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The development of a metal-free photoelectrode film is of great significance. Herein, graphitic carbon
nitride (g-C3N,4) nanosheets with a concentration of up to 36 mg mL™ were first obtained on a large
scale using a wet ball-milling method. The obtained g-CsN4 nanosheets exhibit 6- and 8-times higher
activity in terms of photocatalytic H, evolution and nicotinamide adenine dinucleotide (NADH) regener-
ation than bulk g-CsNy4, respectively. Furthermore, a uniform g-CzN4 film electrode was fabricated via the
interfacial self-assembly of nanosheets at the air/water interface, which can be transferred onto various
substrates. By coupling with graphene nanosheets, a g-CsN4/graphene hybrid film electrode was
assembled at the interface, showing improved photoelectrochemical coenzyme NADH regeneration
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efficiency. The photoelectrochemical system uses water as the electron donor, which avoids the draw-
back of using additional sacrificial agents. This work presents a novel and facile method to prepare high-
quality g-CsN4 hybrid films, and also provides a sustainable route for renewable energy conversion and

Open Access Article. Published on 27 March 2020. Downloaded on 3/24/2026 8:11:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/frontiers-inorganic biocatalytic applications.

Introduction

In recent years, metal-free graphitic carbon nitride (abbre-
viated as g-C3N,) has attracted enormous interest due to its
excellent physicochemical, optical, and chemical properties,
extending its applications beyond conventional (photo)cataly-
sis to sensing, solar cells, ion transport and other energy-
related applications.’® In addition to the conventional mor-
phology modulation (e.g., nanospheres, monoliths, or nano-
rods) of nanoparticle samples, g-C;N, thin films or mem-
branes have emerged as appealing platforms for applications
in photoelectrochemical reactions, gas separation, or energy
devices.” ' Converting solar energy to chemical energy using a
photoelectrochemical cell is one of the most promising
approaches to meet future energy demands."™* However, the
exploitation of g-C;N, in photoelectrochemical cells has been
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limited by the difficulty in coating a layer of high-quality, hom-
ogenous g-C;N, film onto a conductive substrate.'***

Inspired by conventional semiconductor photocatalysts,
previous studies have used tedious two-step methods (e.g,
spin-coating, electrophoretic deposition) to prepare g-C3;N,
film photoelectrodes.'®” However, the poor dispersion of
¢-C3N, materials in common solvents means that they form
poor quality thin films that are inhomogeneous and can be
easily detached from electrodes.'® Since 2015, more and more
researchers have attempted to synthesize g-C3N, film directly
from the in situ thermal condensation of N-rich precursors
onto various substrates, which avoids the poor interfacial
engineering problem that usually occurs in conventional two-
step deposition methods.*®*° The thickness of the g-C;N, film
can be controlled using different amounts of precursors and
thermal treatment times. However, this method usually
requires the use of high-temperature-resistant substrates,
excluding the possibility of direct deposition onto a flexible
substrate. Therefore, it is still highly desirable to develop a
novel strategy to prepare a high-quality g-C;N, film under mild
conditions.

A gas/liquid interface is an ideal platform for assisting the
formation of a uniform thin film at the interface via the self-
assembly of two-dimensional nanosheets, delicately avoiding
the aggregation of nanosheets that occurs during calcination
or drying processes.>'* Herein, we report a versatile wetting-
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induced transferring strategy at the air/water interface to fabri-
cate a uniform large-area ultrathin g-C3;N, film on arbitrary
substrates. Bulk g-C;N, (BCN) is directly exfoliated into layered
nanosheets via a modified wet ball milling process, producing
a highly stable g-C;N, nanosheet (CNS) dispersion with a con-
centration of up to 36 mg mL™". Due to the facile procedures
of the interfacial self-assembly, the film thickness can be
easily controlled by varying the transferring times. Conductive
graphene nanosheets were coupled with CNS during the inter-
face assembly process to enhance the conductivity of the film
electrode and improve the electron-hole separation efficiency.
The resulting CNS-graphene (CNS-Gr) hybrid film doubled
the photoelectrochemical cofactor NADH regeneration yield in
the presence of an electron and proton mediator. This work
opens up a new route for the facile preparation of a high-
quality g-C3N, hybrid film with enhanced conductivity and
improved electron-hole pair separation efficiency, which
render photoelectrochemical NADH regeneration possible
using water as an electron donor.>®

Experimental
Materials

Dicyandiamide, NaH,PO,, Na,HPO, and triethanolamine
(TEOA) were received from Energy Chemical (China). -NAD"
and graphene were purchased from Aladdin (China). The
rhodium complex was synthesized as previously reported.>* All
chemicals were used without further purification. Fluorine-
doped tin oxide (FTO) glasses were obtained from PV. Tech
(China).

Preparation of BCN

Dicyandiamide was heated at 550 °C for 4 h under atmos-
pheric pressure at a ramp rate of 2 °C min~", and then cooled
to room temperature to obtain a yellow powder.

Preparation of CNS

The CNS were prepared by grinding the BCN through a ball
mill at high yield. BCN was added to water, followed by grind-
ing with a 1:1 mass ratio of 2 mm ZrO, and 0.2 mm ZrO,
balls. After ball milling for 60 h, a CNS dispersion was
acquired. The dispersion was centrifuged at 500 rpm for
30 min to remove unexfoliated g-C;N,. The supernatant was
collected followed by freeze-drying to obtain a CNS powder. A
certain amount of CNS was dispersed into ethanol to obtain a
dispersion with a concentration of 20 mg mL™".

Self-assembly of CNS film at the air/water interface

Exfoliated CNS (20 mg mL™") were dispersed in an ethanol
solution, and then the mixture was injected at a certain speed
into the air/water interface in a container filled with water. The
CNS dispersion began to self-assemble into a homogeneous
film at the air/water interface. Then, the water surface was
completely covered with CNS by increasing the injected
amounts of the CNS dispersion. Afterwards, the film was trans-
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ferred to an FTO substrate using a lift-up technique. The FTO
glasses (1 x 2.5 cm?) were washed in advance with acetone, iso-
propanol, ethanol and deionized water in sequence under con-
tinuous ultrasonication.

Self-assembly of a CNS-Gr film at the air/water interface

A CNS-Gr suspension was prepared by adding different
amounts (0, 0.2, 0.5, or 0.7 mL) of graphene solution (0.5 wt%)
into the CNS dispersion (20 mg mL™", 3 mL). The same inter-
face assembly method was employed to form a uniform CNS-
Gr hybrid film at the air/water interface followed by transfer-
ring the film onto FTO, which was further annealed at 350 °C
for 2 h under an air atmosphere to enhance the contact
between the film and substrate. The obtained films were
named as CNS, CNS-Gry,, CNS-Grys, and CNS-Gry -,
respectively.

Photocatalytic H, production test

Photocatalytic H, production experiments were performed
using a  photocatalytic  activity = evaluation  system
(CEAULIGHT). A 300 W Xenon arc lamp equipped with a UV-
cut-off filter (4 > 420 nm) was employed as the light source to
trigger the reaction. The reaction was carried out in an
aqueous solution (50 mL) consisting of TEOA (5 mL) and CNS
or BCN (25 mg). Pt nanoparticles (3 wt%) were deposited on
2-C3N, by in situ photodeposition of H,PtClg.

Photocatalytic NADH production

Photocatalytic NADH regeneration was carried out in a quartz
reactor at room temperature under an air atmosphere using a
36 W LED (450 nm) as the light source. The system consisted
of a photocatalyst (BCN and CNS, 6 mg), f-NAD" (1 mmol), tri-
ethanolamine (15 wt%), and rhodium complex (0.25 mmol) in
Na,HPO,/NaH,PO, buffer (3 mL, 0.2 M, pH = 7.4). The NADH
regeneration was measured using a UV-vis spectrophotometer
(UV-3900, Hitachi).

Photoelectrochemical NADH regeneration tests

Photoelectrochemical (PEC) NADH regeneration tests were
conducted in a three-electrode configuration, in which CNS/
FTO film (or CNS-Gr/FTO film) was used as the working elec-
trode, a Pt wire as the counter electrode and Ag/AgCl as a refer-
ence electrode. The PEC NADH regeneration was carried out at
room temperature under a N, atmosphere using a 300 W
Xenon arc lamp equipped with a UV-cut-off filter (1 > 420 nm)
as the light source. The NADH-regenerating PEC cell was
exposed to visible light at an external bias of —0.9 V. The
system consisted of -NAD" (1 mmol) and a rhodium complex
(0.25 mmol) in Na,HPO,/NaH,PO, buffer (4 mL, 0.2 M, pH =
7.4). The NADH regeneration was measured using a UV-vis
spectrophotometer (UV-3900, Hitachi).

Characterization

Optical transmittance measurements were taken using a UV-
vis spectrophotometer (UV-3900, Hitachi). X-ray diffraction
(XRD) patterns were measured with Cu Ka radiation in the
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scanning range from 10° to 70°, X-ray photoelectron spec-
troscopy (XPS) measurements were taken using a Thermos
ESCALAB 250XL  spectrometer. Transmission electron
microscopy (TEM) was carried out on JEOL JEM-2100 Plus
microscope. The Fourier-transform infrared (FTIR) spec-
troscopy measurements were carried out on a Nicolet iz10
Thermo Scientific spectrometer, scanning from 4000 to
500 cm™~'. Scanning electron microscope (SEM) images were
obtained using a Zeiss Sigma-300 microscope. Nitrogen
adsorption/desorption measurements were performed at 77 K
on Micromeritics ASAP 2460 apparatus. Zeta potentials were
measured using a Malvern Zeta ZS90 zetasizer. Atomic force
microscopy (AFM) images were obtained using a Bruker
Multimode 8 microscope. The Mott-Schottky plots were
obtained using an electrochemical analyzer (Modulab ECS)
with Na,SO, (0.2 M) aqueous solution. The photocurrent of
the CNS/FTO film and electrochemical impedance spectra
(EIS) were measured using electrochemical analyzer
(CHI660E). The tests were carried out in a standard three-elec-
trode system, where CNS/FTO film (or CNS-Gr/FTO film) acted
as the working electrode, a Pt wire as the counter electrode
and Ag/AgCl as a reference electrode. In an identical three-elec-
trode system, the EIS measurements were carried out in a
range from 1 to 100 kHz at an AC amplitude of 100 mV.
Na,S0, (0.2 M) salt solution was used as the electrolyte.

Results and discussion
Morphological and structural properties

By employing BCN as a starting material, the CNS dispersion
could be obtained using a modified wet ball milling method.
The concentration of CNS reached up to 36 mg mL™", one of
the highest concentrations reported (Table S1}), making the
dispersion milky white (Fig. 1a). A diluted CNS dispersion with
a concentration of 0.1 mg mL™" showed good stability even
after being stored for three months (Fig. 1b). A typical Tyndall
effect was observed in the CNS dispersion (Fig. 1c), suggesting
the colloidal nature of the dispersion.>>*°

The structure and properties of BCN and the resulting CNS
were comprehensively characterized by SEM, TEM, XPS, XRD,
FTIR spectroscopy, and AFM. As shown in Fig. S1,f the BCN
sample has a typical irregular morphology, whereas the exfo-
liated CNS after ball milling treatment shows a thinner lamel-
lar structure compared with its bulk counterpart, which is evi-
denced by the representative TEM image shown in Fig. 1d. As
shown in the XRD spectra (Fig. 1e), the diffraction peaks of
BCN with high intensity are located at 13.5° and 27.6°,
ascribed to the in-plane structural repeating unit of the aro-
matic systems (100) and the typical graphitic interlayer (002)
plane, respectively. In the case of CNS, the intensity of the
(002) peak significantly decreases while the peak of (100)
almost disappears, indicating the efficient exfoliation of BCN
into thin layers.”” This is also consistent with the SEM and
TEM observations. The sheet-like morphology and thickness
of g-C3N, is further confirmed by the AFM analysis, showing a

2436 | Inorg. Chem. Front,, 2020, 7, 2434-2442

View Article Online

Inorganic Chemistry Frontiers

(e) * 2022758, d,2032nm
- 262 13.54°, 4= 0.65 nm
&

2
]
c
8
[
- A—L__

10 20 30 40 50 60 70
2 Theta (degree)

7.0nm

-6.7 nm|

Fig. 1 Digital photo of (a) a concentrated CNS dispersion in water with
a concentration of up to 36 mg mL™* after ball milling, and (b) diluted
CNS dispersion with a concentration of 0.1 mg mL™% (c) Tyndall effect
of the diluted CNS dispersion. (d) TEM image of the CNS. (e) XRD pat-
terns of BCN and CNS. (f and g) AFM images of CNS.

well-defined nanosheet morphology with a thickness of
~3.85 nm, corresponding to ca. 10 layers (Fig. 1f-g).® The
above results reveal that the CNS was successfully prepared
using a ball milling assisted exfoliation process.

The CNS shows a similar FTIR spectrum to that of BCN,
indicating that its structure was preserved after the exfoliation
process (Fig. 2a). More specifically, the peak at 810 cm™" can
be assigned to the characteristic absorption peak of triazine
units in carbon nitride. The peaks ranging from 1170 to 1630
em™' can be ascribed to the stretching vibrations of CN hetero-
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Fig. 2 (a) FTIR, (b) UV-vis absorption spectra, and (c and d) C 1s and N
1s XPS spectra of BCN and CNS.
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cycles. The broad band between 2900 and 3600 cm™" can be
attributed to N-H stretching vibrations.>**° Fig. 2b shows that
the optical absorption edge of the CNS blue-shifts by 33 nm
with a tail up to 439 nm, compared to that of the BCN
(472 nm). The bandgap of the CNS was determined to be ca.
2.83 eV according to the Taut plot ((@hv)® versus hv), which is
greater that the value for BCN (2.60 eV) (Fig. 2b, inset).*

Furthermore, the surface chemical compositions and
bonding states of BCN and CNS were analyzed by XPS. The
survey spectra (Fig. S21) show the dominant presence of C, N,
and O elements both in the bulk and nanosheet forms.>? The
O 1s peak at ~529.7 eV for the g-C;N, samples can be ascribed
to adsorbed water.”’ Both samples show two peaks in the
high-resolution C 1s XPS spectra (Fig. 2c): the one located at
285.0 eV can be assigned to C-C in the potential surface impu-
rities of the sp® carbon or pseudohalogenic cyano groups (C-
C=N), and the other one situated at 288.6 eV originates from
the sp> hybridized carbon of tri-s-triazine rings (N—=C-N,).*"
Meanwhile, the high-resolution N 1s XPS spectra in Fig. 2d
can be deconvolved into three main peaks at 398.9, 399.9, and
401.2 eV, which can be attributed to sp*hybridized N (C=N-
C), tertiary nitrogen (N—(C);) groups and H-containing amino
functional groups (C-NH-C and C-NH,), respectively. Another
minor peak at 404.8 eV arises as a result of n-excitations (1 —
n* transition).*!

The surface charges of the samples were revealed by Zeta
potential analysis. Fig. S31 shows that the Zeta potentials of
BCN and CNS were determined to be —31.2 and —36.8 mV in
water (pH = 7), respectively. The results imply that the CNS
surface has a much more negative potential than that of BCN.
Additionally, the N, adsorption-desorption isotherms show
that the Brunauer-Emmett-Teller (BET) specific surface area
increases from 6.5 to 34.6 m* g~' upon exfoliating BCN into
CNS (Fig. S47).

Photocatalytic behavior of H, evolution and NADH
regeneration

The photocatalytic activities of BCN and CNS were first evalu-
ated by photocatalytic H, generation under visible light
irradiation using TEOA as a hole sacrificial agent (see the
schematic illustration in Fig. S5a1).>>** Both CNS and BCN
can absorb visible light to generate electron-hole pairs. Then,
the photogenerated electrons transfer to Pt cocatalysts for
reduction of H,O to H,, while the remaining photogenerated
holes are consumed by TEOA. Fig. S5bf shows that the CNS
exhibit efficient photocatalytic performance towards H, evol-
ution, which is ~6 times higher than that of the BCN.
Moreover, the stability towards the photocatalytic H, evol-
ution of CNS was demonstrated by three sequential cycling
tests that were carried out under the same conditions, which
showed no obvious variation in the H, generation rate.
Furthermore, the CNS were employed for cofactor (NAD(P)'/
NAD(P)H) regeneration, which is an important process for
sustainable enzymatic synthesis.**® Compared with the con-
ventional electrochemical or enzymatic regeneration, the
photocatalytic regeneration method is promising, using light
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as the only energy input. The CNS photocatalyst harvests inci-
dent visible light with an electronic transition between its
HOMO and LUMO orbitals, then transfers the photogene-
rated electrons to reduce the rhodium complex M (M =
[Cp*Rh(bpy)H,0]*"; Cp* = pentamethylcyclopentadienyl, bpy
= 2,2-bipyridine) to My, which further accepts a proton from
water. The resulting electron mediator M, selectively regener-
ates NADH by transferring two electrons and one proton to
NAD'. The photogenerated holes remaining in the HOMO
orbital of CNS are captured by TEOA (Fig. 3a).”” As a result,
CNS exhibits excellent photocatalytic activity for NADH regen-
eration, reaching 80% yield in 10 minutes, which is much
higher than that of the BCN (ca. 10%) (Fig. 3b and Fig. S67).
The higher photocatalytic activity of the CNS over that of BCN
is as a result of the following merits. First, the CNS have a
higher surface area, providing more surface active sites for
the photocatalytic reactions and facilitating the surface acces-
sibility of the reactants.*®? Second, the reduced thickness in
the nanosheets significantly shortens the migration distance
of the photogenerated charges from the bulk to the surface,
thus enhancing the possibility of them participating in
surface redox reactions.*

However, the use of TEOA as an electron donor may result
in the accumulation of the oxidized state of TEOA' in the
photochemical reaction system, which will deactivate the
enzymes and also lead to their separation from the enzymatic
reaction products.*’ Therefore, it is desirable to develop a
system that is able to achieve visible light driven cofactor
regeneration using water as the electron donor. In this regard,
the development of the CNS film photoelectrode for PEC is
promising and imperative as it can transfer the photogene-
rated electrons to NAD" via an external wire.*”

Interfacial Self-assembly of CNS and CNS-Gr hybrid films

The novel interfacial self-assembly procedure of the CNS is
illustrated in Scheme 1. The CNS dispersion from wet ball
milling was freeze-dried and re-dispersed in ethanol. The
nanosheets were self-assembled at the air/water interface via
slow injection of the nanosheet dispersion into water, a
process induced by the Marangoni effect.*>** Specifically, the
CNS dispersion spreads out at the air/water interface and even-
tually covers the surface of the container due to the surface
free energy gradient between water and ethanol.*’ Finally, by
carefully plunging the FTO substrate into water, the CNS film
can be transferred from the interface to the conductive FTO

A :
(a) :.’, (/,\H\ 2 M :‘4, (b) =
YA . P =
= PR
BLTAR 2o o 5
TEOA® 4 A Ali i i \ 3 n Z
DN s N w “
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Fig. 3 (a) lllustration of the photocatalytic mechanism of CNS for
NADH regeneration, and (b) the NADH regeneration efficiency of BCN
and CNS.
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Scheme 1 Schematic illustration of the self-assembly strategy for CNS
film preparation at the water/air interface.

(the film formation process via interfacial self-assembly can be
seen in Movie S1}). Time-lapse images of the CNS self-assem-
bly process at the air/water interface are shown in Fig. 4a. As a
result, a homogeneous and continuous CNS film was success-
fully transferred from the air/water interface onto the FTO sub-
strate (Fig. 4b-d), exhibiting stacks of laminated nanosheets
(Fig. S7at).

The film thickness can be easily controlled by varying the
concentration of the dispersion and the transferring times. For
example, the thickness of the CNS film increased from 1.2 to
6.2 pm when increasing the transferred layers from 1 to 3
(Fig. S7b-d,} the resulting samples are coded as CNS-x-film,
where x denotes the number of transferred layers). An inte-
grated CNS-Gr hybrid film electrode was also successfully fab-
ricated via the same interface assembly method using a pre-
mixed CNS and graphene dispersion (Fig. 4e). The corres-

Fig. 4 (a) Time-lapse images of the CNS film self-assembly process at
the water/air interface upon the injection of an increasing volume of the
CNS dispersion, (b) optical photograph of the CNS film, and SEM images
of the CNS film at (c) low magnification, and (d) high magnification, (e)
optical photograph of the CNS—-Grg 7 film, and (f and g) SEM images of
the CNS—-Grg 7 film.
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ponding SEM images in Fig. 4f-g clearly reveal the close
contact between graphene and the CNS, which benefits the
transfer of photogenerated electrons. To show the general
applicability of the film fabrication method, a CNS-Gr dis-
persion was transferred onto various substrates such as FTO, a
glass slide, frosted glass, flexible substrate, and titanium plate,
demonstrating the versatility of the unique film fabrication
method (Fig. S87).

The optical properties of the CNS film with different trans-
ferred layers are shown in Fig. S9a,f showing the decreased
transmittance upon increasing the thickness. The transient
photocurrent density of as-prepared CNS films was investi-
gated under chopped light illumination (Fig. S9bf).*"*®
Although a thicker film increases the light absorbance, the
low conductivity of the CNS leads to greater resistance.
Therefore, the optimized CNS-2-film exhibited the highest
photocurrent density among the three samples due to the
trade-off between the light absorbance, penetration, and con-
ductivity. The charge separation and transfer efficiencies of
the samples were further characterized using EIS measure-
ments. Nyquist plots of the CNS films under visible light
irradiation are shown in Fig. S9c.t The CNS-1 film has the
smallest arc radius among the three samples, which indicates
its higher charge transfer efficiency. Upon increasing the film
thickness, the arc radius of the samples increased owing to
the greater resistance. The flat-band potential of the samples
was investigated using electrochemical Mott-Schottky (M-S)
plots (Fig. $9d1).>"*® The positive slope of the linear M-S
plots reveals the n-type semiconductor characteristics of the
CNS film. The flat-band potential of the CNS films was
measured to be —1.23 V versus Ag/AgCl, which is thermo-
dynamically favorable for the photocatalytic reduction of
water and NAD",*7*8

Furthermore, the CNS-Gr, ; hybrid film shows a smaller
semicircle arc than that of the CNS electrode (Fig. 5a), which
indicates that graphene reduces the charge transfer resis-
tance, beneficial to the separation of electron-holes from
photoexcited CNS-Gr, ;. The Nyquist plots were fitted in
terms of the equivalent circuit (the inset), in which Ry, R
and CPE represent the solution resistance, charge transfer re-
sistance across the interface of electrode/electrolyte, and con-
stant phase element for the electrolyte/electrode interface,
respectively.*® The linear-sweep voltammetry (LSV) curves of
CNS and CNS-Gr,; photocathodes were characterized both
under dark and light conditions in phosphate buffer (pH =
7.4). As shown in Fig. 5b, CNS-Gr,, displays an increased
cathodic photocurrent in comparison to CNS, suggesting that
the hybrid of graphene with CNS promotes charge separation
and transfer.>® In addition, the UV-Vis absorption spectra
clearly reveal that the CNS-Gr,; hybrid film on FTO has an
absorption band edge that is red-shifted to a higher wave-
length in comparison to that of the CNS film (Fig. 5¢).° The
CNS and CNS-Gr,, films were further demonstrated to be
hydrophilic from their contact angle measurements
(Fig. S107), which ensure their good contact with the aqueous
reaction system.>"
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Fig. 5
UV-vis absorption spectra of the CNS and CNS—Grg 7 photocathodes.

Photoelectrochemical NADH regeneration of the CNS-Gr
hybrid films

Inspired by the process of natural photosynthesis, in which
solar energy is converted into chemical energy, a three-elec-
trode PEC system was constructed for efficient coenzyme
regeneration, employing the CNS-Gr hybrid film as the photo-
cathode and water as the electron donor (Fig. 6a).>"® In this
case, the CNS or CNS-Gr film harvests incident visible light,
and the resulting photogenerated electrons reduce M to M;.
Then, M, accepts a proton from water to generate M,. NADH is
regenerated when NAD" takes up two electrons and one proton
from M,."” The sacrificial agent TEOA is not applied in this
system, and the photogenerated holes are consumed by the
electrons migrating through an external wire to the photo-
cathode. Oxygen is evolved at the Pt anode in the pure water
reaction system.’® The bending of the energy band for CNS
under applied bias greatly inhibits the recombination of the
photogenerated electron-hole pairs. Cyclic voltammetry was
used to study the photoinduced electron-transfer mechanism
from the CNS-Gr,, photocathode to M and NAD".>>°® As
shown in Fig. 6b, the ternary system (CNS-Gr,, + NAD" + M)
exhibits an increased cathodic peak current and a potential
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Fig. 6 (a) Illustration of the mechanism of PEC NADH regeneration. (b)

Cyclic voltammograms of CNS—Grq 5 in phosphate buffer in the pres-
ence of M with or without NAD". (c) The PEC performance of NADH
regeneration of the CNS and CNS-Grg 7 films.
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(a) Nyquist plots and the equivalent circuit (inset), (b) LSV curves in the dark and under light irradiation in phosphate buffer (pH 7.4), and (c)

shift in comparison with the binary system (CNS-Gr,,; + M),
indicating that electrons transfer from the CNS-Gr,; photo-
cathode and M to NAD'.’® Meanwhile, the amount of the
hybrid graphene was also investigated, and CNS-Gr,, was
demonstrated to be the optimal sample (Fig. S117).°*%’
Integration of an excess amount of graphene was found to be
detrimental to the photoelectron generation. Under the
optimal bias of —0.9 V (vs. Ag/AgCl), the catalytic performance
for photoelectrochemical NADH regeneration was studied
under visible light, in the presence of M as the mediator and
water as the electron donor. The concentration of NADH can
be measured from its characteristic absorption at 1 = 340 nm
using a UV-vis spectrophotometer (Fig. S12t). As shown in
Fig. 6¢, CNS-Gr, ; has double the photoelectrochemical NADH
regeneration yield in comparison with CNS. Significantly, the
NADH regeneration yield of CNS-Gr,, was comparable to a
previously reported system constructed using a FeOOH/Fe,O3
photoanode and black silicon photocathode with light illumi-
nation on both photoelectrodes (Table S2+).**

The surface hydroxyl groups of FTO and the terminated
amine groups of CNS lead to a strong interaction between the
CNS film and FTO substrate.>® The robustness of the prepared
CNS and CNS-Gr,; films were confirmed by immersing the
electrodes in water, which remained intact after 24 h
(Fig. S137). Furthermore, no difference was observed by FTIR
(Fig. S14+) and SEM (Fig. S15t) of the used films after the PEC
tests, which also suggests the robustness of the prepared
films. It is important to note that the reported interfacial self-
assembly method can be easily extrapolated to fabricate films
of other 2D nanosheet materials (Fig. S167).

Conclusions

In summary, we successfully synthesized a homogeneous CNS
film via interfacial self-assembly of nanosheets at an air/water
interface. A CNS dispersion was obtained via a wet ball milling
method on a large scale, with a concentration of up to 36 mg
mL™". The as-prepared films could be easily transferred onto
versatile substrates with good interfacial contact, which
addresses the limitation of the traditional approach of in situ
thermal condensation of N-rich precursors on high-tempera-
ture-resistant substrates. The high-quality CNS-Gr hybrid films
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were further assembled on conductive FTO at the interface,
enhancing their photoelectrochemical NADH regeneration
ability, using [Cp*Rh(bpy)H,O]*" as the electron and proton
mediator and water as the electron donor. The current work
sheds light on the fabrication of a high-performance g-C;N,
film catalyst and could find more applications in future energy
and environmental related devices.’**°
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