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C;N, under VIS-Light

Tomasz Baran,” Michele Aresta,*!

Carbon dioxide capture and utilization is a strategic technology
for moving away from fossil-C. The conversion of CO, into fuels
demands energy and hydrogen that cannot be sourced from
fossil-C. Co-processing of CO, and water under solar irradiation
will have a key role in the long-term for carbon-recycling and
energy products production. This article discusses the synthesis,
characterization and application of the two-phase composite
photocatalyst, In,0;@g9-C;N,, formed by thermal condensation
of melamine in the presence of indium(ll)nitrate. The compo-
site exhibits a n,n-heterojunction between two n-type semi-
conductors, g-C;N, and In,0;, leading to a more efficient charge

Introduction

In recent years, graphitic carbon nitride (g-C;N,) has emerged
as a highly promising, sustainable and versatile material in
photocatalysis, drawing attention due to its unique structural
characteristics." The building block of g-C;N, is tri-s-triazine, a
hexagonal ring composed of three nitrogen and three carbon
atoms (Figure 1).*% The tri-s-triazine units are linked together
through nitrogen atoms to form a planar, graphitic-like
structure. As a two-dimensional polymer composed of carbon
and nitrogen with extended electron delocalization, g-C;N,
exhibits a suitable bandgap for the efficient absorption of
visible light (band gap energy between 2.8 and 3eV).” As a
matter of fact, such material is an excellent promoter of solar-
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separation. The composite has a flat band potential enabling it
to effectively catalyze the reduction of CO, in the gas phase to
produce CO, CH, and CH,OH. While the composite’s overall
photocatalytic efficiency is comparable to that of neat g-GN,,
its ability to promote multielectron-transfer and Proton Coupled
to Electron Transfer (PCET) suggests that there is a potential for
further optimization of its properties. The use of labelled CO,
has allowed us to clearly exclude that the reduced species are
derived from the photocatalyst decomposition or the degrada-
tion of contaminants.
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Figure 1. Structure of graphitic carbon nitride g-C;N,.

driven photocatalytic reactions. The chemical stability and
metal-free composition further contribute to its appealing
application in the development of new processes powered by
sustainable energy such as solar energy. So far, graphitic carbon
nitride has been applied in photocatalytic applications such as
degradation of organic pollutants,"**® generation of
hydrogen®' or inactivation of microorganisms."*' A partic-
ularly interesting application of g-C;N, is in the photochemical-
PC or photoelectrochemical-PEC reduction of carbon dioxide
(COZ).[15'16]

The global commitment to mitigate climate change ex-
pressed at the recent COP28 (December 2023) via transitioning
away from fossil fuels, has intensified research efforts towards
the utilization of solar energy and finding alternative carbon
sources. CO,, together with biomass and plastic waste recycling,
is a potential source of carbon, the most abundant and easy to
reach. Therefore, developing viable strategies and novel
materials for CO, conversion into value-added products is
gaining momentum all over the world."”'® Among them
photocatalysis and photoelectrocatalysis appear as most prom-
ising strategies.*2" In this context, the use of g-C;N, to harness

© 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH
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solar energy and catalyze the transformation of carbon dioxide
into C;-hydrocarbons (CH,) or other C,-compounds (CO, CH,0,
CH,;0H) or even C, species, offers a hopeful road for addressing
both energy and environmental challenges.

Recently we have found that bulk doping of graphitic
carbon nitride®®*? and modification by metal oxides®'? improve
the photocatalytic efficiency of g-C3N,. In particular, the
presence of CuO as a co-catalyst on g-C;N, causes the H,
production-rate to increase by a factor of 10 compared to the
pristine material. Similarly, a higher photoactivity was observed
when g-GN, was doped with iron, cobalt, zinc, manganese,
antimony or bismuth, mainly due to an enlarged light
absorption range. Moreover, the addition of a co-catalyst seems
to be a leitmotif for enhancing the activity of the composite
In,0;@9-C;N, heterojunction that is usually used in the
presence of sacrificial organic donors. So, In,05/g-C;N, deco-
rated with 3 wt% Pt exhibits hydrogen production via water
reduction in the presence of 10vol% TEOA as a sacrificial
agent.”® Several papers have reported the use of In,0,@g-C;N,
composites in the degradation of organics in water or water
added with H,0,%% In,0,@g9-C;N, has also found application
in water disinfection under irradiation.”” A very recent paper
has reported that In,0,@g9-C;N, loaded with Co(bpy);** as co-
catalyst reduces CO, to CO in the presence of
triethanolamine.”® We have also reported that the formation of
composites of indium oxide with other semiconductors results
in improved opto-electronic properties.”” In this paper, we
present the synthesis, characterization and application of
graphitic carbon nitride modified with indium oxide as the first
example of In,0;@g-C;N, (without any additional co-catalyst)
able to reduce CO, to CO, CH;0H, and CH, with water oxidation,
without any sacrificial organic electron-donors.

Experimental
Synthesis of Materials

Synthesis of g-C;N,

Pure g-C;N, was prepared by thermal treatment. 1.0 g of melamine
(Sigma-Aldrich) was grounded in an agate mortar to obtain a fine
homogeneous powder, which was then placed in a porcelain
crucible. The latter was heated in a muffle furnace to reach 600°C
and annealed for 3 hours. After cooling to room temperature, the
resulting solid mass was ground into a powder using a mortar.

Synthesis of In,0;@g-C;N,

1.0 g of melamine (Sigma-Aldrich) was grounded in an agate mortar
along with indium nitrate (0.053, 0.106 or 0.265 g) (Alfa Aesar) until
a uniform mixture was achieved. The amount of indium nitrate was
such that the end-material contained 2%, 10% or 25% w/w of In-
metal, shown through the paper as X%In,0;@g-C;N,, where X refers
to the % of In-metal and not In,0;. The mixture of melamine and
metal salt was placed in a porcelain crucible, heated in a muffle
furnace to reach 600°C and annealed for 3 hours. After cooling to
room temperature, the resulting solid mass formed by In,0,@g-
C;N, was grounded into a powder using a mortar.
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Synthesis of In,0;

In,0; was obtained by calcination of indium nitrate (100 mg,
supplier: Alfa Aesar) at 550°C in air for 2 h.

Characterization of the Materials

UV-Vis Diffuse Reflectance Spectra (DRS) were recorded using a UV-
2700i spectrophotometer (Shimadzu) equipped with an integrating
sphere (ISR-2600Plus). Powder samples were grounded with BaSO,
(Alfa Aesar) in a 1:80 w/w ratio. Barium sulphate was used as a
reference. FTIR analysis was performed using IR-Spirit spectropho-
tometer (Shimadzu) with an ATR attachment. XRD analysis was
performed using Panalytical Empyrean with PIXel3D detector.
Scanning electron microscopy (SEM) studies were conducted using
a Quanta FEG 250 microscope under low vacuum conditions at a
pressure of 70 Pa with a beam accelerating voltage of 5 kV. Energy-
dispersive X-ray spectroscopy (EDS) analyses were carried out under
low vacuum conditions at a pressure of 20Pa with a beam
accelerating voltage of 10 kV or 30 kV using the EDAX Octane SDD
detector.

Electrochemical Characterization

Photoelectrochemical measurements were carried out using the
BioLogic SP-150 potentiostat. The working electrode was made by
depositing the photocatalyst on FTO-glass (fluorine-doped tin
oxide); a silver chloride electrode and a platinum spiral were used
as the reference and the counter electrode, respectively. The scan
rate was 10 mV/s. An XBO lamp was used as the light source. The
illumination was from the front side. The electrolyte was purged
with N, before each measurement. A 0.1 M phosphate buffer
(adjusted with KOH to pH=7) was used as an electrolyte. Electro-
chemical impedance measurements were recorded at a constant
frequency while sweeping the electrode potential; Mott-Schottky
tests were performed with the potential ranging from —0.6V to
+1.2V, using two different frequencies of 1 and 2.5 kHz. Open
Circuit Potential (OCP) determination is described in the SI.

Tests on the Photocatalytic Activity

5.0 mg of photocatalyst were sonicated with 100 pL of distilled
water for 20 min. The suspension was uniformly distributed on the
internal wall of a glass vial (total volume 10 mL, closed with a screw
cap equipped with a teflon/silicon septum) and the vial (without
the cap) dried at 90°C for 1 h under vacuum using a vacuum-N,
line, avoiding the contact with oxygen. The vial was then filled with
carbon dioxide (Air Liquide, CO, >99.995%) or labeled “CO,
(Sigma-Aldrich, 99% atom 3Q) previously saturated with water
vapour at 40 °C.

The loaded vial was closed and left for 10 min at ambient
temperature (23°C) for adsorption/desorption equilibrium before
irradiation using an XBO lamp for the planned time. The vial was
then heated to 60 °C while closed and the gaseous products of the
reaction were transferred to gas-chromatograph analyzers
equipped with BID, TCD, or MS detectors. Details of the chromato-
graphic determinations are given in the Supporting Information.

In the recycling test, the photocatalyst was collected, washed, dried
and used again in a new cycle.
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Results and Discussion

Wherever the designation “x%In,0;@g-C;N,” is used in the text,
X% gives the percentage of In-metal loaded on g-C;N, and not
In;0;,

Structural and Morphological Characterization

Aerobic thermal treatment of melamine at 600°C leads to the
formation of graphitic carbon nitride, g-C;N,. When such
treatment was carried out under aerobic heating in the
presence of In(lll)nitrate, In,0;@g-C;N, was formed at different
In,0; loadings, depending on the amount of In(lll)nitrate used.
Figure 2 shows the XRD patterns of the so prepared pure g-
GN, and 2%In,0;@9-CN,.

The most intense peak at 20 =27.5° is reported as the (002)
plane of graphitic carbon nitride - due to stacking of layers of
conjugated aromatic systems. The less intense peak at 12.7° is
due to the layered packing structure of tri-s-triazine units and
can be assigned to the (100) plane as previously reported®” in
JCPDS 87-1526 card. Additional X-ray diffraction peaks match
with the JCPDS card no. 06-0416 - standard data file of indium
oxide (In,0;), confirming the formation of the cubic bixbyite
crystal structure of In,0; with the la-3 space group. The XRD
patterns of samples with different indium load show all the
same two phases: graphitic carbon nitride and cubic bixbyte
crystal structure of In,0;. The average crystallites sizes of both
materials were determined using Scherrer’s equation (Eq. 1)
where D is the average crystallite size value, B is the full width
at half maximum (FWHM) of the diffraction peak, A is the
wavelength of radiation, and 6 is the Bragg’s angle.

091
~ Bcosh M

The average crystallite size of non-modified g-C;N, was
10 nm, the size of g-GN, in In,0;@9-C;N, composite was just

(002)

(100)
g-C3N4

i (002)
(222)

Intensity / a.u.

o) (4318440) (622) Iny0,/g-C3N,

2 6/ degree

Figure 2. X-ray diffraction patterns of g-C;N, (upper graph) and 2 %In,0;@g-
C;N, (lower graph).
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slightly smaller (9.3 nm), and the size of In,0; particles was
8.4 nm.

The surface microscopic morphology of In,0;@9-C;N, was
studied by SEM. Figure 3 shows that the graphitic carbon nitride
material is stacked by irregularly layered nanosheets.

Particles of indium oxide are clearly visible on the surface of
g-G3N, as light spots and they are aggregated into relatively
large structures (up to 100 nm). FigureS1 in Supporting
Information shows SEM-EDS mapping of nitrogen, oxygen,
indium, and carbon in 10%lIn,0;@9-C;N, demonstrating the
homogeneous distribution of the elements.

Spectroscopic Analysis

Both graphitic carbon nitride and indium-modified graphitic
carbon nitride are yellowish materials. Diffuse reflectance UV-Vis
spectra of the materials were measured to determine the
optical absorption range. DRS spectra were transformed to the
Kubelka-Munk function, shown in Figure 4A. g-C;N, itself shows
absorption starting at ca. 450 nm, as previously reported.®*"
Band gap energies calculated from Tauc plots (Figure 4B) are
given in Table 1.

The addition of In,0; up to 2% In/g-C;N, does not
significantly change the spectrum. In particular, it does not
significantly increase the light absorption range, as often
observed in case of doped materials.”! Such a trend can be
explained considering that neat In,0; is a material with an
absorption range starting itself at ca. 450 nm (spectrum in

200nm  ETH=10.00kV Signal A =Inlens

Date: 21 Mar 2024

H WD=53mm  ApertureSize=30.00mm  Mag=48.64 KX

100nm ETH=10.00kV Signal A = InLens Date: 21 Mar 2024
'_' WD=53mm  Aperture Size =30.00 pm Mag = 246.27 KX

Figure 3. SEM analysis of 2%In,0;@g-C;N,. A) (200 nm) and B) (100 nm)
show the same sample at different scale. White particles are In,0,
aggregates.
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Figure 4. UV-Vis spectra of g-C;N, and In,0;@g-C;N,. A) Kubelka-Munk
function. B) Determination of band gap energy (Eg) from Tauc plot for 2%
In,0;@9-C;N,.

Table 1. Band gap energies of starting and composite materials.

Material Band gap energy +0.05 eV
g-GN, 2.90 eV
2%In,0,@9-C;N, 2.86 eV
10%In,0;@9-C;N, 2,60 eV
25%In,0,@g-C;N, 2.54 eV
In,0; 2.79 eV

Figure S2) — covering the absorbance range of g-C;N,. However,
higher amount of indium oxide on g-C;N, leads to a substantial
decrease of the band gap energy, even below the value of
indium oxide. This suggests the formation of new chromophore
species.

FTIR spectra of unmodified and modified materials are
shown in Figure 5 (g-C;N, and 2%lIn,0;@g-C;N,) and Figure S3
(photocatalyst with 10% and 25% of In). The spectrum of neat
g-C5N, matches well with literature data.**? The band in the
range 800-1200 cm™' corresponds to the stretching vibrations
of the C—N bonds within the heptazine units of g-C;N,. The
bands around 1200-1600 cm™" are associated with the stretch-
ing vibrations of the C=C and C=N bonds. These vibrations are
indicative of the aromatic system present in the g-GN,
structure. Furthermore, the region between 3000-3500 cm™'
shows the peak related to the N—H stretching vibrations, which
are usually due to amino groups or other N,H-containing
functionalities present on the surface of g-C;N,. Modification of
graphitic carbon nitride with In,0; does not significantly change
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Figure 5. FTIR analysis. A) comparison between pristine g-C;N, and 2%
In,0,@9-C;N,. B) Comparison between 2 %In,0,@g-C;N, and the same
sample after 1 h use in a photocatalytic reaction.

the FTIR spectrum. However, it is well visible that all bands are
less sharp. Broadening of bands can suggest the interaction of
g-GN, with In,0; which spectrum is shown in Figure S4.
Materials loaded with a high amount (10 and 25% In) of indium
oxide show a weak band at about 2100-2200 cm™" that could
be attributed to the nitrile species,” originated from a ring
opening process. The intensity of the band slightly increases
with increasing the amount of In,0; suggesting that the
thermal condensation of melamine in the presence of large
amounts of indium species somehow affects the structure of g-
GN,, even if at very limited extension. Noteworthy, the IR
spectrum of the composite run after 1 h of use in photocatalysis
shows that the material maintains its original structure (Fig-
ure 5B).

Electrochemical and Photoelectrochemical Properties

Electrochemical and photoelectrochemical properties of the
In,0;@g9-C;N, material were studied using several techniques
including cyclic voltammetry, OPC determination, chronoam-
perometric analysis under chopped light as well as electro-
chemical impedance spectroscopy. Figure S5 shows the open
circuit potential (OCP) of the In,0;@g-C;N, under dark and light
conditions, revealing a photocathodic behavior, since the OCP
increases (towards positive potentials) under illumination. This
is not the typical behavior of graphitic carbon nitride, for which
a decrease of OCP under light was reported.?® Such change

© 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH
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must be ascribed to the presence of In,0; in the doped material
and the formation of the n,n-heterojunction.

Cyclic voltammetry (Figure S6) confirms a high electro-
chemical stability of the new material In,O;@9-C;N, under
anodic conditions and a lower stability under cathodic polar-
ization. Such result is due to the reinforcing effect of the two n-
type semiconductors. The results of photoelectrochemical
chronoamperometric analysis, performed under chopped light
(light pulse followed by dark time), are shown in Figure 6. In
photoelectrochemical measurements, both, neat g-C;N, and
that modified with indium oxide, exhibit the unique ability to
generate cathodic photocurrents when exposed to light.
Cathodic photocurrents start from about +0.15 V vs Ag/AgCl. In
general, the net density of photocurrents increases with
decreasing the potential. Noteworthy, the density of photo-
current generated by In,0;@g9-C;N, (at 2% and 10% In-loading)
is noticeably higher than that of non-modified g-CiN,. 25%
In,O0,@g9-C;N, exhibits a lower density of generated photo-
currents, but they are stronger at more positive voltage.

The Mott-Schottky plot (Electrochemical Impedance Spec-
troscopy) is a technique used in electrochemistry to determine
the flat band potential of a semiconductor-electrolyte interface.
Flat band potential is the potential at which the semiconductor
is in equilibrium with the electrolyte, and there is no net
movement of charge carriers across the interface. The slope of
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Figure 6. Photocurrent analysis: indium-modified and neat g-C;N, performed

in 0.1 M phosphate buffer (pH 7). Potential sweep: from anodic to cathodic.
Light pulses are indicated by arrows.
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the Mott-Schottky plot (Figure 7) is related to the doping
concentration. A positive slope of plot is typical for n-type
semiconductors.

The flat band potential was determined by the x-axis
intercept of the plot. In the present case, the flat band potential
was —1.11V vs Ag/AgCl (—-091V vs Normal Hydrogen
Electrode, NHE): it is comparable with literature data reported
by L. Cao for pure g-C;N, (equal to —1.01V vs Ag/AgCl).¥
However, to the best of our knowledge Mott-Schottky analysis
was never published for a In,0;@g-C;N, composite. This is, thus,
the first ever report for such n,n-junction.

Photocatalytic Activity Towards Gas-Phase CO, Reduction in
Presence of Water-Vapor

Irradiation of CO, and water-vapor in the presence of In,0;@g-
C;N, leads to the formation of carbon monoxide, methane and
methanol (tests in gas phase). Figure 8 shows a comparison of
results obtained using modified and non-modified graphitic
carbon nitride. Carbon monoxide was the major product of
carbon dioxide reduction with all catalysts. Interestingly,
In,0;@g-C;N, increases the production of methanol and
methane, in comparison with the pristine g-C;N,. In absence of
CO,, each photocatalyst showed activity towards the reduction

400
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W0 V= 111V
2504

200 -

150 -

c210" /F2cm*

1004

1.0 kHz

501 4 25kHz

A6 12 08 -04 00 04 08 12
potential vs Ag/AgClIV
Figure 7. Mott-Schottky plots obtained for 2 %In,05/g-C;N, at two different

frequencies. Measurements were performed in electrolyte at pH 7, in dark.
Sweep direction: from positive to negative potentials.

50
- g-C;N,

I 2% In,0,/g-C;N,
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Figure 8. Results of photocatalytic tests performed using In,0;@g-C;N, at
different indium-loading on g-C;N,.
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of water to hydrogen (14 umolg™"h™"). The evolution of hydro-
gen was noticeably lower (less than 2 umolg™"h™") in presence
of CO,. The amount of reduced carbon dioxide was:
50.80 umolg™' h™" in case of g-C;N,; 32.25 umolg™"h™" in case
of 2%In,0,@g9-C;N,, 23.14 umolg™" h™" in case of 10%In,0;@g-
5N, and 48.2 umolg™' h™" in case of 25%In,0;@g-C;N,. To the
decrease of CO production with catalysts loaded at 2 and 10%
In, corresponds an increase of production of hydrogenated
forms, i.e. CH;0H and CH,. Such data suggest that the n,n-type
junction improves the performance of the catalyst towards the
“coupled electron plus proton transfer” to CO,. Why at highest
loading of In,0; (25% In) the material exhibited lower efficiency
in methane and methanol production in comparison with 2%
and 10% indium, and a CO production close to that of neat g-
C;N, deserves further structural and catalytic investigations.

Two types of stability tests were performed: a) long term
irradiation and b) recycling tests (Figure 9). A stability test for
the photocatalytic activity of In,05/g-C;N, in CO,RR was
conducted, revealing good performance over 6 h (Figure 9A).
The catalyst even maintained its efficiency in a recycling test,
(Figure 9B) demonstrating consistent CO, conversion rates and
stable production of reduction products. The stability of In,0,/
g-GN, was demonstrated by its structural integrity and due to
the strong interaction between 1In,0; and g-GN, which
prevents significant degradation or deactivation of the active
sites. This sustained activity underscores the potential of In,0,/
g-G;N, as a durable and effective photocatalyst for long-term
applications in CO, reduction processes.

As discussed above, the FTIR spectrum of the material 2%
In,O0;@9-C;N, recovered after the photocatalytic test in gas-
phase (Figure 5B) does not show any difference with respect to
the freshly prepared material, confirming its stability under the
operative conditions and its potential recyclability.

Graphitic carbon nitride contains carbon atoms that, under
irradiation, can be extracted from the structure and transformed
into various C, compounds, potentially leading to false
conclusions regarding CO, reduction. Experiments with labelled
carbon dioxide ("*CO,) have been performed to confirm that the
observed C; compounds are products of photocatalytic CO,
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Figure 9. Stability tests performed using 2 %In,0;@g-C;N, catalysis. A) Evolu-
ution of CO, reduction products during 6 hour tests. B) Summarized amount
of reduced CO, during a 1 hour test using a recycled photocatalyst.
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reduction. The GC-MS of the reaction gas mixture shows that
the peak at 1.19 min can be assigned to methanol (which
partially overlaps the CO and CO, peaks that are not well
separated in GC-MS while they are using BID), by comparison
with an authentic sample. The MS spectrum taken for this peak
is shown in Figure 10.

However, all peaks of *CH,OH are observed: 34, 33, 32, 31,
30, plus the peak at 29 m/z due to CO. Among them, peaks at
m/z 33 and 31 are fingerprints of the PCET (Proton Coupled to
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Figure 10. MS fragmentation spectrum of *CH,OH obtained in the photo-
catalytic test under 2%In,0,@g-C;N, catalysis (A) compared with that of
'2CH,0H (from Shimadzu LabSolution database) (B) and '*CH;OH (from
Shimadzu database) (C). The peak at 40 m/z in A is due to a standard used in
GC.
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Electron Transfer) reduction of '*CO, as they do not exist in any
other possible labeled or not-labeled products. Therefore, the
MS-spectrum confirms the formation of methanol from labelled
B3C-carbon dioxide, excluding any interference of the catalytic
material.

Discussion

The low photoactivity of a single photocatalyst is often
associated with decay processes such as relaxation and
electron-hole recombination.®? The construction of hetero
junction-photocatalysts is aimed at charge separation stabiliza-
tion and promoting the electron and proton transfer to the
substrate to be reduced.”’?® Type Il heterojunctions, Z-scheme
heterojunctions, and S-scheme heterojunctions are the most
commonly known.?? Usually, p,n-junctions are built in order to
promote both reduction processes of the substrate and (water)
oxidation.

The thermal condensation of melamine in presence of metal
salts [for example iron(lll)nitrate, bismuth(lll)nitrate, manganese-
(IDnitrate, cobalt(ll)nitrate, zinc nitrate or antimony(lll) sulfate]
results in the formation of graphitic carbon nitride doped with
metal ions.**? Previously described photocatalytic materials
exhibit a single phase with extended range visible light
absorption. Here we have found that the thermal transforma-
tion of melamine in the presence of indium nitrate leds to the
formation of the two-phase composite photocatalyst — In,0;@g-
G;N, - formed by two n-type semiconductors. The structure of
the so-obtained n,n-composite has been determined by XRD
analysis. The 2%In,0;@g-C;N, composite shows absorption of
light within the visible light range and a band gap equal to
2.86 eV, that corresponds to light absorption onset at 433 nm.
Interestingly, the conduction band-potential of g-C;N, is more
negative than that of In,O,. Therefore, at the n,n-heterojunction
of the two semiconductors, electrons keep on flowing from
electron-rich graphitic carbon nitride to indium oxide until the
Fermi levels of the two components become coincident
(Figure 11). With increasing the amount of indium oxide, we
have observed a progressive decrease of the band gap energy
down to 2.54 eV (25% In-loading on g-C;N,), that is lower that
Egs of In,O;. This band gap energy can be attributed to the

Vv
/NHE 0/\
_ Net N, g
-l ——CO,/CH,0H
~C0,/CH,

(n) g-C:N,
(n) In,0,

Figure 11. Expected mechanism of In,0,@g-C;N, photocatalytic reduction of
CO,.
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direct transition of electrons from the valence band of g-C;N, to
conduction band of In,0; (see central arrow in Figure 10). An
opposite direct Z-scheme was proposed recently for a TiO,@g-
C;N, composite (flow of excited electrons from CB of TiO, to VB
of g-G;N,).1*

In this way, an accumulation of negative charges is
generated onto In,0;, that can play the role of active center for
photocatalytic reduction reactions such as CO, reduction or
water reduction. Such hypothesis is also supported by the
observed higher density of photocurrents of the composite
with respect to g-C;N, alone. Such negative charge can also
enhance the binding of CO, to In through the C-atom, making
it prompt to protonation and reduction to CO.

The literature reports a few examples of n,n-heterojunction
of two semiconductors, but none includes g-C;N,. They can
behave as typell, Z-scheme or S-scheme heterojunctions.
Examples are: InP/GaAs,”*" TiO,/Fe-MOF,*? Ag;P0,/Co,(PO,),,*
In,S,/BiVO,,"*¥ or the most common TiO,/Zn0.* Noteworthy,
no one of them was used in gas-phase CO,-H,O co processing
to afford energy products from CO,. The determined effective
conduction band potential of the new composite is equal to
—0.91 V vs NHE: the so formed electrons have enough energy
to perform multielectron reduction of CO,. The potential of
selected reactions is reported in Table 2.1

The experimental results show that carbon dioxide is photo-
catalytically reduced in the gas phase in presence of water
vapor to afford carbon monoxide (Eq. (2), major product) and
other C; compounds (CH;OH and CH,). On the other hand, the
potential of photogenerated hole is sufficient for water
oxidation. According to our best knowledge this is the first
example of photocatalytic reduction of CO, using water as the
only electron source promoted by a In,0;@g-C;N, composite.
The reduction of CO, to CO and of water to hydrogen require
both 2-electrons and imply two protons, while the reduction of
CO, to CH;OH or CH, requires six- and eight-electrons,
respectively, coupled to proton-transfer (6 and 8, respectively).
Comparing pure g-GN, and the In,0;@9-C;N, composite, it
comes out that the latter is a better promoter of both the
multielectron-transfer and PCET, favoring the formation of
hydrogenated species such as CH;OH and CH, with respect to
CO (Figure 8). This is an interesting finding as methanol and
methane have higher value than CO, laying on the border of
the chemical-energy sectors. Noteworthy, the multi-electron-
proton transfers to afford methanol or methane, that imply a
lower energy (see Table 2) with respect to the reduction to CO,
can be opposed by kinetic factors bound to the sequential
electron-proton transfer that may prevent the formation of

Table 2. Reduction potential of CO, to various C, products.

CO,+2H" +2e"—HCOOH E°=-061V ()]
CO,+2H* +2e"—CO+H,0 E=-052V )
CO,+4H* +4e"—HCHO +H,0 E°=-048V (3)
CO,+6H" +6e —CH;0H +H,0 E°=-038V 4
CO,+8H" +8e —CH,+H,0 E°=-0.24V (5)
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hydrogenated species and by the stability of the photocatalyst-
CO bond.
Comparing the amount of reduced carbon dioxide shown in
Figure 9 with the calculated numbers of electrons transferred
from excited photocatalysts to CO, to produce CO, CH, and
CH,0H (calculations given in Table S1) one can infer that:
¢ the non-modified graphitic carbon nitride produces approx-
imately 17% higher transfer of electrons to CO, that results
essentially in the formation of CO;

¢ indium oxide promotes the multielectron-transfer and PCET,
that results in a more than five-fold increase of methanol
formation by the composite with respect to neat g-C;N,;

¢ the loading of In is critical and increasing the amount of
In@g-C;N, does not increase the PCET.

This latter aspect is under study in order to rationalize the
behaviour of the composite and improve its photocatalytic
activity and selectivity towards a target product.

The electron-rich g-C;N, mainly promotes the formation of
CO (a “2e™ +2H"" process), which implies the binding of CO, to
the photomaterial through the C-atom (g-C;N—CO,), which
acts as electron-density acceptor. Protonation at either oxygen
atom of the bound-CO, followed by e-transfer (“H* +e™*)
promotes the formation of CO and water (Scheme 1)."” Formed
CO is easily released from the catalyst surface.

The addition of In,0; modifies the overall potential of the
material and even the mechanism can be modified towards the
formation of In-OCH; bond which affords methanol (a “6H" +
6e”" process) and, possibly, methane (an “8H" +8e™" process).
For promoting the multielectron process, the reducing moiety
must be more tightly bound to the catalyst and the In-OR bond
intervenes. The reduction potential of CO, to CO (—0.53V),
CH,OH (—0.38V) and CH, (—0.24V) are anyway quite close
(Table 2) and, therefore, such processes can be quite concom-
itant. Anyway, we emphasize here that the various reduction
processes are preferentially promoted by different actors.

Noteworthy, carbon dioxide is the source of the reduced
products and not the carbon derived from a possible decom-
position of the photocatalyst or from serendipitous contami-
nants, as demonstrated by the use of *CO, that has allowed to
identify labeled CH;OH (and CO) as the only methanol (and
CO) form present in the reaction mixture excluding, thus, any
other possible source of carbon than *CO,.

The new material is stable and can be recovered unaltered
and reused in consecutive photocatalytic runs. Its performance
needs deeper understanding with respect to most performing
composition that must be engineered accordingly. Neverthe-
less, the new n,n-junction composite shows enough new
properties with respect to the pristine g-C;N, and other similar
composites, mainly the stability and the promotion of multi-
electron-multi proton transfer to CO, and its reduction in the
absence of sacrificial e-donors. As a final note, we recall that

Ht+e™ / H+e™ //0
-GN,y + CO,— g-C3N,->CO, —— g_CSNA_(i — g‘C3N4‘(i - g-C3N, + CO+ H,0
OH OH,

Scheme 1. Double “H* +e™" transfer to CO, to generate CO.
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In,O; under photothermal conditions (250-300°C under white
light) promotes the Reverse Water Gas Shift Reaction (1:1 CO,-
H, mixture)* with a conversion of <20 umolg™'h™', that is
much increased when defective black In,O; is used. In our
process, water is used as source of electrons and protons at
ambient temperature.
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The article presents In,0;@g9-C;N,
composite photocatalyst synthesis. Its
n,n-heterojunction enhances charge
separation, facilitating CO, reduction
to CH,, and CH,;OH. While efficiency

matches neat g-C;N,, potential exists
for further optimization, confirmed by
labeled "*CO, exclusion of photocata-
lyst decomposition or contaminant
degradation.
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