of anatase TiO, micro-
spheres with dominant {001} facets by introducing fluorine can
sensitively change the adsorption capability towards azo dyes and
thus realize the selective decomposition of different dyes.*
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An example of the effect of changing the surface band structure
in modulating the preference of photocatalytic reduction and
oxidation is that the downward shift of the band edges of the
surface layer of anatase TiO, microspheres by introducing boron
can lead to switching of the preference towards photocatalytic
hydrogen and oxygen producing reactions from splitting water.’
These results strongly suggest that surface atomic structure and
band structure are the two important factors to be considered in
designing photocatalysts for specific reactions because they
intrinsically determine the adsorption of the reactant molecules
and the redox potentials of charge carriers in photocatalysts.

Photoreduction of CO, is usually conducted on transition
metal oxides and their derivatives (i.e., doped ones), though some
sulfides and phosphides have been explored as photocatalysts
for CO, reduction.” Graphitic-C3N, (g-C3N4) with a bandgap of
ca. 2.7 eV® has emerged as an attractive visible light photocatalyst
for photocatalytic hydrogen evolution,®™*® decomposition of
pollutants," ™ organic synthesis'* and optoelectronic conversion'®
because its high conduction band minimum favors the reduction
halfreaction. It is also used for CO, photoreduction or CO,
121 Moreover, a layered structure makes it easy to
tailor its band structure by controlling its thickness without chan-
ging the atomic structure. All these properties make g-C;N, a good
platform to study the effect of band structure on the selectivity of
CO, photoreduction.

In this work, two g-C;N, photocatalysts with different band
structures, namely, bulk g-C;N, and g-C;N, nanosheets with
bandgaps of 2.77 €V and of 2.97 eV (Fig. 1) were used to study
the effect of the band structure of photocatalysts on the selectivity
of the photoreduction of CO,. Bulk g-C;N, was synthesized
through the thermal condensation of dicyandiamide in air accord-
ing to a reported procedure.® The synthesis of the nanosheets was
conducted using a simple top-down strategy developed in our
previous study,”® namely the thermal oxidation etching of bulk
¢-C3N, in air. The resultant nanosheets have a very similar
geometric structure to their parent bulk g-C;N,. One distinctive
feature of the nanosheets obtained from the bulk is a 0.2 eV larger
bandgap associated with their small thickness of around 2 nm.

conversion.
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Fig. 1 Schematic of the generation of CH4 and CHzCHO on bulk g-C3N4
and a g-C3N4 nanosheets in the photoreduction of CO, in the presence of
water vapor.
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Fig. 2 Irradiation time-dependent generation of CH; and CHzCHO for
bulk g-CsN4 and g-CsN4 nanosheets in the photoreduction of CO, under
(A, B) UV-visible light and (C, D) visible light (4 > 400 nm).

The characteristics of the photoreduction reaction of CO, were
studied in a solid-gas reaction system containing the g-C;N,
photocatalyst, CO,, and water vapor. Fig. 2 shows the irradiation
time-dependent generation of products using the two g-C3N,
photocatalysts. In all cases, CH, and CH;CHO are the two major
carbon-hydrogen containing products. Under UV-visible light, the
nanosheets show a high selectivity toward the generation of CH,
(Fig. 2A) while the bulk g-C;N, has a preference toward the
production of CH;CHO (Fig. 2B). The generation rate of CH, with
the nanosheets is more than an order of magnitude higher than
that of the bulk g-C;N,. In contrast, the generation rate of CH;CHO
with the nanosheets is an order of magnitude lower than that of
bulk g-C;N,. Similar trends were also observed under visible light
(Fig. 2C and D), although the absolute generation rates of CH, and
CH;CHO for the nanosheets and bulk g-C;N, are much lower than
those under UV-visible light. These results clearly suggest that
2-C3N, photocatalysts with different band structures have different
effects on CO, photoreduction, which is independent of the
wavelength of light irradiation. Control experiments showed no
activity in generating CH, and CH;CHO in the absence of g-C;N, or
CO, or light irradiation. All these results indicate that g-C;N, is
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photocatalytically active in reducing CO, and its selectivity of the
photoreduction reactions is associated with its bandgap. On the
other hand, the competitive hydrogen production during the CO,
photoreduction was estimated as shown in Fig. S1 (ESIt). Under
UV-visible light the nanosheets give a hydrogen production rate
comparable to that of their CH, production. The nanosheets show
much higher hydrogen production rates than bulk g-C;N, under
both UV-visible light and visible light. This is largely because of the
advantageous band structure of the nanosheets and also the large
surface area.

Prior to an analysis of the origin of the reaction selectivity, it is
necessary to investigate the stability of g-C;N, photocatalysts in the
photoreduction of CO, in terms of their morphology, crystal
structure and chemical state. Fig. S2 (ESIT) shows scanning electron
microscopy images of two g-C;N, photocatalysts before and after the
reactions. Compared to the fluffy state of the nanosheets, bulk
¢-C3N, appears as particles of several micrometers width. No
detectable change was observed after the reactions. X-ray diffraction
(XRD) patterns (Fig. S3, ESIt) of these photocatalysts show two
characteristic peaks with the centers at around 13.1° and 27.3°,
which result from the inter-plane and intra-plane periodic stacking
units in g-C3N,, respectively. The unchanged XRD patterns after the
reactions suggest a good retention of the crystal structure of g-C3N,.

The chemical states of carbon and nitrogen of g-C;N, photo-
catalysts were investigated using X-ray photoelectron spectroscopy
(XPS). Fig. 3 compares the XPS spectra of C 1s and N 1s in bulk
2-C3N, before and after the reaction. Two major peaks of C 1s at
284.6 and 288.2 eV originate from adventitious carbon and C-(N);
(the main state of C in g-C5N,), respectively.>* In the spectra of N 1s,
two peaks at 398.6 and 400.3 eV are assigned to the nitrogen species
in the forms of N~(C), and N-(C),, respectively.>® The spectra of O 1s
show oxygen species adsorbed on g-C;N, with a binding energy of
inner core electrons at 532 eV. No binding energy shift or new peak
after the reaction is detected in the C 1s, N 1s and O 1s spectra.
The analysis of the chemical states of C, N and O of the nanosheets
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Fig. 3 Comparison of high resolution XPS spectra of C 1s, N 1s and O 1s of
bulk g-C3N4 (a) before and (b) after CO, photoreduction under UV-visible
light.
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also supports no binding energy shift and the absence of a new peak
(Fig. S4, ESIT). Overall, the chemical states of lattice carbon and
nitrogen in g-C;N, samples remain unchanged after the reactions.
These results together with the analysis from SEM and XRD suggest
a good stability of g-C;N, photocatalysts in CO, photoreduction.

According to the literature, three different mechanisms for the
conversion of CO, into methane on the semiconductor surface
have been proposed. These involve the production of three
different intermediates: formaldehyde, carbene and glyoxal.”
Considering the presence of CH;CHO in the final products, the
mechanism of photoreduction of CO, on g-C;N, photocatalysts
could follow the glyoxal pathway containing the dimerization
process (Fig. S5, ESIf).”> Since the completion of the glyoxal
pathway involves both the reduction and oxidation processes,
efficient transfer of photo-generated electrons and holes from
2-C;3N, to the reactants are essentially important for the produc-
tion of CH, as the product at the end of this pathway. Based on
the result that the major final product with bulk g-C;N, is
CH;CHO while the major final product with the nanosheets is
CH,, it is reasonably inferred that the oxidation of CH;CHO and
subsequent reduction process on bulk g-C;N, is limited. This
inference is further supported by the fact that bulk g-C;N,
produces a much lower amount of the CO byproduct in the
photoreduction of CO, than g-C;N, nanosheets.

Band structure is a crucial factor affecting CO, photoreduc-
tion. The pioneering work on the photoelectrocatalytic reduction
of CO, in aqueous solution by Inoue et al. showed a positive
dependence of the reactivity of CO, reduction on the energy level
difference between the conduction band of the semiconductor
and the redox agents in the solution by comparing a group of
semiconductors with different conduction band minima.' This
was explained by saying that a large energy level difference
increases charge carrier transfer rate between the photogenerated
carriers and the solution species. Recent progress>*® has shown
that wide-bandgap semiconductors with a high conduction band
level (more negative) give a high reactivity of CO, photoreduction,
which supports this hypothesis. In our case, compared to bulk
2-C;N,, the nanosheets have a larger bandgap by 0.2 eV as a result
of a lower valence band edge by 80 meV (Fig. S6, ESIT) and high
conduction band edge by 120 meV, as illustrated in Fig. 4. This
means that, compared to bulk g-C;N,, the nanosheets can
provide a stronger driving force for the transfer of holes or
electrons as a result of the larger energy level difference between
the electronic band edges and the redox potentials of the
reactants (Fig. 4). In this situation, fast photoexcited electron
transfer to the intermediate species in all elementary steps of
producing CH, is favorable and feasible. In contrast, the relatively
slow electron transfer rate of bulk g-C;N, greatly lowers the
probability of the latter elementary steps occurring. In addition,
in contrast to the bulk, the nanosheets can generate a larger
percentage of long-lived charge carriers under the light irradia-
tion.*” This increases the probability of photo-generated electrons
and holes in involving the reduction of CO, to CH, production.

The high specific surface area of the nanosheets may have an
impact on the photoreduction of CO,. There is no doubt that if all
the other parameters of the photocatalysts are comparable, the
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Fig. 4 Schematic of the band structures of bulk g-C3Ny4 (the right panel)
and g-CsN4 nanosheets (the left panel) referred to the redox potentials of
different redox reactions. VB: valence band; CB: conduction band.

large specific surface area of the nanosheets (306 vs. 50 m* g~ " of
bulk g-C;N,) is favorable for photocatalytic reaction activity by
providing abundant active sites for the adsorption of reactant
species. This might partially favor the reduction of CO, to CH, by
increasing the adsorption capability of intermediate products
and thus promoting the subsequent elementary steps.

Finally, we should discuss the influence of the layer struc-
ture of g-C;N, on the selectivity of CO, photoreduction. The
layers in g-C3N, consist of hydrogen-bonded strands of poly-
meric melon units as shown in Fig. 1.>” Independent of the
thickness along the c-axis of the bulk g-C;N, and nanosheets
studied, the surface atomic structure of the two photocatalysts
can be considered to be the same. The adsorption of the
reactant species is dependent on the surface atomic structure
of the solid so that the adsorption state of the reactant species
on g-C3;N, is also the same. In this situation, the photoreduc-
tion of CO, on g-C3N, could follow a single reaction pathway
and then stop at different elementary steps largely depending
on the photoexcited carrier transfer rate as analyzed above. This
may explain why only one major product was produced using
g-C3N, with a layered structure.

In summary, the photoreduction reactions of CO, on two
¢-C;3N, photocatalysts with different bandgaps were investigated.
The dependence of the nature of the major product on the band
structure of g-C;N, was shown. Bulk g-C3N, with a bandgap of
2.77 €V gives the major product of CH;CHO and the nanosheets
with a bandgap of 2.97 eV give the major product of CH,. These
results could provide insight into the design of efficient photo-
catalysts with high selectivity for CO, photoreduction conversion.
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