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ARTICLE INFO ABSTRACT

Keywords: Lignin depolymerisation via photocatalytic cleavage of the selective interunit linkage in lignin could be a sus-
C-C bond cleavage tainable approach to produce monomeric aromatic chemicals. However, the insufficient investigation of interunit
Photocatalysis

C-C bond fragmentation has obstructed the rational design of efficient photocatalytic system and further limit
the yields of aromatic monomers from lignin depolymerisation. Herein, this work developed the ultrathin g-C3N4
with multiple defective sites by simple self-assembly process and in-situ thermal gas-shocking/etching process to
catalyse the cleavage of lignin C-C bonds under visible light irradiation. Compared with the pristine g-C3Ny, the
developed g-C3N4 photocatalyst exhibited a superior catalytic activity (improved 102 %) and selectivity (~90 %)
in the cleavage of C-C bonds in lignin. This study demonstrated that the defects construction and ultrathin
structure can optimise the electronic structures of g-C3Ny4 for better separation and transfer of photoinduced
charges. And the control experiments and DFT calculation indicated that the created defect sites can promote the
generation of essential reactive radicals (e.g., the activation of O3) and radical intermediates (C-H activation).
The present work provides useful insights for the rational use of defect engineering in designing the efficient
photocatalytic system for the conversion of lignin into aromatic monomers via the C-C bond cleavage.

Lignin conversion
Graphitic carbon nitride

1. Introduction lignin [10-13]. Among all the studies in this research field, since $-O-4

structure is the major form of interunit linkage in natural lignin struc-

Lignin, which generally accounts for over 15 wt% of lignocellulose, is
the only natural aromatic polymer bioresource that is available in large
quantities [1-5]. More than 70 million tons of lignin could be generated
from papermaking industry and biorefinery every year and the yield of
lignin is expected to keep increasing in the future as more biorefineries
are coming on stream. However, most of lignin is simply consumed as a
low-quality fuel, which is a huge waste and could cause the pollution
problem [1,6-9]. Due to the unique natural aromatic structures and the
high availability of lignin, lignin is considered as a renewable feedstock
to produce value-added functionalised monomeric aromatic compounds
via the selective cleavage of interunit linkages between aromatic units in
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tures, the depolymerisation of lignin with the production of aromatic
monomers through the photocatalytic cleavage of Cg-O linkages be-
tween aromatic units in lignin has been intensively studied and obtained
significant progresses with the development of various advanced pho-
tocatalysts and reaction mechanisms [1,10-14].

However, compared with the intensively studied lignin depolymer-
isation via C-O bonds scission, the investigation of photocatalytic
cleavage of the unneglectable proportion of C-C interunit linkages in
lignin are still limited and only a few works focused this area. In fact, the
isolated lignin from the conventional lignocellulose fractionation pro-
cesses and commercial biorefining processes generally contains more
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fractions of C-C bonds as the additional C-C bonds could be formed in
the condensation reaction at the expense of Cs—O bonds [1,15]. For
example, kraft lignin which is the most common form of technical lignin
biomass generated from the paper industry always contains a large
amount of recalcitrant C-C bonds instead of C-O bonds due to the lignin
degradation and polymerisation processes under harsh alkaline condi-
tions [1,15,16].In this case, the fragmentation of sole C-O linkages
cannot fully realise the potential of lignin as a feedstock for producing
aromatic compounds. Therefore, even though the fragmentation of C-C
bonds is even more challenging than C-O interunit bonds due to the C-C
bonds’ non-polar properties and robust features in comparison to the
C-O bonds (bonding dissociation energy: 288.4-514.1 kJ/mol vs
217.4-334.4 kJ/ mol [17]), it is necessary to investigate the photo-
catalytic cleavage of the C-C interunit linkage to further improve the
yields of monomeric products from lignin depolymerisation for the
realisation of lignin valorisation. Generally, p-O-4 and p-1 linkage are
the most and the second most abundant interunit linkages in most types
of lignin biomass. Thus, the C-C bond scission in this study mainly
targets the C,—Cg bonds in these structures and aimes to generate the
corresponding monomeric aromatic compounds [18-21].

Graphitic carbon nitride (g-C3Ny), as a typical metal-free polymeric
semiconductor photocatalyst, has shown some potential in the frag-
mentation of C-C bonds from lignin [19,21-25]. Liu et al., first found
that graphitic carbon nitride could be used as the photocatalyst to cleave
C-C bonds in lignin model compounds, and it is worth pointing out that
the solid-state NMR results and DFT calculations in this study proved
that the n—x stacking interactions between the g-C3N4 and aromatic
molecular structures in lignin model compounds could promote the
molecule activation and the essential charge transfer for photocatalytic
reactions [19]. However, the photocatalytic performance of g-C3N4
could be restrained by its typical inherent limitations, such as the fast
photoinduced carriers’ recombination, inappropriate band gap struc-
ture, and lack of active sites [26]. The construction of surface defects on
photocatalysts has been proven to be a promising approach for
improving photocatalytic performances [27]. In the previous studies,
various forms of surface defects including surface vacancies (C and N
vacancies) and surface functional groups (e.g., -C=N, —-OH, and -NH>)
have been successfully introduced to g-C3N4, which led to significant
improvements in the selectivity and activity of photocatalytic reactions
[26-30]. Besides the intrinsic effects of these defect sites on light ab-
sorption and photogenerated carrier separation, these defect sites can
also act as the active sites and participate in the corresponding surface
reactions. For example, it has been reported that the N defects can
effectively adsorb O, and promote O, activation, and C defects can
enhance the redox capability and improve the catalytic activity [27,31].
Notably, the previous studies on the photocatalytic C-C bond scission in
lignin indicated that the participation of Oy-derived radicals and the
activation of the C-H bond are very crucial in this process. It is
reasonable to expect that the construction of defects on graphitic carbon
nitride could be a promising approach to improve its catalytic activity
for C-C bond fragmentation [18,21,32].

Based on the above expectations, the ultrathin g-C3N4 integrated
with in-situ formed multiple defects were prepared by a novel facile
thermal polymerisation of the supermolecules formed by urea and
dicyandiamide with the assistance of thermal gas-shocking etching and
exfoliation. The existence of various defects on g-C3Ny4 has been verified
by the corresponding characterisation results. And more importantly,
the obtained optimised catalyst with multiple vacancies exhibits
significantly enhanced performance in the cleavage of C-C bond in
lignin model compounds under visible light illumination. Overall, the
results and insights of this work present a promising approach to
designing metal-free heterogeneous g-C3N4 photocatalysts for convert-
ing lignin to aromatic monomers via C-C bond cleavage.
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2. Experimental section
2.1. Materials

All the chemical reagents used for the synthesis of catalysts were
analytic grade and used as received without further purification.
Dicyandiamide (99.5 %) and Urea (99.5 %) were purchased from
ACROS organics. The monomeric aromatics including Phenol (>99.5
%), Benzaldehyde (>99 %) and Phenyl Formate (>98 %) used for
quantitative calibration analysis were purchased from Sigma-Aldrich
Co., Ltd. 2-Phenoxy-1-phenylethanol (PP-ol) and 2-phenoxyacetophe-
none (PP-one) were purchased from Fluorochem Ltd. And other lignin
model compounds were purchased from BLD Pharmatech Ltd. unless
otherwise stated. Kraft lignin was the by-product from a local paper
factory and processed from corn stalk. Ethanol (Absolute, >99.8 %) and
Acetonitrile (99.9 %) were purchased from Fisher Scientific Interna-
tional, Inc. Argon (zero grade) used for calcination process, Helium (CP
grade) and Oxygen (zero grade) used for reaction atmosphere were
purchased from the BOC limited. Deionized (DI) water was purified by a
CENTRA® R200 Centralized Purification and Distribution Systems.

2.2. Preparation of catalysts

The g-C3N4 nanosheets were synthesised by a typical thermal poly-
merisation process. A certain total amount (10 g) mixture of dicyan-
diamide and urea with various weight ratios (dicyandiamide: urea =
0.5:9.5, 1:9, 2:8, 3:7) were added into 20 mL DI water and dissolved at
60 °C under magnetic stirring. The solution was kept stirring and dried
at 60 °C until the supramolecular precursor of urea and dicyandiamide
could be obtained. Then, the supramolecular precursor was grinded into
powders and placed in a 50 mL crucible with lid. The crucible with lid
was further wrapped with aluminium foil and placed into the centre of a
muffle furnace. The furnace was subsequently heated to 550 °C with a
ramping rate of 5 °C/min and kept at 550 °C for 2 hr. After naturally
cooling down to room temperature, the products were collected and
named as DyUj0x-1 (x = 0.5, 1, 2, 3). Afterward, the grounded samples
(250 mg) after the first-time calcination were placed in a ceramic cru-
cible (20 mL) with lid for the second-time calcination in a tube furnace
and heated to 550 °C for 2 hr with a heating rate of 5 °C/min under
argon atmosphere (Ar flowrate is 120 mL/min). After cooling to room
temperature, the obtained products after second calcination were named
as DxUlo_x—z (X = 0.5, 1, 2, 3).

In order to further modify the structure characters of the carbon
nitrides, various amount of DI water (5 g, 10 g, 15 g and 20 g) was added
into the crucible before the first-time calcination in muffle furnace. In
this case, the obtain samples were named as W;DxUj9.x-1 or WyDxU1 0.«
2, depending on the amount of added water (n = 5, 10, 15, 20) and the
times of calcination.

2.3. Characterisation

The crystal phases of g-C3N4 were analysed by an X-ray diffractom-
eter (XRD, Phaser-D2, Bruker) with Cu Ka X-ray source at the voltage of
40 kV and current of 40 mA. The optic morphologies and structures of
catalysts were imaged by scanning electron microscopy (SEM, Zeiss
Sigma VP). Also, the elemental compositions of C, H, N in the samples
were measured on an organic elemental analyser (Carlo Erba NA 2500).
The infrared (IR) transmission spectra were obtained from a Fourier
transform infrared spectrometer (FITR, Shimadzu IRTracer-100)
equipped with the DLATGS detector and a KBr pellet was used as the
standard The BET (Brunauer, Emmett and Teller) surface area of each
prepared sample was analysed by a Quantachrome IQ advanced
micropore size and chemisorption analyser at 77 K. The diffuse reflec-
tance UV/Vis spectroscopic (DRS) measurements were conducted on a
UV-vis spectrophotometer (Shimazu, UV-3600plus) equipped with a
praying mantis accessory (Harrick Scientific) in the spectral range of
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200-900 nm using BaSO4 powders as the reflectance standard. The
chemical states of each element in prepared catalysts and X-ray photo-
electron valence band spectra (XPS-VB) were characterised on an X-ray
photoelectron spectrometer (ThermoFisher K-Alpha) with an Al Ko X-
ray source. The Solid-state 13C MAS NMR spectra were measured on
Bruker Avance III spectrometer with a 9.4 T superconducting magnet.
The electron paramagnetic resonance (EPR) spectra of the samples were
measured by Bruck A300 spectrometer.

2.4. Computational details

The Quantum Espresso package was employed to perform density
functional theory (DFT) calculations within the generalized gradient
approximation (GGA) in form of Perdew-Burke-Ernzerhof (PBE)
formulation as the treatment of electron exchange and correlation
[33-35]. The projected augmented wave (PAW) potentials are used to
describe the ionic cores and inner electrons with kinetic energy cutoffs
of 45 Ry and 450 Ry, respectively [36,37]. A gaussian smearing of 0.01
Ry was used on the partial occupancies of the Kohn—Sham orbitals. And
the geometry optimisation was assumed to be convergent when the force
change was smaller than 5 x 10~* Ry/Bohr. The dispersion interactions
were described with Grimme’s DFT-D3 methodology. The Brillourin
zone was sampled with a gamma-centred grid 3 x 3 x 1 during the
computational process. All the plots related to the calculations in this
study were visualised with the VESTA software [38].

The molecular structures of g-C3N4 were constructed and modified
on Materials Studio software [39]. And the unsaturated positions on N
atoms at the edge were saturated by H atoms. The equilibrium lattice
constants of rectangular g-C3N4 monolayer unit cell were optimised
(where a = 16.177 Z\, b =12.338 f\) with a vacuum layer of 20 A to
separate the surface slab from its periodic duplicates.

The adsorption energy (Eaqs) of oxygen molecule (A) was defined as:

Eus = EA/surf - Esurf —Ea

Ea/surf, Esurf and Ea represent the energy of substrate adsorbed on the
surface, the energy of clean surface and the energy of isolated substrate
molecule.

2.5. Photocatalytic performance evaluation

A customized quartz reactor with a cooling water jacket was used in
this work. A xenon arc lamp (manufactured by Perfect Light Company)
equipped with a PE300BF type light bulb and a 420 nm UV filter was
used as the light source. The position of the lamp was fixed to ensure the
light intensity in different tests were the same, which was about 0.35 W/
cm? at the centre. Typically, 10 mg of catalyst, 10 mg of lignin model
compounds (or the extract from natural plant tissue or the kraft lignin
biomass) and 5 mL of CH3CN were added into the reactor. The mixture
could form a well-dispersed suspension with the aid of magnetic stirring.
During the reaction process, oxygen, or other gases was bubbled into the
reaction solution with 5 sccm of flowrate and the reactor was placed
under illumination with magnetic stirring at 300 rpm. The temperature
was kept at around 20 °C with the aid of the cooling water system. After
the reaction, the catalyst was removed by filtration or centrifugation
(10,000 rpm for 10 min). Then, 1 mL supernatant liquid was taken out
and mixed with 4 mg of methylparaben as the internal standard. Next,
the mixture solution was diluted by a factor of 50 times with acetoni-
trile. The conversion of lignin model compounds and the yields of aro-
matic monomer products were identified and quantified by gas
chromatography-mass spectrometry (GC-MS, QP2010 SE, Shimadzu)
and the column used in this work is RXI-5MS Cap Column 30 m, 0.25
mm ID, 0.25 ym.

The following operation parameters were generally applied to the
GC-MS: injection temperature: 280 °C; column temperature program:
80 °C for 2 min, then increasing the temperature to 270 °C at a rate of
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10 °C/min, then heat up to 300 °C at a rate of 30 °C/min and holding the
temperature for 5 min, The scanning speed of MS is 1000, starting from
45 m/z and end at 220 m/z.

The conversion rate of lignin model compounds, selectivity and yield
of products are calculated based on the following equations:

Conversion% (Reactant) = 1 — (Residual Reactant / Initial Reactant) 1)

Selectivity% (Product) = Moleof Product Formed / Mole of Reactant Converted
(2)

Yield% (Product) = Selectivity% (Product) x Conversion% (Reactant)  (3)

3. Results and discussion
3.1. Synthesis of defective g-CsN4

The schematic diagram of the preparation of defective g-C3Ny4 is
shown in Scheme 1 and the detailed stoichiometric information could be
found in section 2.2. In the first step, the dicyandiamide solution was
introduced into the urea solution to form a supramolecular composite
via the hydrogen-bond assisted self-assembly process [40]. The g-C3Ny4
was attained by the thermal polymerisation process. In the subsequent
material preparation process, the addition of water was used to promote
the generation of endogenous gaseous species (e.g., NH3, H,O and COy)
during the heating process, resulting in the formation of defects and the
change of the packed layer structure in g-C3Ny4 by thermal gas-shocking
exfoliation effect during the polymerisation process of g-C3Ny
[27,29,31]. After the 1st step, the obtained samples presented a foam-
like architecture, and the yields of samples gradually decreased with
the increase of additional water due to the excessive conversion of
precursor into endogenous gas (Table S1). The evolution of materials in
the first preparing stage is similar to the previous studies in which g-
C3N,4 materials are treated in different atmosphere to introduce different
types of vacancies into the g-C3Ny structure [31].

The 2nd heat treatment under argon atmosphere could generate
more N vacancies on the g-C3N4 surface, because argon molecules
excited by the enormous amounts of energy at a high-temperature
environment can etch the g-C3N4 surface by passing the energy ex-
ceeds the binding energy [27,41]. Thermogravimetric analysis (TGA)
was conducted to evaluate the performance of the 2nd thermal etching
treatment, the weight loss of each sample was neglectable before heated
up to 500 °C but a significant drop of weight can be observed after
500 °C (Fig. S1). The differences of weight loss between D1U9-1and
W10D1U9-1could be attributed to the looser layer stacking structure
formed with the addition of water at the first calcination stage. More-
over, as shown in Table 1, the elemental analysis results from X-ray
photoelectron spectroscopy (XPS) and organic element analysis (OEA)
measurements reveal that the surface and total N/C atomic ratio
decreased after the argon heat treatment, which further confirm the
formation of N vacancies at this stage [27]. Also, it should be noted that
the change of N/C ratio measured on XPS is more significant than it
measured by OEA, suggesting that the created defects are mainly formed
on the surface.

3.2. Material characterization

The structures of all samples were firstly characterised by X-ray
diffraction (XRD) to investigate the crystal phases of prepared samples
from different synthesising processes. As shown in Fig. 1 (a), all samples
exhibited the typical characteristic XRD peaks of g-C3Ny4 at 13.1° and
27.7° assigned to the (100) and (002) planes, which could be respec-
tively indexed to the in-plane packing of heptazine units of g-C3N4 and
the interlamellar distance of the stacking layers [26,27]. The XRD pat-
terns can confirm that the successful synthesis of g-C3N4 from the
preparation approach used in this work and the crystal phases of g-C3N4
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Tube Furnace

Scheme 1. Schematic illustration of the preparation process of defective g-C3Ny in this study.
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Table 1

N/C atomic ratio of samples from the elemental composition analysis carried out
on XPS and OEA.

Sample ID N/C atomic ratio (XPS) N/C atomic ratio (OEA)
U10-1 1.300 1.694
D10-1 1.255 1.697
D1U9-1 1.323 1.676
D1U9-2 1.136 1.675
W10D1U9-1 1.300 1.685
W10D1U9-2 1.053 1.619

could also be retained well during the in-situ thermal gas-shocking
process. The diffraction peaks were slightly attenuated with the addi-
tion of water at the first synthesis stage and significantly attenuated after
argon thermal etching at the second synthesis stage, respectively. These
results suggest that the original g-C3Ny structures and layered stackings
were dismembered and formed defective short-range ordered graphitic
molecular fragments [26,27,31].

The morphologies and microstructures of samples were investigated
by using scanning electron microscopy (SEM) and atomic force micro-
scopy (AFM). Due to the strong n-= interaction between stacking layers,
the pristine g-C3N4 made from sole urea or dicyandiamide presents
typical hierarchical or bulk morphology characters as displayed in
Fig. S2 (a-d), which is consistent with the previous works [31,42,43]. As
expected, sheet-like g-C3Ny4 could be observed from D1U9-1, D1U9-2,
and W10D1U9-2, and the exfoliated nanosheets could be identified from
these samples due to the in-situ exfoliation effect during the material
formation process (Fig. S2 e-j). Among, W10D1U9-2 exhibited more
fully exfoliated small nanosheets and the thickness of the nanosheets
was measured by AFM. As shown in Fig. S3 (a-f), the thickness of the
nanosheets in W10D1U9-2 is only around 1 nm or less than 1 nm in
comparison to around 6 nm of thickness for the nanolayers in bulk g-

C3Ny4 (U10-1). The optical observation of the prepared samples can
further prove that the morphologies of the original g-C3N4 structure
could be controlled by the proposed synthesis procedure in this study
and the fragmented smaller and thinner nanosheets could be obtained
with the formation of supramolecular composites and the addition of
water.

Moreover, as shown in Fig. S4 (a, b), all samples exhibit the typical
type-IV patterns with the H3 hysteresis loop in the N, adsorp-
tion—desorption isotherms, confirming the formation of slit-shaped
pores and the non-rigid aggregates of plate-like particles in the sam-
ples [31,44,45]. The results of the Ny physisorption measurements and
the pore size distribution show that the formation of supermolecule, the
2nd thermal etching treatment and the adding of water can significantly
modify the surface and pore structure of g-C3N4. Therefore, the opti-
mised sample W10D1U9-2 has a larger BET specific surface area and
more pore volume in comparison to the pristine g-C3N4 synthesised from
sole urea or dicyandiamide (96.764 m?/g vs ~ 40 m%/g; 0.452 cc/g vs ~
0.15 cc/g). These results indicate that the thinned and exfoliated
nanosheets can expose more active sites and reduce the diffusion dis-
tance of the photogenerated charges, which could be beneficial to
photocatalytic activity [42].

Fourier transform infrared (FTIR) spectra was employed to probe the
chemical structural changes in different samples from different treat-
ments. As shown in Fig. 1 (b), all samples present similar characteristic
peaks in the region of 790-810 cm ™}, 1200-1700 cm ' and 2900-3300
em ™!, which could be identified as the out-of-plane bending mode of
heptazine rings, the stretching modes of aromatic C-N heterocycles, and
the stretching vibrations of the amino group (-NHy), respectively
[26,27,31,46]. Specifically, the peaks at approximately1410, 1490,
1570, 1650 cm™! come from the stretching vibrations of heptazine-
derived repeating units and the peaks at around 1250 and 1340 em?
corresponds to the bending vibrations characteristic of heptazine rings,
which is consistent with the FTIR analysis of the g-C3N4 [47,48].
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Fig. 1. (a) The XRD patterns of representative prepared samples; (b) The FTIR spectra of prepared samples.

Compared with pristine g-C3N4 synthesised from sole urea, the stretch-
ing vibration of the cyano group (~C=N) could be identified at around
2150-2200 cm ™~ from the rest of samples and could be maintained after
argon heat treatment [26,27]. The formation of cyano group may be
ascribed to the deprotonation of the C-NHj; groups with the endogenous
gas during thermal polymerisation process [27,31]. Solid-state '3C
magic angle spinning nuclear magnetic resonance (MAS-NMR) tech-
nique was used to further determine the detail changes of the heptazine
structure. As shown in Fig. S5, the NMR spectra of pristine g-C3N4 and
W10D1U9-2 both display two strong peaks at 164.9 ppm and 173.2
ppm, which respectively originated from C(1) atoms of N=C-N, and C(2)
atoms of N=C-N(NH,) in the heptazine units [46]. Also, the new peaks
at around 117.5 ppm from W10D1U9-2 could be identified as the C
atoms in the cyano group, which further confirmed the existence of
cyano group in the structure [27,46].

In addition, X-ray photoelectron spectroscopy (XPS) is used to
determine the chemical states of C and N elements for further investi-
gating the formation of defective structures. As the XPS survey spectra
shown in Fig. 2 (a), all samples are mainly constituted of C and N with a
neglectable amount of O at an approximately binding energy of 288 eV,
398 eV and 531 eV, respectively [42]. As for high-resolution XPS spectra
of Cl1s (Fig. 2 (b)), four main fitting peaks could be identified at around
284.8 eV, 286.8 eV, 288.4 eV and 289.2 eV, which could be ascribed to
adventitious carbon (C;), the carbon (C5) in C-NHy groups (x = 1, 2), the

tertiary carbon (Cs3) in N-C=N in the aromatic rings of the g-C3N4 het-
erocycles and =CNH;, groups (Cy4) [26,31,49]. It should be noted that the
C, peak positioned at around 286.6 eV arises and gradually increases in
D1U9-1, D1U9-2, and W10D1U9-2. Since it is unlikely to form more
C-NHy groups in this case and C=N groups and C-NHy groups have the
similar binding energies, the increased C, peak indicates that the for-
mation of C=N groups from dehydrogenation of the C-NHx groups [27].
Moreover, the area ratio of C3 to the total carbon peaks exhibit a
decreasing trend and W10D1U9-2 has the lowest value (Table 2), further
suggesting that the decomposition of tri-s-triazine structure in g-C3Ny4
and the formation of carbon vacancies on tertiary carbon sites [31]. As
shown in Fig. 2 (c), the XPS spectra of N 1s for all samples could also be
deconvoluted into four Gaussian peaks at around 398.8 eV, 400.1 eV,
401.2 eV and 404.3 eV, which could be associated with the nitrogen
atoms in sp2-hybridised C-N=C structure (N1), tri-coordinated N-(C)3
structure (N2), NHy groups (N3) in the framework and = excitation effect
in heptazine rings (N4), respectively [26,27,42]. The binding energy of
N2 peak in W10D1U9-2 was shifted to the lower direction, which could
be ascribed as the existence of adjacent N defectives in the structure
[27]. Also, for W10D1U9-2, the ratio of N1/N2 decreases to 3.59 while
the ratio of N1/C1 also significantly decreases to 1.29, which further
reveals the formation of N vacancies in this sample [26,27].

The defective structure of W10D1U9-2 was also investigated by
electron paramagnetic resonance (EPR) spectroscopy and U10-1was also
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Fig. 2. The XPS survey spectra (a) and high-resolution C 1s (b) and N 1s (c) XPS spectra of prepared g-C3Ny4; (d) EPR Spectra of U10-1 and W10D1U9-2.

Table 2
The area and area fractions of various C/N types on XPS spectra for different samples.
Area C1 C2 C3 C4 N1 N2 N3 N4
Area Fraction
U10-1 1607 - 39588.2 1560 72,944 16,446 10,696 4503
0.038 - 0.926 0.036 0.697 0.157 0.102 0.043
D1U9-1 795 482 39,484 699 70,217 17,231 9461 4369
0.019 0.012 0.952 0.017 0.693 0.170 0.093 0.043
D1U9-2 5926 944 35420.6 995 62,877 15,832 7845 3745
0.137 0.022 0.818 0.023 0.696 0.175 0.087 0.041
W10D1U9-2 9641 1834 31272.5 1156 56,779 15,647 6645 3407
0.220 0.042 0.712 0.026 0.688 0.192 0.081 0.042
D10-1 2527 1205 34,698 735 62,999 16,141 7040 3647
0.065 0.031 0.886 0.019 0.701 0.180 0.078 0.041

characterised for comparison. As shown in Fig. 2 (d), due to the unpaired
electrons generated by the carbon atoms on the heptazine rings, the
same g value (g = 2.004) could be determined from the Lorentz lines of
sample U10-1 and W10D1U9-2 [27,31,45]. However, the EPR signal
intensity of W10D1U9-2 was not attenuated by the loss of carbon, even
though the existence of carbon defects could be proved in this study. The
enhancement of EPR signal from pristine g-C3N4 to W10D1U9-2 could
be mainly due to the strong electron-withdrawing effect of cyano group
(—C=N) and the formation of N vacancies on bi-coordinated N positions
[27,45]. In this case, the generation of unpaired electrons could be

effectively promoted, which is beneficial to the migration and separa-
tion of photogenerated charges and thus resulting in higher photo-
catalytic activity [27,45,50].

The electronic structure was investigated by UV-Vis diffuse reflec-
tance spectroscopy (DRS) spectra and XPS-VB (valence band) to deter-
mine the width and band edges of bandgaps for each sample and further
evaluate the light utilisation ability and reduction/oxidation potential of
the prepared samples. The DRS spectra (Fig. S6) demonstrates the light
absorption properties of samples, and the modified g-C3N4 exhibited
good visible light harvesting properties. Compared with U10-1, the red
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shift in the intrinsic absorption bands of sample D1U9-1, D1U9-2 and
W10D1U9-2 may be related to the n — n* electron transition of the sp2
hybridization conjugated aromatic rings and the n — n* electron tran-
sition of the unpair electrons from the defective sites [27,51]. And the
blue shift of the light absorption band in W10D1U9-2 in comparison to
D1U9-2 could be ascribed to the quantum size effect of ultrathin nano-
sheet structure [31,42]. The bandgap values were subsequently deter-
mined based on Tauc plots and Kubelka-Monk theory, and the valence
band values versus standard hydrogen electrode (SHE) were calculated
based on valance band edge potential (Eyp) from XPS VB spectra with
the estimated work function (®) of the XPS analyser (4.37 eV) and
vacuum level vs SHE (—4.44 eV). Next, the conductive band values
could also be determined based on the equation Ecg = Eyg — Epandgap, and
all the information about band alignments were summarised in Table S2.
Herein, the narrowed bandgap width and the negative shift of the band
alignments could be attributed to the synergistic effect of N/C defects,
cyano groups (-C=N), and the ultrathin nanosheet structure, which is
consistent with the literature report [27,31].

Furthermore, the electronic structures and charge density distribu-
tion of pristine g-C3N4 and g-C3Ny4 with defects were calculated using
DFT method respectively, to evaluate the effects of defects on the
modification of bandgap structures and the enhancement of the sepa-
ration of photogenerated carriers. Two models of pristine g-C3N4 and g-
C3Ny4 with various defects were respectively built as illustrated in Fig. S7,
and significant lattice deformation and twisted tri-s-triazine rings could
be observed from the defective g-C3Ny4 in comparison to the pristine g-
C3Ny. The plotted density of states of two different g-C3N4 indicate that
the defects caused the downward shift of CB and resulted in the nar-
rowed bandgap compared to the pristine g-C3N4, which is in line with
the characterisation results. Moreover, a mid-gap state of approximately
0.9 eV above the valence band appears in g-CsN4 with defects (Fig. S8),
which can act as the recombination centre contributing to the charged
carriers’ separation [26]. The corresponding calculated charge density
distributions of g-C3N4 with or without defects further indicate the
positive effect of the created defects on the charge carrier separation
efficiency. As shown in Fig. S9, the charge density distributions of
pristine g-C3N4 are relatively uniform while the modification of the
defective structures leads to spatially localised charge density distribu-
tion. It has been widely accepted that this type of spatially localised
charge distribution could promote the separation of charged carriers and
thus facilitate the surface reactions driven by photoinduced holes and
electrons [26,27,52].

3.3. The evaluation of photocatalytic performance in C-C bond scission

2-phenoxy-1-phenylethanol (PP-ol) was first employed as the model
substrate to evaluate catalytic performance of prepared g-C3N4 due to its
representative -O-4 molecular structure and its ready comparison to
previous studies [19,22]. As shown in entry 1 and 11 of Table S3, after 5
h visible light irradiation, the pristine g-CsN4 from sole precursor (urea
or dicyandiamide) showed relatively low photocatalytic activity (~30
%-40 %) for the conversion of PP-ol into monomeric aromatics (Benz-
aldehyde, Phenyl Formate, and Phenol), which may be owing to their
inherent negative material properties for photocatalytic activity
including the inappropriate electronic structure, low surface area and
lack of active sites. Subsequently, the g-C3N4 made from the super-
molecule formed by urea and dicyandiamide can significantly increase
the conversion rate of PP-ol to 67.6 % with the optimised ratio of
dicyandiamide and urea (entry 5, Table S3), but further increasing the
amount of dicyandiamide led to a decreasing in photocatalytic activity
(entry 7 and 9, Table S3). Otherwise, it was found that the conversion of
PP-ol carried on the same g-C3Nj4 catalysts could be increased by about
20 %-25 % after the 2nd heat treatment under the argon atmosphere
(entry 2, 4, 6,8, and 10, Table S3). For example, D1U9-2 derived from
the D1U9-1 could process over 80 % of PP-ol substrate with over 80 % of
selectivity for desirable monomeric aromatic products. Based on the
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characterisation results, this improvement of photocatalytic activity
caused by argon heat treatment could be ascribed to the formation of N
vacancies and cyano groups in the structure, which can optimise the
electronic structure for better photocatalytic properties and probably
also can act as the active sites in the reaction [27].

Based on the above results from the evaluation of photocatalytic
activity and material characterisation, it is very likely that the defectives
on g-C3N4 can promote the cleavage of C-C bonds in PP-ol. Therefore, in
order to further improve the photocatalytic activity, water is used as the
additive in the synthesis process to promote the generation of endoge-
nous gases and thus further promote the formation of defective struc-
tures and construct ultrathin nanosheet morphology [26,31,46]. As
shown in Fig. 3 (a), in the beginning, W5D1U9-1 and W5D1U9-2 syn-
thesised with 5 mL of additional water respectively exhibited similar
photocatalytic performance with D1U9-1 and D1U9-2. Further
increasing the addition of water to 10 mL at the first stage of synthesis
process, the obtained samples W10D1U9-1 and W10D1U9-2 displayed
significantly improved catalytic activity in comparison to the D1U9-1
and D1U9-2 (The conversion rate of PP-ol: 74.3 % vs 67.6 % and 90.4
% vs 81.5 %, respectively). Combined with the characterisation results,
these results suggest that the promoted formation of C/N vacancies
could improve the photocatalytic activity in this reaction. However,
further increasing the addition of water in the first synthesis stage led to
a decrease in the photocatalytic activity for this reaction, suggesting that
the over-generation of defects in g-C3Ny structures may be detrimental
to the catalytic performance.

As a heterogeneous catalyst, W10D1U9-2 could be easily separated
from the reaction solvent environment by centrifuge or filtration pro-
cess. Subsequently, the recyclability test of this catalyst was performed
under five consecutive reaction cycles with the identical reaction con-
ditions. As shown in Fig. 3 (b), the differences in the catalytic perfor-
mance including the reaction rate of the substrate and the selectivity for
each product between the fresh and reused catalysts could be neglected,
not only strongly confirming that the prepared catalysts in this study are
relatively stable for recycling use but also revealing the potential
application of this photocatalytic system.

The photocatalytic reaction yield versus reaction time was also
evaluated in this work. As shown in Fig. 3 (c), the gradually decreased
reaction rate could be ascribed to the decreased concentration of re-
actants in the batch reactor system. During the entire reaction process, it
is worth pointing out that over 80 % selectivity for monomeric aromatic
products could be remained whereas the oxy-dehydrogenation of PP-ol
to PP-one was kept at a relatively low level. Also, it should be noted that
the yield of phenol raised with the approximately same stoichiometric
amount of phenyl formate decreased after the extended illumination
time to 6 hr, implying the possibility of the transformation from phenyl
formate to phenol. The control experiments which directly employed
PP-one or phenyl formate as the reactant were also performed to further
study the reaction routes. As shown in Scheme 2 (a), the C-C bond
cleavage for PP-one is significantly slower than it for PP-ol, which could
be explained by the higher bond dissociation energy (BDE) of C-C bonds
in ketone compounds [22]. This result is agreeing with the previous
studies and indicates that the ketone compounds generated from the
oxy-dehydrogenation process are not the intermediate products, instead,
this process is a competitive side reaction to the targeting C-C bond
fragmentation [19]. Otherwise, as shown in Scheme 2 (b), the sole
phenyl formate conversion experiment proved that about 30 % of phenyl
formate could be consumed with nearly 90 % of selectivity for phenol,
confirming that phenol is generated from the hydrolysis of phenyl
formate. Compared with the previously published studies stated that no
considerable decomposition of phenyl formate during the whole reac-
tion process, the conversion of phenyl formate into phenol maybe owing
to the enhanced redox capability of the prepared g-C3Ny in this study,
which also resulted in the improved photocatalytic reaction efficiency.

It is very likely that oxygen participates in the reaction of C-C
cleavage since the generated product of phenyl formate is formed with



M. Cao et al.

Applied Surface Science 643 (2024) 158653

100%
L Dthol DPhenyl Formate EBenzaldehyde :]PP—one —u— PP-ol
2% | (@) P
- rd
- ~ - =
Yo = - - = =
80% PRl -
,;\ 3 P -
S 0% b - - ~\i__..1’ I -
o L /4.‘ - - h ==
S 0% f- ; A _ d
==
= i ’ i
T 50% f- ’ A } } }
S L =~_ 7 B i
g 40% |- ~ o
& 3
L 30% j=
E 70
3 L
U 20% =
o F Ml [ [ Flln [ (i flh {1
. LT L (R 1
> > N N N N v W v v v
& S S o o o o o o o o oF
S > Q S S’ S S’ <’ S’ S’ S
Q Ay N ‘.,,}Q\ QQ\ "‘Q\ &Q\ S ‘.,_,’Q\ QQ\ S . N
& & & & < & & &7
100%
I [ ]Phencl [[T]Phenyl Formate [[|Benzaldehyds [ | PP-one ==M=PP-ol [JPhenot [[]Phenyi Formata [ |Banzaldshyda [ | PP-ons —8—FP-ol
90% = —_ P ” e —®
. P— - - ] 0% |- . an
Lo o 3 (©) - :
% = _ 80% |-
I P * —
L70% [ | T 0% b »» .
ER| | Fy .
é 60% |= — | | f_:’ 60% = 4/ B W
- 3 - ‘ |
2 50% [ = 5% |- /
5 [ = ] ,°
A% = 7 4% |- .
3 30% = S o |
20% = 2% |-
=1 [ [0 0 i 1 1 bl [
0% —| —‘ —‘ ©h —‘
1 2

31 R2 RS R4 RS
Recyde Times

3 4 5 6
Reaction Time (h)

Fig. 3. (a) The conversion of PP-ol under O, saturated (1 atm) condition after 5 hr of visible light illumination with modified g-C3N4 catalysts synthesised with
different amount of additional water; (b) The reusability test for W10D1U9-2; (c) Time course process W10D1U9-2 for the photocatalytic conversion of PP-ol under
visible-light irradiation. Typical reaction condition: 10 mg of PP-ol (~0.05 mmol), 10 mg of catalyst, 5 mL of CH3CN as the solvent, visible light irradiation (0.35 W/
cm?), room temperature (20-25 °C), 5 hr. The quantitative analysis of each chemical was determined by GC-MS with Methylparaben as the internal standard.

an extra oxygen atom. Therefore, different reaction atmosphere condi-
tions were tested for further understanding of this reaction process. As
displayed in Fig. S10, the conversion rate decreased by around 10 %
when the oxygen reaction atmosphere was replaced by air condition.
Subsequently, this reaction was also conducted under Ny and He at-
mosphere, respectively. In these cases, the conversion of PP-ol could be
extremely suppressed to below 10 % and only benzaldehyde could be
detected from the products, indicating that the reactive oxygen species
(ROS) originated from the O2 could be essential to the reaction of C-C
cleavage.

Additionally, 1,2-diphenylethanol (DPol) as the -1 lignin model
compound was employed to examine the applicability of this photo-
catalytic system. As shown in Scheme 2 (c), DPol could be mainly con-
verted to benzaldehyde via C-C bond dissociation, and around 10 % of
1,2-diphenylethanone (DPone) could be generated as the products from
the oxy-dehydrogenation process. And DPone also showed similar
nonreactivity as PP-one in C-C cleavage as previously reported [21].

Furthermore, kraft lignin isolated from corn stalks and the extracted
lignin from birch wood sawdust were also used as the reaction substrates
to further assess the feasibility of this prepared g-C3N4 photocatalyst. As
shown in Fig. 4, the colour differences between the reaction solution
with or without the catalyst after 12 h of visible light irradiation

intuitively present the degradation of reaction substrates with the
presence of the catalyst. And the subsequent identification and quanti-
tative analysis for yielded products carried on GC-MS further illustrated
that the various monomeric aromatic compounds could be generated
from the photo-catalysed lignin decomposition process. All these results
can strongly prove that the g-C3N4 modified by the proposed defective
construction strategy is capable to efficiently cleave the interunit C-C
bonds and generate monomeric aromatic compounds, and this photo-
catalytic system may have great potential for realising lignin valor-
isation via the conversion of lignin biomass into value-added products.

3.4. Reaction mechanism investigation

The scavenger quenching experiments for photoinduced charges and
radicals were performed to explore the functions of photoinduced holes/
electrons and reactive radicals oriented to the C-C bond cleavage in p-O-
4 structure or p-1 structure for further understanding the reaction routes
and mechanism. As shown in Fig. 5, the hole scavenger (NazC204) can
apparently inhibit the conversion of PP-ol (from above 90 % to around
60 %), suggesting that the oxidation of the reactant driven by the pho-
togenerated holes could be very important to the cleavage of C-C bonds
in $-O-4 structures. It is worth pointing out that the generation of phenol
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and PP-one was also supressed by the addition of hole scavenger, indi-
cating that the hydrolysis of phenyl formate to phenol and oxy-
dehydrogenation of PP-ol to PP-one may be relevant to the oxidative
photogenerated holes [13]. Also, introducing the NalOs as the electron
scavenger can decrease the reaction rate of reaction, revealing that
photogenerated electrons also play an important role in the C-C bond
cleavage of p-O-4 structures. As for C-C bond cleavage in p-1 structure,
either hole scavenger or electron scavenger can significantly suppress
the conversion of DPol, suggesting that both photogenerated electrons
and holes participate in the reaction process of C-C bond cleavage.
However, it should be noted that the selectivity for the corresponding
products was also affected. More specifically, the selectivity of DPone
was unexpectedly increased with the addition of hole scavenger. This
result may be owing to that the oxidation of DPol to DPone could also be

driven by O3~ from the reduction of O, by photogenerated electrons
which could be promoted by providing more photogenerated electrons
escape from the recombination with the photogenerated holes
[13,19,21,22].

Since the reaction medium is sole acetonitrile, the possibility of hy-
droxyl radicals acting as the active species could be ruled out [53,54].
The extremely supressed conversion rates of model substrates from the
reaction performed under inert gas atmosphere indicated that the
participation of O3 is very important in the fragmentation of C-C bonds.
The typical superoxide radical scavenger, p-benzoquinone (p-BQ), was
introduced into the reaction system. Interestingly, completely different
reaction directions for the C-C bond cleavage in $-O-4 or p-1 structures
could be achieved with the addition of p-BQ. It should be noted that the
reaction rate of the conversion of PP-ol towards monomeric aromatics
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was radically improved as similar results could be realised with the re-
action time decreased from 5 hr to 1 hr. Also, the yield of phenol from
hydrolysis of phenyl formate was significantly increased. Different from
some previous studies [23], these results indicate that the oxygen is
unlikely to participate the C-C cleavage process in the form of super-
oxide radical. And the photochemically excited p-BQ can induce
oxidation and C-C bond dissociation, which led to the promoted for-
mation of phenol and improved C-C cleavage efficiency [19,55]. How-
ever, as for the effect of p-BQ on the DPol conversion, even though the
conversion rate still could be remained over 90 % but the selectivity for
the oxy-dehydrogenated product of Dpone was dramatically increased,
suggesting that the reaction mechanism of C-C cleavage in -O-4 and §-1
structures could be different and the reactive oxygen species (ROS)
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originated from the O, may play an essential role in the process of C-C
bond fragmentation.

Based on the above results, the reaction mechanism of C-C bond
cleavage in p-O-4 and -1 lignin model compounds were respectively
proposed as depicted in Scheme 3. Upon the illumination of light, the
prepared g-C3N4 could be excited and both photogenerated holes and
electrons are involved in the reactions. Benefitting from the ultrathin
nanosheet morphology, the prepared g-C3N4 can exposure more active
sites by the enlarged surface area and promote the transfer of photoin-
duced charge carriers by the shortened migration distance [31,56]. And
the cyano group and the vacancies of carbon and nitrogen in the pre-
pared g-CsN4 structure not only can improve the separation efficiency
and redox potentials of photogenerated charge carriers but also act as

o
J 0 rolysis_HO
o OO

H* & ROSs (e.g, 05) ~H,0

H' & ROSs (e.g, 07)
o5

Pathway II (major C-C cleavage reaction in -1 structure )

Scheme 3. Proposed mechanism of multi-defective g-C3N,4 photocatalysed cleavage of C-C bonds in p-O-4 and p-1 structures. (The blue, yellow, and red spheres in
the g-C3N,4 molecular structure sketch represent N, C and H atoms, respectively; and area 1, 2 and 3 represent the -C=N, N vacancy and C vacancy, respectively).
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the active sites for the activation of essential reactive radicals
[27,31,56].

More specifically, the initialisation of the conversion reaction of two
types of lignin model compounds are similar, both involving the
hydrogen atom abstraction (HAA) processes driven by the oxidative
photogenerated holes or reactive oxidative species (ROSs). Here, it
should be noted that the hydrogen abstracted from the different posi-
tions could lead to different subsequent reactions, and thus affecting the
selectivity of products. The HAA for the hydroxyl group of C4-OH or
benzylic Cy-H could result in the formation of the corresponding ketone
compounds (Pathway III), which is unfavourable to the C-C bond
fragmentation due to the increased bond dissociation energy of Co—Cp
bonds [17,18]. The targeting C-C bond fragmentation in $-O-4 and p-1
lignin model compounds only could be efficiently proceeded with the
generation of Cg based radicals after deprotonation by the photoinduced
holes. Meanwhile, the photogenerated electrons could induce and acti-
vate the absorbed oxygen molecules and hydrogen atoms and generate
the reactive oxidative species and active hydrogen, respectively
[13,19,21,27]. In this case, the absorption and activation of oxygen
molecules and hydrogen atoms could be jointly enhanced by the N va-
cancies and electron-withdrawing cyano group (-C=N), thus the gen-
eration of corresponding reactive radicals could be accelerated and
contribute to the formation of reactive radicals and radical in-
termediates [18,19,26,27]. It should be noted that the step of oxygen
molecule activation is very crucial to the overall reaction performance
based on the results from the controlled experiments under different
atmospheres and with radical scavengers. To further investigate this
process, the free energy of oxygen molecule adsorption and activation
on the g-C3N4 with or without defective structure were calculated
through the DFT simulation. The obtained results indicates that the
modification of defective sites on g-C3N4 can simultaneously reduce the
adsorption energy (from 1.048 eV to 0.934 eV) and enhance the inter-
action between the catalysts and O for electron transfer (from 0.105 eV
to 0.204 eV), representing that more oxygen derived radicals could be
generated on g-C3N4 with multiple defective sites for better catalytic
performance. As shown in Pathway I and II, the Cg based radicals may
combine with the reactive oxidative species and hydrogen atoms to form
peroxide intermediates in the six-membered transitional states by the
molecular interactions of hydrogen bonds, © bonds, and ¢ bonds
[18,19,21]. Subsequently, the transition state intermediates are prone to
undergo the transfer processes of intramolecular electrons, which could
result in the cleavage of C-C bonds and the formation of the corre-
sponding monomeric products with the elimination of H,0. Due to the
strong redox capability of the prepared defective g-C3N, the formic acid
products potentially generated from the C-C bond cleavage in p-O-4
structures could be further transformed to phenolic compounds via hy-
drolysis process, which further proved the superior redox capability of
the catalysts.

4. Conclusion

This study developed the ultrathin graphitic carbon nitride with
multiple defects in the structure via a mild synthesis approach using
urea and dicyanamide as the precursors. The optimised g-C3N4 pre-
sented a superior photocatalytic activity for selective C-C bond cleavage
in p-O-4 and -1 types of lignin model compounds. The study of reaction
mechanism indicated that the reactive radicals derived from oxygen and
both photogenerated holes and electrons play important roles in the
reaction process. Herein, the defects structures constructed in the
modified g-C3N4 can promote the photocatalytic activity for this reac-
tion from two perspectives. From the perspective of materials, the de-
fects can tailor the electronic structures for better separation and
transfer of photoinduced charges, thus, the photocatalyst could provide
more active photogenerated charge carriers to the reaction. Moreover,
from the perspective of reaction kinetics, the generation of essential
reactive radicals and radical intermediates could be promoted due to the
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enhanced absorption and activation on the corresponding vacancies in
g-C3Ny4. Apart from the conversion of lignin model compounds, the
prepared optimised photocatalyst in this work also showed the prom-
ising potential in the conversion of natural lignin biomass and kraft
lignin. Overall, this study further revealed the great potential of g-C3N4
as the photocatalysts for converting lignin into value-added monomeric
aromatics and proposed a promising defects engineering strategy to
improve the photocatalytic activity of g-C3N4 by modify the electronic
structures and providing better active sites.
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