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Highlights

e Cyano groups (CN) can be efficiently grafted on carbon nitride scaffold via
photocatalytic radical reaction pathway.

* The band structures can be finely tuned by the content of grafted cyano group.

¢ Cyanated carbon nitride exhibits significantly enhanced performance in photocatalysis.
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Abstract

A new photocatalytic reaction process is described that cyano groups (-CN) are successfully grafted on carbon nitride (g-CsN4
materials). The cyano group substitutes the previous surface terminating amino group (-NHz) on g-C3N4 by a radical reaction pathway,
modifying the electron structure of the conjugated covalent system and engendering favorable properties for the visible-light driven
photocatalysis. Cyanidated g-C3N4 (g-C3Na-xCN) has a narrowed band gap of 2.29 eV, as compared to 2.73 eV for the pristine g-C3Na,
showing expanded visible light absorbance to 590 nm. Moreover, the photo-induced charge-carrier separation is improved as well. In
consequence, g-C3Ns4-xCN exhibits significantly enhanced performance in photocatalysis, here exemplifyed with the model
coupling reaction towards alkenyl sulfones under green light (520 nm) irradiation. The methodology reported herein reveals the
potential of the carbon nitride scaffold to be modified as such and illustrates the possiblities of the as-created novel carbon nitride

materials grafted with various functional groups on their surface.

Key words: Carbon nitride, Cyano group, Tuneable band structure, Photocatalysis, C-S bond formation
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1. Introduction

Graphitic carbon nitride (g-C3N4), a fascinating conjugated polymer with visible-light sensitivity, good thermal and
chemical stability, and non-toxicity, has attracted intensive research interest as a visible-light responsive photocatalyst for
hydrogen evolution, water oxidation, carbon dioxide reduction, water pollutant degradation, and organic chemicals
conversion reactions.[1-7] Despite of the versatility, carbon nitride photocatalytic systems still suffer from low efficiency for
solar energy conversion. Much research efforts have been made to expand the visible light absorbance to longer wavelength,
and to improve photo-induced charge separation, so as to further push the solar-light conversion efficiency upward.[1, 8, 9]

Heteroatoms doping,[10, 11] controlled nanostructures/hierarchy structures fabrication,[9, 12] and hetero-junction design[13,

14] are, so far, the most common strategies for ameliorating the current, sometimes unsatisfactory low efficiency.[15-18)]

The introduction of defects to carbon nitride is usually considered as an effective method to promote photocatalytic
performance.[19-21] Recently, nitrogen deficient carbon nitride materials by introducing nitrogen defects in the framework
was found to significantly expand the visible light response of such materials.[22-24] However, due to the well-known
chemical stability of the carbon nitride, harsh reaction conditions are usually required for post-modification of the samples.
An alternative pathway with milder reaction condition and easier operations is to our opinion still desirable.

Given the conjugated system of the g-C3Na4 and learning from the long history of dye chemistry, we believe that color can
be tuned by expanding the conjugated systems with small donor and acceptor substituents.[25, 26] We thus propose a
strategy of grafting e.g. cyano groups on the g-CsNa scaffold, thus lowering the relative nitrogen content chemically, as
opposed to the previous approaches of reducing the nitrogen contents by partially destroying the g-CsN4 frameworks (and
potentially creating the nitriles indirectly as leftover groups). The challenge here is, in spite of the known chemical/thermal
stability of the tri-s-triazine unit and the carbon nitride, to develop efficient approaches for grafting the selected functional
groups.

It has been reported that cyano groups can be photocatalytically grafted onto N-containing heterocyclic rings.[27]

Moreover, thiocyanate salts, which could be converted to cyanides by oxidation, are widely used as a safe cyanation reaction
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reagent.[31-33] Inspired by those facts, we employed thiocyanate salt as the cyano group source via a facile photocatalytic
reaction. In this strategy, the thiocyanate ion is first photocatalytically converted to cyano radical by carbon nitride; which
recombines with the carbon nitride scaffold afterwards, forming cyanidated g-C3N4 (g-C3N4-xCN, where x represents the
content of CN group in the sample by weight percentage). It is worth noting that the C/N ratio (or the CN group content in
the sample) or the substitution degree can be facilely controlled by varying the reaction conditions, such as irradiation time
and NaSCN concentration of the reaction mixture. Most importantly, the band gap is directly affected by the cyano group
content in g-C3N4-xCN. The samples with higher CN content show a narrower band gap. The band gap could be tuned down
to 2.29 eV, as compared to 2.73 eV for the pristine g-C3N4, expanding the visible light response to an adsorption edge of 590
nm. It is shown that the photo-induced charge-carriers separation is improved as well, and that g-C3N4-xCN exhibits
significantly enhanced performance under green light (520 nm) irradiation, as exemplified with a model reaction, the
photocatalytic C-S coupling reaction towards alkenyl sulfones. This can be set in stark contrast with the negligible activity of

the pristine carbon nitride at this wavelength.

2. Experiments

2.1 Preparation of parental carbon nitride

492 mg melamine and 514 mg cyanuric acid were mixed in 40 ml H2O and stirred overnight. The mixture was then separated and

dried in vacuum, followed by polymerization at 550 °C for 4 hours in an oven with N2 flow. The as synthesized yellow powder is
simplistically called g-C3Na.

2.2 Cyanation of carbon nitride

The cyanidated carbon nitride samples with varying CN modification are denoted as g-C3Ns-xCN, where x represents the content of
CN group in the sample by weight percent. In a typical synthesis of g-C3Ns-16CN, 60 mg g-C3N4 and 180 mg NaSCN are added to 20
mL acetonitrile in a 50ml photoreactor. The photoreactor was irridiated by 100W white LED for 8 hours in air under room temperature.
The solid product was collected and washed with H2O and ethanol. For the samples with various CN contents, only the concentration

of NaSCN was changed, while all other parameters are kept the same.

3. Results and Discussion

As determined by elemental analysis, TEM-EELS characterization, and XPS analysis, there is no sulphur residue in the
cyanated samples (Figure S1 - S3). The content of cyano groups in the sample increases with the concentration of NaSCN in
the reaction mixture (Table S1), and the cyano group weight percentage can reach maximum value of 16% (C/N molar ratio

of 0.664) (Figure S4). Further increase of NaSCN concentration with elongated irradiation time cannot raise the C/N ratio
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any further, indicating that all the possible reaction sites on the carbon nitride scaffold have been substituted by cyano groups.
This reaction can thereby be easily used to evaluate the incompleteness of the condensation of the tri-s-triazine units, and the
as made polymeric carbon nitride is obviously rather a melon than a completely condensed g-C3Na.
To understand the changes in the framework structure of the carbon nitride scaffold caused by cyanation, the samples were
characterized by Fourier-transform infrared (FTIR) spectroscopy. As shown in Figure 1a, NaSCN shows a sharp absorption
peak at 2100 cm™!, while for all the g-C3N4-xCN samples, this peak is absent, which states that all the g-C3N4-xCN samples
are free of NaSCN residues. It is worth noting that there are two distinctive peaks varying in intensity with the cyano group
contents in the samples. One is the absorption peak at 2240 cm!, which is corresponding to the carbon-nitrogen triple bond
(C=N) vibration and is increasing with cyano group content in the sample. The other is the multiple broad peaks at 3000 -
3300 cm!, which are usually assigned to the N-H stretching vibration of the amino group (-NH2). With the increase of cyano
group contents in the samples, this N-H vibration peak is massively diminished. These data strongly support the proposed
substitution of amino group (-NH2) by the cyano group (—CN). All the other typical vibration peaks of the g-C3N4 scaffold
keep unchanged, indicating that the carbon nitride framework stays intact.

Moreover, the samples are also characterized by Raman spectroscopy. Due to very strong fluorescence background
emission of the carbon nitride materials, the Raman vibration signal is extremely weak. However, we have captured the
Raman vibration peak at 2240 cm’!, which can be assigned to the CN group (Figure S5). This signal increased with the

content of the cyano group in the sample, which is consistent to the FTIR results.
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Figure 1. Fourier-transform infrared (FTIR) spectra (a), X-ray diffraction (XRD) patterns (b) of g-C3Ns-xCN samples. (c)

Proposed structural change in heptazine units before and after the photocatalytic cyanation reaction.

The samples were also characterized by XRD to study the effect of the cyanation on the local structure of the samples
(Figure 1b). The diffraction intensity from the sample with higher cyano group content is lowered, but in spite of the changes
in peak intensity, all the samples show the characteristic diffraction from (002) crystal plane at 27.5°, without any
displacement. This states that the in-plane packing and inter-facial stacking situation of C3N4-xCN did not change at all;
even the distance between layers is kept the same. There are no obvious changes on morphology of the samples before and

after photocatalytic cyanation as shown by the SEM images (Figure S6).
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Figure 2. C 1s (a, b, ¢), N 1s(d, e, f) X-ray photoelectron spectroscopy (XPS) curves of g-C3Ns (blue), g-C3N4-8CN (black),

g-C3Ns-16CN (red).

Changes of the surface composition of carbon nitrides with introduction of further cyano groups were followed by X-ray
photoelectron spectroscopy (XPS) (Figure 2). For pristine g-C3Na, there is one main Cls peak with binding energy of 288.5 eV, which
represents the carbon in triazine ring (N-C=N). After cyanation, two additional Cls peaks appear at 286.9 eV and 285.2 eV. They are,
respectively, corresponding to the carbon atoms in cyano group and the one in heptazine unit bonding with cyano group.[28, 29] The
intensity of the additional peaks increase with the content of cyano group in the sample, strongly demonstrating that cyano group has
been successfully grafted on carbon nitride scaffold. For the N1s curve (Figure 2), the broad peak contain 3 components with binding
energy peak at 402 eV (hydrogenated nitrogen), 400 eV (charge depleted amine), and 398 eV (nitrogen in double bond and triple bond

with carbon). [33] With the increase of the cyano group content in the samples, the intensity of the peak at 398 eV is increasing, while
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the peak at 402 eV is decreasing. This again confirms that the amino group on the g-C3N4 scaffold is successfully substituted by cyano

group during photocatalytic cyanation process.

A series of control reactions were conducted for revealing the reaction mechanism of photocatalytic cyanation process. As shown in
Table S1, light irradiation, NaSCN, and aerobic condition, are all prerequisites for the successful grafting of cyano group on the carbon
nitride scaffold. This reaction was impeded in the presence of TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) radical scavenger, which
indicates that the cyanation reaction proceeded through a radical pathway. After the reaction, sulfate ions (SO4%), which is one of the
products of the thiocyanate ion (SCN-) oxidation, are detected on the unwashed sample. Together with the above spectroscopic
analysis, we thus propose a brief reaction mechanism. The aerobic photocatalytic oxidation of SCN™ produces CN™~, which could be
converted to cyano radical by photo-induced hole. The cyano radical can attack/recombine with the charged triazine ring and replace

the amino group, releasing ammonium ions and affording cyanidated carbon nitride,.

The effect of the cyanation process on the visible light response of the materials was studied by UV -vis absorbance spectroscopy. As
shown in Figure 3, the pristine g-C3N4 has an absorption edge at around 450 nm, and a significant red shift of the absorption edges is
observed for the samples with increasing cyano group contents. The absorption edge of the sample g-C3N4-16CN extends to 590 nm,
which is significant for a potential better absorption of the solar light spectrum. The band gap is calculated based on Tauc’s plot. As
shown in Figure 3b, the band gap gradually decreases from 2.73 eV for the pristine g-C3Na4 to 2.29 eV for g-C3N4-16CN. The colour of

the samples thus changes gradually from pale yellow to gold, as shown in the insets in Figure 3b.
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Figure 3. (a) UV-Vis absorption spectra of the g-C3N4-xCN samples; (b) Tauc’s plot for g-C3Ns-xCN samples; insets are the
pictures of the samples showing gradual colour change; (c) Ultraviolet photoelectron spectra (UPS) of g-C3Nas, g-C3N4-8CN

and g-C3N4-16CN; (e) photoluminescence (PL) spectra of g-C3N4-xCN samples.

To determine the valence band level, the cyanidated g-CsNa4 samples were characterized by ultraviolet photoelectron
spectroscopy (UPS). The valence-band maximum of g-C3N4, g-C3N4-8CN and g-C3N4-16CN is 1.53, 1.41, and 1.24 V (vs.
NHE), respectively (Figure 3c). With the above mentioned band gap values in hand, the conduction band minimum is
thereby calculated to be —1.15, — 0.95 and —1.05 V (vs. NHE). Cyanation of the carbon nitride thereby leads to a negative
shift of the valence band maximum while keeping the conduction band minimum unchanged (Figure 3d). To explore the
radiative charge recombination and to learn about finer details of the band structure, photoluminescence (PL) spectra were
measured as shown in Figure 3e. For pristine g-C3Na4, the strong PL emission at 470 nm shows fast charge carriers
recombination. After cyanation, the intensity of this emission peak is weakened. This implies that the cyanation process
reduces charge carriers recombination of the material. At the same time, the profile of the photoluminescence spectrum stays
unchanged, which means that the higher positioned HOMO orbitals brought it by the nitriles are not really involved in

radiative recombination. All this speaks for a rather stable localization of the photo-generated charges by means of the cyano

groups.
/’./0 photocatalyst o]
L ) {
\\0 ##  PhNO2, EtOH I

(0]

Scheme 1. Photocatalytic coupling reaction between styrene and sodium benzenesulfinate.
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Figure 4. Photocatalytic performance of the pristine g-C3N4 and g-C3N4-16SCN in the coupling reaction between styrene
and sodium benzenesulfinate under UV (365 nm), blue (445 nm), green (520 nm), light and irradiation. Reaction conditions:
0.17 mmol of styrene 0.5 mmol of sodium benzenesulfinate and 0.34 mmol nitrobenzene were mixed with 5 mL ethanol in a
glass vial. 25 mg of the photocatalyst were added in the reaction mixture as well. The glass reactor was then irradiated by

different LED for 24 hours. The yield of the reaction was determined by GC-MS/FID.

Alkenyl sulfones are very important intermediates for in medicine chemistry.[34, 35] The performance of the g-C3N4-xCN
samples was therefore evaluated in the photocatalytic coupling reaction between styrene and sodium benzenesulfinate
(Scheme 1) to afford alkenyl sulfones. There is no conversion without the photocatalysts. This photocatalytic coupling
reaction shows high a high selectivity of >90%, in terms of the amount of styrene with the excess amount of sodium
benzenesulfinate. Under UV light (365 nm) and blue light (445 nm) irradiation, both the pristine g-C3N4 and g-C3N4-16CN
show high performance (Figure 4), affording coupling product with yields around 90 % (in terms of the amount of styrene),
respectively. When using the green light (520 nm) as the energy source, the reaction with g-C3N4-16CN and g-C3Ns-8CN
still show satisfying yield of 88 % and 56 %, while the pristine g-C3N4 is almost inactive in such reaction condition, giving a
negligible yield of 2 %. Under the irradiation of orange light (590 nm), g-C3N4, g-C3N4-16CN and g-C3N4-8CN are inactive

in this reaction, all presenting the yield of lower than 0.5 %.

4. Conclusions
We presented a novel photocatalytic reaction to modify carbon nitride materials with cyano groups, using sodium

thiocyanate in acetonitrile as the cyano group source. The cyano group content in the sample could be easily controlled by
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the concentration of the NaSCN. The cyanation modification takes place at former uncondensed amine groups and leads to a
narrowed band gap as well as improved photo-induced charge carrier separation. The cyano group grafted carbon nitride
shows a dramatically enhanced performance in mild photoredox reactions under green light, here exemplified by the
photocatalytic coupling reaction between styrene and sodium benzenesulfinate, which is in stark contrast with the spectrally
limited reactivity of pristine g-C3N4. This work not only offers a methodology for enhancing the visible light response of the
carbon nitride materials, but also sheds light on the possibilities of designing novel carbon nitride materials by attaching

favourable donor and acceptor groups on the carbon nitride scaffold via chemical/photochemical reactions pathways.
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Characterization

PXRD patterns were recorded with a Bruker D8 Advance instrument with Cu Ka radiation.

SEM images were obtained on a LEO 1550-Gemini microscope.

Shimadzu UV 2600 was used to reveal the optical absorbance spectra of powders.

The structures of materials in this work is observed by scanning electron microscope (SEM)
on JSM-7500F (JEOL) equipped with an Oxford Instruments X-MAX80 mm?” detector. The
morphology of samples were also checked by transmission electron microscopy (TEM) with
an EM 912 Omega microscope ar120 kV.

The STEM images were acquired using a double-corrected Jeol ARM200F, equipped with a
cold field emission gun. For the investigation, the acceleration voltage was put to 200kV, the
emission was set to 15uA and a condenser aperture with a diametre of 30um was used.
Thermo Scientific™ Nicolet™ iS™5 FT-IR spectrometer was used for Fourier transform
infrared spectroscopy measurement.

Elemental analysis result was revealed through combustion analysis with the Vario Micro
device.

Elemental composition of products and chemical states of the surface elements were analyzed
by X-ray photoelectron spectroscopy using ESCALab220i-XL electron spectrometer from VG
Scientific and 300W AlKa radiation.

The XPS measurments were study using CISSY equiment in ultra-high vacuum (UHV), with
a SPECS XR 50 X ray gun Mg Ka radiation and Combined Lens Analyser Module (CLAM )
. UPS analyzed was carry out in the same se-up with a excitation source of He I 21.2 eV
radiation and UVS 10/35.

The calibration was performed by fermi level of gold reference sample



Figure S1. TEM graphs of g-C3N4-16CN.
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Figure S2. Electron Energy Loss Spectroscopy analysis of g-C3N4-16CN. Only the signals of
C (284eV) and N (401eV) could be found.
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Figure S3 XPS S 2p curves of g-C3N4-16CN and g-C3Na.
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Figure S4 element analysis of the g-C3;N4-xCN samples.
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Table S1 results of g-C3N4-xCN preparation under different conditions

oxygen NaSCN  illumination solvent products

1 yes Yes yes ACN yes
2 no Yes yes ACN No
3 yes No yes ACN no
4 yes Yes no ACN No
5 yes Yes yes DMF No
6 yes Yes yes EtOH no
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Table S2. Element analysis of g-C3N4-xCN samples.

S w%"! C w% N w% C/N weight ratio
g-C3N, 0.7 % 34.2 % 58.8 % 0.581
g-C3N4-2CN 0.3 % 35.1 % 58.6 % 0.592
g-C3N4-5CN 0.1 % 35.5% 58.5 % 0.607
g-C3N,4-8CN 0.2 % 35.9 % 57.8 % 0.621
g-C3N4-13CN 0.8 % 37.5 % 57.5 % 0.653
g-C3N4-16CN 0.5 % 38.0 % 57.3 % 0.664

) The content of the sulfur was shown in the analysis report within the error of the instrument, so the
pristine carbon nitride is also indicated to contains small amount of sulfur.
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Figure S5 Raman spectrum (fluorescence subtracted from baseline) and its zoom-in of g-C3;Ny,
g-C3N4-8CN and g-C3N4-l6CN.
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Figure S6 SEM graphs of g-C;Ny4 (a) and g-C3N4-16CN. (Scale bar equals to 1 um )




Table S3 Fluorescence quantum efficiency of g-C3;N4-xCN materials

excitation Calculated Fluorescence Quantum
wavelength wavelength range (nm) efficiency (%)
range (nm)
g-C3Ny 360-390 404-460 3.461
g-C3N4-2CN 360-390 404-460 1.451
g2-C3N4-5CN 360-390 404-460 0.754
g2-C3N4-8CN 360-390 404-460 0.442
g-C3N4-13CN 360-390 404-460 0.319
g-C3N4-16CN 360-390 404-460 0.237
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Experiments for photocatalytic organic reaction:

In a typical photocatalytic experiment, sodium benzenesulfinate (0.05 mmol), styrene (0.017
mmol) nitrobenzene (NB, 0.034 mmol) and 20 mg photocatalyst are accurately weighted and
added in to a 5 mL glass bottle with 5 mL EtOH as solvent. After full dissolution and
diffusion, the glass bottle was deposited under UV (365 nm) blue (445 nm) green (520 nm)
or orange (590 nm) light illumination for 24 hour. After that, 0.5 mL solution was taken for
GC-MS measurement as well as GC-FID measurement, from which the photocatalysis yield
can be clearly presented. During the experiments, all the steps are similar, only with the

changes of catalysts and illumination source.





