Open Access Article. Published on 23 July 2020. Downloaded on 7/19/2025 3:38:49 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials

Advances

W) Check for updates ‘

Cite this: Mater. Adv., 2020,
1, 2357

Received 25th June 2020,
Accepted 23rd July 2020

DOI: 10.1039/d0ma00451k

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Mechanism of visible photon absorption: unveiling
of the CsN4—ZnO photoactive interface by means
of EPR spectroscopy

Erik Cerrato 2 * and Maria Cristina Paganini

This study elucidates the working mechanism upon visible light exposure of the mixed CsN4—ZnO
material. Structural (XRD), morphological (TEM) and optical (UV-vis spectroscopy) measurements have
highlighted the intimate contact established at the interface of the biphasic solid and enhanced
photoactivity arising under visible irradiation with respect to the pristine compounds. Electron
paramagnetic resonance (EPR) spectroscopy analysis coupled with in situ irradiation, performed at 77 K,
and supported by accurate simulations, demonstrated that the charge carrier dynamics at the C3N4—
ZnO interface is governed by a direct Z-scheme heterojunction mechanism rather than that of a type-II
heterojunction system. The experimental results suggest that the photoexcited electrons in the ZnO
conduction band annihilate the holes in the CsN4 valence band, as in a solid direct Z-scheme system,
allowing an improved charge carrier separation and stabilizing both electrons and holes at the best
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1. Introduction

Nowadays, the necessity to find and develop even more powerful
systems in the area of heterogeneous photocatalysis is one of the
most arduous challenges currently being attempted by researchers.
A standard photocatalytic process is based on the exploitation of
light energy, hopefully coming from the sun, to promote chemical
transformations."” The reactions in the photocatalytic field range
from the decontamination of pollutants in wastewater," to the
generation of H, from the water photo-splitting reaction,>® and the
photo-reduction of CO, to generate useful chemical compounds
(i.e. methanol overall);"® all the processes aim to reduce the
environmental impact caused by humans through the contam-
ination and the consumption of the planet’s resources.”'® The
materials identified to be the most suitable for photocatalytic
applications have been transition metal oxide semiconductors
since their intrinsic band structure allows them to induce the
promotion of electrons into the conduction band - CB, leaving
holes in the valence band - VB; this takes place when an
appropriate amount of energy, equal to or higher than the band
gap width, is applied to the material.'* Once at the semiconductor
surface, the photo-generated charge carriers, electrons and
holes, can facilitate reductive (H, photo-production and CO,
photo-reduction) and oxidative (photo-degradation) redox
reactions, respectively; however, the fraction of charge carriers
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reductive and oxidative potentials, respectively.

really available for a photocatalytic process is very poor, since
the most probable process is electron-hole pair recombination,
limiting the amount of free electrons and holes for redox
reactions.

The first study on photoactive materials dates back to the
1920s, but we had to wait until the 1960s to see a systematic
study of photoactivity regarding transition metal oxide-based
semiconductors.’>'? The work at that time focused mainly on
the fact that wider band gap semiconductors exhibited higher
activities concerning the reductive and oxidative redox
reactions carried out by electrons and holes. It emerged that
a larger band gap corresponded to a more negative potential of
the CB and a more positive potential of the VB, and, defini-
tively, to a greater reductive and oxidative ability of the photo-
induced charge carriers. By the way, a wider band bap requires
higher energy photons for the photoexcitation, belonging to the
UV range, which is just 5% of the total solar spectrum at the
surface of the earth.'* On the other hand, the use of semi-
conductor materials enables the absorption of photons in the
visible range (4 > 400 nm), which forms a larger amount of
solar radiation, displaying minimal loss of redox ability in the
oxidation of harmful pollutants and in the reduction of H,O
and CO, molecules.’**” Two main strategies are followed in
order to alter and set the material properties in such a way to
ensure the maintenance of a higher absorption quantum effi-
ciency and, at the same time, good band redox potentials and
enhanced lifetimes of the photoinduced charge carriers: doping
and the formation of heterojunctions. The doping procedure
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involves the deliberate insertion of a controlled amount of foreign
atoms inside a semiconductor matrix leading to the generation of
defective states inside the material band gap, allowing the absorp-
tion of a major part of the visible solar spectrum.’®' The
principle issue of this approach lies in the fact that the defective
levels can act as charge carrier traps, preventing the availability of
the electrons and holes in the CB and VB.

The formation of heterojunctions at semiconductor inter-
faces results in band alignment, which can occur in different
manners depending on the band potentials. The best perfor-
mance for this technology has turned out to be for interfaced
systems in which the band gaps of the semiconductors are
staggered with the subsequent improvement of the charge
carrier separation,®” as depicted in Scheme 1; this development
has gone down in history as the type-II heterojunction.

The enhanced photocatalytic achievements reside in the fact
that the photo-generated charge carriers are stabilized on two
different semiconductors, achieving limited electron-hole pair
recombination. An inherent restriction of this model is that the
holes and electrons are not stabilized on semiconductors with
the best oxidative and reductive potentials, respectively. This
problem has recently been overcome by the so called ““direct
Z-scheme” or “S-scheme” heterojunction, already conceptually
theorized by Bard in 1979:> the first direct Z-scheme-interfaced
systems could only be constructed in the liquid phase, since
they needed the presence of an electrolytic mediator.>* In 2006,
Tada et al® demonstrated that an all-solid Z-scheme was
possible, in which the solid electron mediator was represented
by gold particles. However, it was just in 2013 that direct
Z-scheme heterojunction engineering was proposed, flanking
two semiconductors without electron mediators,”® whose
charge carrier dynamics is sketched in Scheme 2.

The novel technology is achieved, similarly to a type-II
heterojunction, when two semiconductors characterized by
staggered band gaps are put in contact; but this time, a suitable
work function, an intrinsic feature of the two materials, allows
the formation of a peculiar electric field at the interface. Due
to the existence of an internal electric field coming from the
different work functions of the two semiconductors (b) and (c)
in Scheme 2, the selective recombination of photoinduced

Staggered gap

Reduction
reaction

Oxidation
reaction

type-Il heterojunction

Scheme 1 Type-Il heterojunction. Charge carrier separation model at the
semiconductor interface characterized by staggered band gaps.

2358 | Mater. Adv., 2020, 1, 2357-2367

View Article Online

Materials Advances

Direct Z-scheme or S-scheme heterojunction

a) b)
Reduction PC-l

reaction W
e

h

Scheme 2 Interface charge carrier migration in a “direct Z-scheme” or
"S-scheme” heterojunction.

electrons in the semiconductor with the lower CB (PCII) and
the holes in the semiconductor with the higher VB (PCI) occurs.
This still guarantees the spatial separation of the photoinduced
charge carriers that, different from the classical type-II hetero-
junction, are available at the best redox potentials.””>°

In the last decade, the long-time known material g-C3N, has
come back into the limelight in the field of heterogeneous
photocatalysis. Indeed, although it was first synthetized in
1834 by Berzelius and Liebig,*® it was only proposed as a
suitable polymeric semiconductor for photocatalytic applications,
based on earth-abundant elements, in 2009 by Wang et al.*'
In their study, the researchers proved the unique photocatalytic
ability of g-C3N,, derived by the direct heating of a cyanamide
precursor in air at different temperatures, in the production of
H, from the water photo-splitting process upon visible light
irradiation. As a matter of fact, the growing interest in the
promising photocatalytic performance shown by the metal-free
visible active polymeric g-C3N, resulted in almost a quarter of
the overall photocatalysis research literature focusing on this
subject in 2019. However, despite the undoubted promising
properties characterizing a promising photocatalyst exhibited
by g-C3;N,, such as a band gap capable of absorbing visible
photons of 2.7 eV,*"** modification ability of the band gap
through thermal treatments®® and a CB potential able to
reduce H,O and CO, molecules, some drawbacks have limited
its practical application. Indeed, the high electron-hole recom-
bination rate, the low quantum and separation efficiencies and
the small specific surface area resulted in large nanoparticles
dramatically affecting the photocatalytic performance. Hence,
the need to tune in a proper way the material features by means
of doping,***” morphological modifications to increase the
surface area, tuning the synthesis parameters and employing
soft and hard templates®®* ™" for the development of intrinsic
defects®** and the formation of heterojunctions with other
semiconductors such as TiO,, ZnO and WO; has become
paramount.***® This last strategy has produced the best results,
delaying electron-hole recombination since the photoinduced
charge carriers are stabilized on the two different materials.

This journal is © The Royal Society of Chemistry 2020
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By the way, several inferences have corroborated the best
performance of the g-C;N,-based heterojunction systems, most
of the time as result of the enhanced photocatalytic reaction.
However, the working mechanism, governing the charge carriers
separation enhance, remained often unexplained.

In this work, the C;N,-ZnO visible photoactive system, with
proven ability in photocatalytic oxidation and reduction,*®*"*°~>*
has been synthetized and investigated mainly from the optical
and electronic points of view. The most used technique for this
purpose is electron paramagnetic resonance (EPR) spectroscopy,
able to give a deep view of the electronic states of solids, and used
to follow charge carrier separation upon in situ irradiation and
to depict a direct and clear overview of the electron and hole
dynamics at the semiconductor interfaces. To the best of our
knowledge, this study provides straightforward and unambiguous
proof of the direct Z-scheme or S scheme heterojunction
mechanism of the visible photon absorption characterizing
the C;N,~ZnO mixed system.

2. Materials and methods
2.1 Sample preparation

Melamine (C3HeNg) and zinc nitrate hexahydrate (Zn(NO;),-6H,0)
employed in the preparation of the samples were purchased
from Sigma-Aldrich and used without any further purification
treatment.

The 50:50 C3N,-ZnO mixture was synthetized from an
aqueous 1 M (V = 20 ml) solution of the respective precursors
(C3HgNg and Zn(NOj;),-6H,0) kept under constant stirring
for one hour at room temperature. The sample was further
collected and dried at 353 K. The final material was obtained by
thermal annealing in air at 823 K for 4 h with a temperature
ramp of 5 °C min~".

The pristine samples of g-C3;N, and ZnO were produced
following the same procedure adopted for the mixed system.

2.2 Characterization methods

X-ray powder diffraction (XRPD) patterns, acquired to define
the structural phases and the crystallinity of the samples, were
recorded using a PANalytical PW3040/60 X'Pert PRO MPD
diffractometer using a copper Ka radiation source (0.154056 nm).
The intensities were obtained in the 26 range between 10° and 80°.
X'Pert High-Source software was used for data handling.

UV-Visible absorption spectra were recorded using a Varian
Cary 5 spectrometer, coupled with an integration sphere for
diffuse reflectance (DR) acquisition, using Carywin UV/scan
software. A sample of PTFE with 100% reflectance was employed
as reference. Spectra were recorded in the 200-800 nm range at a
scan rate of 240 nm min ' with a step size of 1 nm. The
measured intensities were converted using the Kubelka-Munk
function. The energy gap has been evaluated using the Tauc plot
method.>

Transmission electron microscopy analysis was performed
at our institute, using a high resolution transmission microscope,
TEM JEOL JEM-3010, operated at 300 keV. The microscope was
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equipped with a Gatan US1000 CCD camera and Energy
Dispersive Detector OXFORD Software INCA.

The electronic paramagnetic resonance measurements were
conducted using a CW-EPR EMX-Bruker spectrometer operating
at the X-band (9.5 GHz), equipped with a cylindrical cavity
operating at 100 kHz field modulation and interfaced with a
computer with the WINEPR Acquisition program. The spectra
were recorded in a bath of liquid nitrogen (77 K). Prior to the
measurements, the samples underwent an activation treatment,
aimed at cleaning the surface from absorbed and physisorbed
species (hydroxyl and carboxyl groups), obtaining a more stoi-
chiometric compound at the surface, and allowing a more
efficient study of the charge carrier separation. The treatment
provides a first annealing step in which the materials were heated
in a dynamic vacuum at 573 K for 30 minutes; following this,
50 mbar of molecular oxygen was added and the temperature
was raised up to 673 K. At the end of the treatment, the excess
molecular oxygen was removed and the measurements were
performed under a vacuum condition. The photoactivity of the
synthetized material was investigated by using coupled EPR
spectroscopy with in situ irradiation, using a 1000 W xenon
lamp (Oriel Instruments) equipped with an IR water filter,
to which different band pass filters (Newport-20CGA, UV filter
cutting visible light components, 4 > 400 nm, /4 > 420 nm and
A > 455 nm) were applied. Computer simulation of the EPR
spectra was performed using the SIM32 software developed by
Prof. Sojka (Jagellonian University, Cracow, Poland).”®

3. Results

3.1 Structural and morphological analysis

XRPD analysis was executed on the synthetized samples and is
reported in Fig. 1, which displays the bare ZnO reflections
corresponding to the (100), (002), (101), (102), (110), (103),
(200), (112), (201), (004) and (104) planes, typical of the wurtzitic
hexagonal crystal phase (JCPDS 36-1451);” the reflection sharp-
ness and the absence of further signals confirm the highly pure
and crystalline nature of the sample. The diffractogram related
to the pure g-C;N, material is characterized by two reflections
at 20 = 27.3° and 26 = 13.2°, respectively (JCPDS 87-1526): the
first one, with the strongest intensity, is associated with the
(002) crystal planes of the conjugated stacking aromatic system
typical of graphitic materials®®*>® with a distance of 0.326 nm,
while the second reflection, weaker and broader, is attributed
to the (100) crystal planes of the in-plane structural packing
motif of the tri-s-triazine (melem) units.>®

The diffractogram of the 50:50 C3N,-ZnO mixture reveals
a significant change considering the XRPD patterns of both
pristine samples, where the g-C;N, structural fingerprints are
not present and the reflections of the ZnO phase are consider-
ably reduced, forming a broader profile; however, a 20 shift
was recorded, indicating the existence of unmodified wurtzitic
ZnO phase in the mixed sample without the incorporation of
external species. Accordingly, the lower intensity and the larger
width of the reflections represent a smaller crystal size and a
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Fig. 1 XRPD analysis of: (a) bare ZnO (black line), (b) g-C3N4—ZnO (50:50
mixture) (red line) and (c) bare g-CsN4 (blue line).

loss in crystallinity in the case of the two-phase systems compared
to those of the bare ones. The reduced crystallinity of the mixed
material is ascribable to the concurrent crystallization of ZnO that
hinders the condensation process and the interlayer stacking of
the g-C;N, phase; in contrast, the growth of the ZnO nanocrystals
is also delayed by the presence of g-C3N,.>*?

The TEM pictures acquired for the mixed material, shown in
Fig. 2, allow the verification of the existence of the C;N, phase,
undetectable by XRPD, and its intimate contact with the ZnO phase.

As shown in Fig. 2(a), the C3N, phase in the mixed system
appears as petal brushstrokes painted on the surface of ZnO
nanoparticle structures. At higher magnitudes (Fig. 2(b)), ZnO
nanocrystals surrounded by the typical multilayer staking struc-
ture of the graphitic carbon nitride can be recognised, confirming
that the synthetic procedure has enabled the formation of an
interfaced system: as will be presented in the following sections,
the occurrence of such a connection between the two semi-
conductors leads to a unique form of charge carrier transport.

3.2 Optical characterization

UV-vis DR spectroscopy has been employed to evaluate the
optical behaviour and the electronic structure of the synthetized
materials. The semiconducting nature of ZnO, characterized by a
direct band gap, appears in spectrum (a) of Fig. 3 with the typical

Fig. 2 TEM images of CzsN4—ZnO (50:50).
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absorption in the UV range up to 375 nm. As widely reported
in previous works, it is caused by the electron transition from
the valence band, mainly formed by 2p orbitals of O,, to the
conduction band, made up by the 4s states of Zn>". The band gap
value, calculated with the Tauc plot method,’” is in line with those
found in the literature and evaluated to be 3.3 eV.%*™® As reported
in previous studies, the direct poly-condensation of the melamine
precursor performed at 823 K in air produces C;N, in the
graphitic phase, with a band gap of 2.7 eV, making it a material
able to absorb photons in the visible range, up to almost
460 nm.*"?>?46%8 The UV-vis spectrum (c) in Fig. 3 shows this
feature, in which the electrons in the VB, predominantly con-
stituted by the p, orbitals of nitrogen, are photoexcited by visible
photons, up to energies corresponding to wavelengths around
460 nm, into the conduction band, composed of the p, orbitals of
carbon atoms.

Concerning the optical analysis of the 50:50 mixed system
(spectrum b), (Fig. 3), it exhibits a red-shift of the absorption
edge with a band gap value of 3.1 eV with respect to that of
pristine ZnO, where the visible photon absorption improvement is
attributed to the presence of the C;N, phase, suggesting a close
cooperation of the two phases at the interface. The zoomed-in view
shown in Fig. 3 ascertains that the mixed material shows a slightly
higher absorption of photons at longer wavelengths compared
with bare g-C3N,, probably due to the higher defectiveness of this
phase in the mixed system as a result of the simultaneous
crystallization with the ZnO phase during C;N, condensation, as
already discussed in previous works.””**°>*? It should be noted
that the absorption of the C;N,-ZnO interface is higher also in the
UV range with respect to g-C3Ny, thanks to the presence of ZnO.
Then, it can be attested that the contemporary presence of the two
phases is beneficial in terms of there being a wider range of
photons absorbed with respect to the bare materials, both in the
UV and visible ranges, revealing an intimate cooperation of the two
phases during the light absorption determined by a successful
charge carrier transfer at the interfaces.

3.3 EPR spectroscopic study upon exposure to irradiation

In general, electron paramagnetic resonance (EPR) spectro-
scopy is a highly sensitive magnetic resonance technique based

1.0 0.02 5)
b)
0.8+
= 0.01-]
, 0.6
8
8
5 0.4 c) a)
8 S
< b) ° 400 500 660 700
0.2+ /
a)
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A [nm]

Fig. 3 Normalized UV-vis DR spectroscopy measurements of: (a) pristine
ZnO (black line), (b) CsN4—ZnO (50 : 50) (red line) and (c) g-C3N4 (blue line).
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on the energy separation of the spin states of an unpaired
electron by the action of an external magnetic field, exploiting
the electronic Zeeman effect, in which the magnetic transitions
are induced by microwave photons (in the range of GHz). In the
last decades, its potentiality in the huge panorama of hetero-
geneous catalysis has increased, with particular emphasis in
the field of photocatalysis.®>”® This has been possible since
EPR has proven to be a sensitive tool for the monitoring of
charge carrier separation, with the carriers very often trapped
in intrinsic or extrinsic defect sites during light absorption,
generating paramagnetic species. In this sense, EPR can be
considered as an analytical technique that can be used to
perform a pre-screening of material photoactivity.”>”* In addition,
it is increasingly used to obtain supporting analysis to determine
the working mechanism upon light absorption of complex
materials or heterojunctions,”*”> in such a way as to achieve
the correct electronic transfer at the interface, as will be presented
in the following.

Connecting the discussion to transition metal oxide semi-
conductors, it is well known that, considering the band structure
whereby they are modelled, when a semiconducting material is
irradiated by a suitable light energy, the excitation of electrons
(negatively charged) from the valence band to the conduction
band occurs, leaving the holes (positively charged) in the valence
band and generating charge carrier separation; this pheno-
menological occurrence is reported in eqn (1):

MeOyx + hv — e(CB)7 + h(VB)+ (1)

In this regard, when the irradiation is conducted under
vacuum conditions (where no surface molecules can interact with
the excited charge carriers) and at a low enough temperature,
such as that of liquid nitrogen (77 K, to prevent electron-hole pair
recombination), it is possible to follow the photo-generation of
electrons and holes that, stabilized in the solid, induce para-
magnetic species peculiar to each solid.

As is obvious, the stabilization of photo-generated charge
carriers depends on the nature of the oxide matrix, but some
guidelines can be summarized. The photoexcited electrons are
generally stabilized on metal cations, as described by eqn (2),
forming shallow donor energetic levels just below the conduc-
tion band edge.

Me™ +e” —» Me" ! (2)

In this way, the ionized metal cation becomes a para-
magnetic centre, easily recognizable via EPR.

On the other hand, the photoinduced holes are stabilized at
the oxygen ions of the lattice (O®7), ionizing them to the
paramagnetic species O™, as outlined hereafter in eqn (3):

0> + hyg — O~ (3)

Transferring the acquired knowledge to the materials of
this study, in Fig. 4, the EPR spectrum of pristine ZnO after
the activation process (see Materials and methods section) is
shown before and during the exposure to UV light irradiation.
As confirmed by the UV-vis spectra(Fig. 3), the synthetized ZnO

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 EPR spectra of pristine ZnO recorded at 77K and in a vacuum after
the activation treatment: (a) in the dark (black line) and (b) upon UV
irradiation (red line).

is photoactive just in the UV range of the electromagnetic
spectrum, with no activity under visible light. The spectrum
(a) of Fig. 4 shows that ZnO displays some EPR signals before
the illumination procedure, due to the lack of a perfect stoi-
chiometry in the sample, where, in order to maintain charge
neutrality, several defects are generated, among which some
have paramagnetic character. Upon UV exposure, the profile of
the spectrum does not change qualitatively, but one witnesses
an intensity increase of the EPR signals. In detail, the quasi-
isotropic line with g < g. (right hand side of the spectra,
ge = 2.0023 is the free electron g value) at g = 1.96 is caused
by electrons excited in the conduction band and relaxed in
shallow donor levels, at around 0.02-0.05 eV below the con-
duction band edge. The shallow donor nature has been, in the
past, the subject of several different attributions among which
are oxygen vacancies (or F-centres),”®”’® interstitial zinc,”®™%*
group-III element impurities®®” and interstitial hydrogen.
Although the assignment to oxygen vacancies is nowadays
considered erroneous, since the theoretical calculations con-
firmed their location in the middle of the ZnO band gap instead
of being shallow,*>°" the signal’s origin still lacks a clear and
defined explanation. An unambiguous answer is complicated
by the fact that the isotopic abundance of *’Zn (I = 5/2, giving a
six line multiplicity for the hyperfine interaction) is lower than
5%, preventing the observation of any resolved hyperfine
interaction that could provide direct information about the
chemical nature of the donors. In addition, an isotropic line
has been observed in highly pure ZnO single crystals, making
the hypothesis that it could be caused by IlI-group elements
less convincing. However, all researchers agree with the fact
that the signal at g = 1.96 is derived from the electrons in the
conduction band or trapped in the shallow donor levels; in the
latter case, the signal seems to be independent of the shallow
donor identity?®®* and the electrons can be modelled in an
effective-mass-hydrogenetic-like state.’*

In line with the above mentioned debate, the signal enhance-
ment upon UV irradiation is attributed to the photoexcitation of
electrons from the valence band to the conduction band or in

88-90
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shallow donor levels. The mechanism reported in eqn (4) is
therefore purely formal but consistent with the EPR study of other
transition metal oxide semiconductors, where the photoexcited
electrons are stabilized on specific cations (e.g. Ti*" in TiO, and
Zr** in Zr0,%7?).

Zn** +e” — Zn" (4)

The growth of a complex signal at g > g. (left-hand side of
the spectra) constituted by two axial signals with g =2.019 and
g1 =2.005 and g = 2.010 and g, = 2.004 upon irradiation is
caused by the trapping of photo-generated holes, taking place
according to eqn (3).”%81:9>7%8

After having ascertained that the stabilization of charge
carriers upon UV irradiation can be followed via EPR spectro-
scopy for ZnO, we shift the matter of the discussion to the bare
2-C3;N, semiconductor. Before analysis of the EPR outcomes for
the graphitic polymer, it is worth considering its electronic
configurations and their hybridization. Considering the carbon
in the N—C-N, bond of the tri-s-triazine ring in the ground
state, the 2s orbital is filled with two electrons with opposite
spins, as well as the 2p, and 2p, sublevels of the 2p orbitals,
while the 2p, orbital is unoccupied. Passing to the excited state,
with each of the 2p,, 2p, and 2p, orbitals occupied by an
unpaired electron, the 2s orbital can hybridize with 2p, and
2p,, giving rise to three sp® hybridized orbitals (equivalently
hybridized), leaving the unpaired electrons in the 2p, state, at
slightly higher energy. The same argument can be applied for
the N atom in both the C-N—C and in the N-(C)3 bonds: while
in the first case, the excited state is characterized by an sp*
hybridization, this time non-equivalent (one of the three sp®
hybridized orbitals is doubly occupied) but again with un
unpaired electron in the 2p, orbital, in the second case, an
equivalent sp> hybridization can be considered anew with the
2p, orbital doubly occupied. Having elucidated the atomic
configuration in the tri-s-triazine unit constituting the hepta-
zine network of g-C;N,, the overlapping of the sp® hybridized
orbitals of C and N atoms results in the formation of c-bonds,
while the overlapping of the 2p, orbitals generates m-bonds.
In the latter case, the electrons, half coming from the carbon
atoms and half coming from N atom subunits, cannot be
confined but they are free, constituting the m-conjugated
structure.”® It should be noted that the two electrons with
different spin orientation in the 2p, orbitals of the N atom in
the N-(C)3 bonds do not take part in the delocalized n-conjugated
system due to the Coulombian repulsion to which they are
subjected; in this case, the electrons in the m-conjugated system
cannot move in the 2D plane but they can travel inside the triazine
ring, leading to a localized n-conjugated structure, as described by
DFT calculations in ref. 32.

In light of the clarified atomic configuration characterizing
the atoms of the heptazine network constituting the building
blocks of the investigated C3;N,, its EPR spectrum in Fig. 5
can be readily analysed. As reported in many previous
works,**?*10%191 the gpectrum of thermally activated g-C;Ny,
before light exposure, shows an isotropic line with a mostly
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330

340
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Fig. 5 EPR spectra of pristine g-CsN4 recorded at 77 K and in a vacuum
after the activation treatment: (a) in the dark (black line), and (b) upon
illumination with a band pass filter at A > 400 nm (red line); (c) at 420 nm
(blue line) and (d) at 455 nm (green line).

335

Lorentzian shape at g = 2.0042, caused by unpaired electrons in
the localized m-conjugated system, with preferential carbon
character; this assignation is supported by the absence of
hyperfine splitting typical of unpaired electrons stabilized on
N atoms. The presence of unpaired electrons in the localized
excited state prior to illumination can be attributed to
defects in the nanostructured material caused by melamine
polymerization.®®'0>103

Upon visible light irradiation, performed with several band
pass filters at different visible wavelengths of irradiation, the
rising up of the Lorentzian line, due to the electron photo-
excitation from the valence band (2p nitrogen orbitals) to the
conduction band (2p carbon orbitals), dominates the EPR
spectra (b-d) of Fig. 5, increasing the number of unpaired
electrons in the localized m-conjugated system. It can be
observed that the outcomes are in line with the UV-vis spectro-
scopy measurements (Fig. 3), since the g-C3N, material is still
photoactive under irradiation executed with 4 > 455 nm,
although the intensity of the signal decreases, as can be seen,
with increasing irradiation wavelength.

Upon further analysis of the EPR spectra during the
irradiation procedure, a further broader shoulder is visible
at lower magnetic field values and is attributed to electrons
trapped at nitrogen radicals in the polymeric network.'®®
In order to evaluate this hypothesis, simulation of the EPR
spectra of the g-C;N, sample upon irradiation with 1 >
400 nm has been carried out using the SIM32 software:>®
Fig. 6 reports the calculated spectrum in comparison with the
experimental one, where the single convolutions are also
highlighted.

The simulation confirms the presence of a further species
with respect to the most imposing Lorentzian character at
g = 2.0042 (blue line in Fig. 6), distinguished by a rhombic
shaped signal with g; = 2.0150, g, = 2.0062 and gz = 2.0012
(green line in Fig. 6), compatible with the presence of nitroxide
species generated during the surface oxidation of the activation
treatment.'®*"'%” The broad profile displayed by the g; compo-
nent of the rhombic signals is imputable to the inhomogeneity

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Simulation of the EPR spectra of pristine g-CsN4 recorded at 77 K
and in a vacuum after the activation treatment upon illumination at
A = 400 nm: experimental (black line), simulated (red dashed line),
Lorentzian convolution (blue line), and rhombic convolution (green line).

330 335 350

of the nanocrystal surface, in which the unpaired electrons can
differently interact with the neighbouring species.

Regarding the EPR characterization of the C3N,-ZnO mixed
system, as shown in Fig. 7, a much more complex profile
appears. To the best of our knowledge, this study provides
the first investigation of paramagnetic centres regarding the
interfaced system C;N,-ZnO. In order to streamline the analysis,
the first step is to refer back to the EPR features observed for
the two bare semiconductors, again by means of a simulation
procedure (red line spectrum in Fig. 7).

The various deconvolutions in the calculated spectrum reveal
the EPR signals already observed and described for the two
separate ZnO and C;N, phases: the spectrum is dominated by
the isotropic line at g = 1.96 due to electrons trapped in the shallow
donor levels of ZnO. The signal at lower magnetic fields appears
more complicate with respect to that generated by the trapped

—— experimental
- —-simulated
I— contribution of trapped e (ZnO)
[— contribution of trapped h* (ZnO)
contribution of trapped h* (ZnO)
[~ Lorentzian contribution (C,N,)

—,—/\ﬁ
e

340
B [mT]
Fig. 7 EPR spectrum of the 50:50 C3N4—ZnO mixed system and the
corresponding simulation: experimental (black line), simulation (red
dashed line), contribution from the isotropic line at g = 1.96 (trapped
electrons) of ZnO (blue line), contribution from the axial line at g, = 2.019
and g, = 2.005 (trapped holes) of ZnO (green line), contribution from the
axial line atg, = 2.010 and g, = 2.004 (trapped holes) of ZnO (orange line),
and contribution from the isotropic line at g = 2.0042 (trapped electrons)
of CsNy4 (violet line).

330 335 345 350
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holes (O™) in the pristine ZnO, due to the presence of the Lorentzian
signal at g=2.0042 caused by the electrons stabilized at the localized
n-bonds, and characterized by the carbon character.

The exposure of the mixed material C;N,-ZnO to visible
irradiation produces a modification of the EPR spectrum in
terms of signal intensities completely different with respect to
what is observed for the pristine samples. Fig. 8 shows the
mixed material upon exposure to light with 2 > 400 nm
(red line) and A > 455 nm (blue line).

Opposite to bare ZnO, in which UV irradiation causes a
growth of the signal at g = 1.96 due to the stabilization of
photoexcited electrons in shallow donor levels (Fig. 4), for the
mixed sample, the intensity of the signal drops down during
the visible light exposure performed with band pass filters at
400 nm and 455 nm. On the other hand, the more complex
signals at higher g values, having axial character and attesting
to the stabilization of the photoinduced holes stabilized as
O™ species in ZnO, grow during irradiation as in the case of the
pristine material in the case of UV illumination. Finally, the
isotropic Lorentzian line at g = 2.0042, caused by the localized
electrons in C3N,, is embedded in the broader g, component
of the O™ centres, as certified by the simulation in Fig. 7 (violet
line). This implies that the 50:50 C3N,~ZnO mixture is photo-
active upon visible irradiation, improving the photoactivity
feature of the zinc oxide; the observed trend guarantees a
beneficial interfacing between the two semiconducting materials
in which the charge carrier separation can be analysed and
elucidated as discussed in the following section.

3.4 Results and discussion and unveiling of visible photon
absorption mechanism

Summarizing the presented results, the synthetized ZnO,
characterized by a wurtzitic crystal structure, undergoes charge
carrier separation upon UV irradiation that can be followed
using EPR spectroscopy by means of well-established strategies,
in which the signals of trapped photoinduced charge carriers
can be recognized in the spectrum, located in separate spectral
regions.®®”%?® Concerning the pristine g-C;N,, obtained by the

~_~g=2.010

— Dark
— lamp on A>400 nm
—— lamp on A>455 nm

330 335 340 345 350
B [mT]

Fig. 8 EPR spectra of pristine g-CsN4 recorded at 77 K and in vacuum
after the activation treatment: dark (black line), upon illumination with a
band pass filter at 2 > 400 nm (red line) and at 4 > 455 nm (blue line).
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poly-condensation of the melamine precursor via annealing
in air at 823 K, it showed a typical 2D graphitic structure
composed of tri-s-triazine units dominated by a m-conjugated
system. Also, in this case, the excitation of electrons upon
visible irradiation has been recognised by means of EPR
spectroscopy, with the increase of the Lorentzian line at g =
2.0042 due to the stabilization of excited electrons in the
localized m-bonds, having carbon character and forming
the material conduction band; moreover, the presence of the
surface nitroxide radicals has been verified, having a specific
rhombic g-tensor. The activity at different photon frequencies
of the two pristine materials was confirmed by means of UV-vis
spectroscopy measurements, highlighting the photo absorption
of ZnO just in the UV spectral region, while for g-C;N,, the
absorption edge is around 460 nm. The 50:50 mixture has
exhibited a red-shift with respect to bare ZnO of the absorption
edge and a slightly higher absorption in the visible region
compared to that of pure g-C;N,, indicating an actual coopera-
tion of the two phases in the interfaced system. TEM imaging
confirmed the homogenous distribution of the two phases and
their anchoring one around the other, suggesting an active
partnership at the interface and constituting a heterojunction
system.

In the last years, several authors have reported the promi-
nent photocatalytic ability upon visible light exposure of the
mixed C3N,~ZnO material,*”*>%1981% wwhere they speculated
the working mechanism at the interface of the heterojunction.
In most of the cases, the sustained hypothesis of the real
process upon visible photonic irradiation foresees an electron
transfer from the C;N, conduction band (—1.12 eV vs. NHE) to
the ZnO conduction band (—0.02 eV vs. NHE), typical of a type-
II heterojunction or a p-n heterojunction. In contrast, the hole
transition would occur from the ZnO valence band (+3.00 eV vs.
NHE) to the C;N, valence band (+1.57 eV vs. NHE) (Scheme 3).
In general, in a type-II heterojunction, the spatial charge carrier
separation is improved, since the photo-generated charge
carriers are localized on the two different semiconductors;

=112

+0.02

#1457

+3.00

Potentials vs. NHE (eV)

+31

type-Il heterojunction

pH=0

Scheme 3 Schematic representation of the hypothetical CzN4—ZnO type-Il
heterojunction with the standard potential found in the literature.>
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however, the stabilized electrons and holes are not at the
best potentials for reductive and oxidative redox reactions,
respectively. These explanations are not consistent with the
extremely high photocatalytic activity exhibited by the C;N,-
ZnO mixed system in both oxidative and reductive reactions.

Accordingly, considering the outcomes of this work
obtained by using the EPR technique upon in situ visible
irradiation of C3N,~ZnO and compared with the results of the
pure materials, it is clear that a different mechanism of charge
carrier migration at the interface should be considered. Indeed,
in the case that the working mechanism is the one described
above (type-II heterojunction, Scheme 3), the signal at g = 1.96
in the mixed system should grow, in a similar way as in ZnO
during UV light exposure, but this is not the case. In contrast, in
C;3N4-ZnO, the signal at g = 1.96 decreases, both with irradia-
tion performed with band pass filters at 4 > 400 nm and
A > 455 nm, indicating that an electron transition occurs from
ZnO during the illumination; still, the hole signal (O7), at
higher g values, rises in a conspicuous way compared to
the holes in bare ZnO, although the irradiation was more
energetic (UV) for the pristine material.

This elucidation of the results allows us to sustain the
hypothesis proposed by a few researchers, in which they
suggested a different electron transition with respect to that
of the type-II heterojunction, but without enough convincing
mechanistic studies and just derived from photocatalytic
reactions.”® Rather, the charge transfer at the interface
of C3N,~ZnO during visible light irradiation can be explained
with the recently proposed ‘“direct Z-scheme or S-scheme”
heterojunction.>****' %! In this case, the band alignment
configuration at the interface is the same as that of the type-II
heterojunction, where the band gaps of the two semiconductors
are staggered. The different charge carrier dynamics at the inter-
face is guaranteed by a suitable work function difference at
the interface between the two semiconductors, a fundamental
prerequisite inducing a specific electric field at the interface. The
establishment of the electric field at the interface (derived from
the peculiar features of the semiconductors) favours the selective
annihilation of the electrons from the semiconductor with the
lower conduction band (ZnO in this case) energy and that of the
holes from the semiconductor with the higher valence band
energy (C3N,). The described charge carrier transportation would
ensure the strongest redox ability for the photoexcited electrons
stabilized in the C;N, conduction band and that of the photo-
induced holes in the ZnO valence band, as depicted in Scheme 4.

In conclusion, EPR spectra upon visible irradiation recording
both the simultaneous reduction of the electronic signal (g = 1.96)
and the improvement of the hole signals of ZnO must be
explained by the recombination at the interface of the photo-
excited electrons in ZnO with the holes of C3N, (not detected
by EPR).

The consistency of these results provides solid proof of the
supposed working mechanism occurring during visible irradia-
tion of the C;N,-ZnO mixed system, unraveling the predictions
of previous studies. Nevertheless, the necessity of a scale-up
concerning the production of H, from the water photo-splitting

This journal is © The Royal Society of Chemistry 2020
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Scheme 4 Schematic representation of the actual CsN4—ZnO “direct
Z-scheme” or “S scheme” heterojunction with the standard potential
found in the literature.>®

reaction or CO, photo-reduction reaction in chemical products
requires further improvements starting from the synthetic
routes, aiming obtain more highly porous materials, then with
a higher specific surface area available for the reactions at the
surface, and to ensure a greater intimate contact at the inter-
face to further enhance the charge carrier annihilation at the
semiconductor surfaces.

4. Conclusions

Bare ZnO and C3;N, semiconducting materials and the 50:50
C;3N,-ZnO mixture were prepared via a fast and facile synthetic
route, consisting of a one-step annealing in air of the dissolved
precursors at a moderate temperature (823 K) for 5 hours.
Structural and morphological analyses have revealed the purity
of the obtained phases, expressed in a diffraction pattern of the
typical wurtzitic hexagonal phase for ZnO and of the charac-
teristic repetition of the interlayer stacking of the aromatic
systems for the C3;N, graphitic phase; moreover, the existence
of an intimate contact between the two phases for the mixed
material emerged, unveiling the formation of an interfaced
system. Optical measurements performed with UV-vis DR spectro-
scopy testified a band gap of 3.3 eV for the bare ZnO and of 2.7 eV
for the pristine g-C3N,, while the C;N,-ZnO sample showed
greater light absorption in all the spectral ranges.

The working mechanism upon visible light absorption of the
C;N,-ZnO heterojunction has been investigated by coupling
EPR spectroscopy with in situ irradiation performed employing
different band pass filters and comparing the outcomes with
those of the pristine materials. It was found that bare ZnO
displayed an increase of the signals due to the trapping of
photoexcited electrons (g = 1.96) and holes (g, = 2.019 and
g1 =2.005 and g = 2.010 and g, = 2.004), inducing para-
magnetic defects; on the other hand, g-C;N, also exhibited an
increase of the Lorentzian line at g = 2.0042 upon visible
irradiation, caused by the photoexcitation of the electrons from

This journal is © The Royal Society of Chemistry 2020
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the valence band (with almost nitrogen character) to the conduc-
tion band (derived from the p, carbon orbitals of the t-conjugated
system). Concerning the mixed system, opposite behaviour was
recorded during visible illumination, where the signal due to the
trapped electrons in the ZnO matrices decreased, while the hole
signals still increased. The observed phenomenon can only be
only explained by assuming a direct Z-scheme or S-scheme
heterojunction at the material interfaces, as previously reported
in a few works, and not to a type-II heterojunction as often
theorized. To the best of our knowledge, this study provides the
first experimental evidence regarding a definitive attribution
of the visible light absorption mechanism of the C;N,~ZnO
heterojunction.
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