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ABSTRACT: Uniform graphitic carbon nitride nanorods (CNR)
were facilely obtained by a morphology-preserving strategy by
templating a chiral mesostructured silica nanorod. The hexagonal
mesostructured pore structures of one-dimensional silica nanorods
can provide nanoconfinement space for carbon nitride con-
densation to perfect layered structures. CNR demonstrated
excellent photocatalytic capability in generating hydrogen from
water even with a small specific surface area, compared with its
mesoporous counterpart. For further application demonstration,
the CNR was used for photocatalytic regeneration of NAD" to
NADH, the biological form of hydrogen. The in situ NADH
regeneration system was further coupled with L-glutamate
dehydrogenase for sustainable generation of L-glutamate from a-

ketoglutarate. The high yield and high efficiency obtained here
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point a high-throughput and sustainable way for practical enzymatic applications.
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B INTRODUCTION

In natural photosynthesis, chlorophyll molecules were excited
by light energy, with photoinduced electrons passing through
an electron transport chain to reduce nicotinamide adenine
dinucleotide phosphate (NAD(P)) to NAD(P)H, completing
the storage of light energy.' The chlorophyll molecule then
regains the lost electron from water through a photolysis
process, which releases a dioxygen molecule. In the light-
independent reaction, with the newly formed NAD(P)H, the
specific enzyme captures and converts CO, into three-carbon
sugars, which are later combined to form sucrose and starch. All
the photosynthetic reactions are catalyzed by enzyme. Enzymes
are long recognized as extremely efficient and mild catalysts in
scientific and industrial activities. Inspired by natural photo-
synthesis, artificial photosynthesis involves the solar-to-
chemical energy conversion processes including water splitting,
CO, reduction and some light-mediated enzymatic reac-
tions.”™* To accomplish the practical artificial photosynthesis,
it is highly challenging but desirable to develop an efficient
system that can perform multiple tasks toward artificial
photosynthesis.>® Therefore, facile synthesis of high efficiency
multifunctional systems for light energy conversion is crucial
for realizing practical artificial photosynthesis.>>’

Graphitic carbon nitride materials have gained intense
interests of the scientific community because of their unique
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and excellent properties in thermal and chemical stability.
Specially, graphitic carbon nitride is in the focus due to the
recently disclosed visible-light-driven photocatalytic proper-
ties.*” The appropriate bandgap width and easy engineering
properties for extending the absorbance spectrum render g-
C;N, very popular and promising in such field.'°~"* Therefore,
various templates have been proposed acting as the structure
directing agents for the desired carbon nitride nanostructures,
including biological materials, Anodic Aluminum Oxide
membrane, and various SiO,-based nanostructures et al.'*~'¢
However, considering the cost and complicated procedures in
obtaining/combining with previous templates, facile fabrication
of uniform nanostructured g-C;N, with high photocatalytic
efficiency is still a big issue toward the practical application
purposes.

Herein, the uniform graphitic carbon nitride nanorods
(CNR) were facilely synthesized by templating from mono-
disperse, chiral mesostructured silica nanorods (MSR), which
were easily fabricated through ammonia-catalyzed hydrolysis of
tetraethyl orthosilicate by using binary F127 and CTAB as
templates.'” The obtained one-dimensional CNR was com-
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Figure 1. (a) TEM image of CNRs. (b) TEM image of a single CNR, featuring the nanosheet as the building block. (c) SEM image of large area
overview, illustrating the uniform and monodisperse properties of CNRs. (d) TEM image of chiral mesostructured SiO, nanorod.

posed with layered carbon nitride sheets. Pt nanoparticles
decorated CNR (Pt@CNR) demonstrated surprisingly high
photocatalytic activity in hydrogen evolution from water in the
presence of triethanolamine even comparing with mesoporous
counterpart. The enhancement is ascribed to the highly efficient
charge separation efficiency in the one-dimensional nanorod.
Furthermore, CNR was employed for photocatalytic regener-
ation of coenzyme NADH, a substance essential for enzymes to
gain full functionality.'® >° The NADH regeneration system
was coupled with the L-glutamate dehydrogenase for sustain-
able synthesis of chiral L-glutamate from a-ketoglutarate.*' >
Stoichiometric enzymatic catalysis of a-ketoglutarate to L-
glutamate was accomplished in the presence of in situ NADH
regeneration system by CNR photocatalysis. The work
reported here could provide a feasible method to construct
high efficiency artificial light energy conversion systems and
also an excellent building block for further facilitated engineer-
ing and assembly into periodic array for artificial photosynthetic
device in the near future.

B EXPERIMENTAL SECTION

Materials. Cyanamide, triethanolamine (TEOA), rhodium(III)
chloride hydrate, 2,2'-bipyridyl, 1,2,3,4,5-pentamethylcyclopentadiene,
and f-nicotinamide adenine dinucleotide phosphate sodium salt
hydrate (f-NAD"), a-ketoglutarate, and L-glutamate dehydrogenase
(GDH) were purchased from Sigma-Aldrich.

Synthesis of CNR. The synthesis of chiral mesostructured silica
nanorods was simply achieved by using F127 and CTAB as binary
templates in basic aqueous solutions at room temperature. Typically,
F127 (0.123 g), H,0 (3.5 mL), CTAB (12.5 mL, 0.04 M), and
aqueous ammonia solution (15 mL, 2.5 wt %) were mixed to form a
clear solution, to which TEOS (0.6 mL) was added under stirring.
After 2 min of stirring, the mixture was allowed to stand under static
conditions at room temperature for 3 h, leading to the formation of a
white suspension. The SiO, nanorod was obtained after centrifugation
followed by drying and calcination to remove the organic substance.

A mixture of 1 g of as-calcined SiO, nanorod and 5 g of cyanamide
was degassed for 3 h followed by sonication in water for 2 h. After
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remove surplus cyanamide by water dissolving, the obtained white
solid was transferred to a crucible with lid and heated under air at 2.3
°C min~" up to 550 °C (4 h) and kept at 550 °C for another 4 h. The
resultant yellow powder is treated with 4 M NH,HF, solution for 48 h.
The dispersion is then filtered and the yellow precipitate is copiously
rinsed with deionized water and ethanol. Finally, the yellow powder is
dried under vacuum at 60 °C overnight.

mpg-C;N, was Synthesized As Follows. Five grams of
cyanamide and 12.5 g of Ludox-HS 40 colloidal silica suspension
(1:10f solid ratio) are mixed together until the complete dissolution of
cyanamide. The other procedure is the same as CNR. g-C;N, was
obtained through the thermal condensation of cyanamide at 50 °C (4
h) under air and used as second control sample.

[Cp*Rh(bpy)H,0]*>* was Synthesized As Follows. RhCl,-H,O
is refluxed in methanol with one equivalent of 1,2,3,4,5-pentam-
ethylcyclopentadiene for 24 h. The resulting red precipitate is filtrated
and suspended in methanol. On addition of two equivalents of 2,2-
bipyridine, the suspension clears up immediately and a yellowish
solution is formed. [Cp*Rh(bpy)Cl]Cl is precipitated on the addition
of diethyl ether into the obtained yellowish solution. Stock solutions
(100 mM) are prepared in water and stored at room temperature
avoiding direct light exposure. [Cp*Rh(bpy)Cl]Cl readily hydrolyzes
to [Cp*Rh(bpy)(H,0)]*".

Characterization. XRD measurements were performed on a D8
Diffractometer from Bruker instruments (Cu Ka radiation, 4 = 0.154
nm) equipped with a scintillation counter. N, sorption experiments
were done with a Quantachrome Autosorb-1 at liquid nitrogen
temperature. TEM images were taken on Philips CM200 FEG (Field
Emission Gun), operated at an acceleration voltage of 200 kV. SEM
measurement was performed on a LEO 1550 Gemini instrument. The
UV—vis absorbance spectra were recorded on a T70 UV/vis
spectrophotometer. The FTIR spectrum was collected using a Varian
1000 FTIR spectrometer.

NADH Regeneration. In a typical regeneration procedure, the
reaction medium was composed of NAD* (1 mM), TEOA (15 w/v%),
phosphate buffer (100 mM) and 3 mg of carbon nitride materials. The
pH value of the reaction media were set to 8 for mediator involved
system. The reaction system was placed into a degassed quartz reactor
equipped with stirring bar and illuminated with white LED lamp. The
distance between reactor and LED lamp is fixed at 15 cm. During the
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illumination, the concentration of NADH was estimated by measuring
the absorbance of diluted reaction system at 340 nm. NAD" has peak
absorption at a wavelength of 260 nm, with an extinction coeflicient of
16900 M™' cm™. NADH has peak absorption at 340 nm with an
extinction coefficient of 6,220 M™! em™.

Photoenzymatic Reaction. The reaction medium for the
photoenzymatic synthesis of L-glutamate includes NAD* (1 mM), M
(0.5 mM), a-ketoglutarate(10 mM), (NH,),SO, (100 mM), GDH
(40 U), 0.1 M pH 7.4 phosphate buffer with 15 w/v% of TEOA, and 3
mg of CNR. The reaction solution was stirred in the dark for 1 h
followed by 8 h continuous light reaction.

B RESULTS AND DISCUSSION

The CNR was obtained through templating a mesostructured
SiO, nanorod (MSR) (see Figure S1 in the Supporting
Information, SI), which was synthesized using F127 and CTAB
as binary templates. The MSRs exhibit a slightly twisted chiral
structure, which is thought to be shape-controlling role of F127
played in the formation process while CTAB mainly
contributed to the pore structure of MSRs.'” The loading of
cyanamide precursor into the MSR is the key point in
successfully fabricating the CNR. Reduced reactor pressure
under elevated temperature above melting point of cyanamide
(47 °C) greatly facilitated infiltration process. The nonporous
carbon nitride/MSR composite nanorod was illustrated in
Figure S2 in the Supporting Information, indicating the good
infiltration of precursor in the confined nanospace. The
schematic fabrication process of CNR was schematically
illustrated in Scheme S1 of the Supporting Information.

TEM image in Figure la demonstrates that the obtained
CNR was with size of 200 nm long and 80 nm wide. Looking
into the detail in Figure 1b gives the clue that the nanorod is
composed of layered carbon nitride sheet, which can be clearly
observed from the edges of CNR. The control experiments
were performed to shed some light on the formation
mechanism of CNR featuring layer carbon nitride as building
blocks (see Figures S3—SS in the Supporting Information,
respectively).

As illustrated in Figure 1lc, the CNR demonstrated the
uniform and monodisperse properties over large area view.
TGA analysis (see Figure S6 in the Supporting Information)
demonstrates that 5% of silica residue was found to left in the
final CNR samples, indicating most of the silica template was
successfully removed during the etching process.

Surprisingly, templating from a MSR turns out to be
nonporous CNR with nanosheet as building block. The
collapse of the mesostructure is presumably ascribed to the
overfilling of molten cyanamide in the interior of template and
large shrinkage during the high-temperature condensation.”*
The texture and structure of the CNR, mesoporous CN, and
bulk CN samples were characterized by nitrogen adsorption—
desorption measurements. The isotherms and the Barrett—
Joyner—Halenda (BJH) pore size distributions are shown in
Figure 2. The isotherms of mesoporous CN show typical
hysteresis, proving the existence of larger mesopores connected
via micropores, whereas for the CNR and bulk CN samples, the
adsorption and desorption isotherms almost coincide, indicat-
ing the lack of mesoporous structure. The difference in pore
structure leads to their significant difference in BET surface
areas: the BET surface area of CNR is 52 m*/g, and its 25 m®/g
for bulk CN, which is much smaller than the 230 m?/ g for
mesoporous CN. Comparing with the previously reported
results, the liquid phase infiltration of cyanamide aqueous
solution into the mesostructured template will lead to
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Figure 2. N, sorption—desorption isotherms of CNR, mesoporous
CN, and bulky CN, respectively.

corresponding mesoporous proper’fy.zs’26 The apparent mor-
phology difference suggests that water filled up the mesopores
channel together with dissolved cyanamide precursor in the
liquid infiltration method might play an important role in
determining the final morphologies of the carbon nitride
samples. The corresponding SEM images of control samples
(including mesoporous CN and bulky CN) were shown in
Figure S7 of the Supporting Information.

The chemical valence state of the elements in CNR was
checked by X-ray photoelectron spectroscopy (XPS). As
displayed in Figure S8 in the Supporting Information, the
survey XPS spectra of carbon nitride materials (including CNR,
mesoporous CN, and bulky CN) contain only C, N, and O
elements. Further high-resolution analysis demonstrates that
the binding energies for C 1s and N 1s are exactly the same for
all three different geometrical materials with the same carbon
nitride composition. The Fourier transform infrared spectros-
copy (FTIR) and powder X-ray diffraction (XRD) character-
izations depicted in Figure 3 demonstrate the obtained CNR is
a typical polymeric graphitic carbon nitride material. The band
at 810 cm ™ in the FTIR spectra in Figure 3a is ascribed to the
breathing mode of the triazine units, while the fingerprint
region between 1200 and 1620 cm™' showing all the feature-
distinctive stretch modes of aromatic CN heterocycles that is
dominated by v(C-NH-C) and v(C=N) stretching vibrations.
The wide-angle XRD pattern shows the two characteristic
peaks of graphitic carbon nitride (Figure 3b) at 13.0 and 27.4°.
The dominating characteristic (002) peak centered at 27.4°
features the layered structure with an interlayer distance of d =
0.326 nm. Another pronounced peak is found at 13.0°, which
corresponds to an in-plane structural packing motif.

Figure 4a shows the optical properties of CNR, bulky carbon
nitride (bulky CN), and mesoporous carbon nitride (meso-
rporous CN) as measured by UV—vis diffuse reflection spectra.
The absorption cutoft wavelength of CNR is about 460 nm
corresponding to a band gap energy of ~2.7 eV, indicating that
the polymeric semiconductor absorbs the blue section of the
visible spectrum. The photogenerated charge carrier separation
and recombination were also investigated by photolumines-
cence spectra under excitation at 380 nm. As shown in Figure
4b, the CNR sample exhibits an extremely broad emission peak.
Compared with the bulky CN, the red-shifted fluorescence
emission peak of CNR is also greatly decreased, suggesting a
suppressed recombination of the photoinduced charge carriers,
which is beneficial for further heterogeneous photocatalysis.
The broad red-shifted fluorescence peak can be attributed to
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Figure 3. (a) FTIR spectrum of CNA showing typical C—N
heterocycle stretches in the 1100—1600 cm™" spectral range and the
breathing mode of the tri-s-triazine units at 810 ecm™. (b) XRD
spectrum of CNA with two peaks at 13.0 and 27.4° ascribed to the in-
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Figure 4. (a) Optical absorption and (b) photoluminescence spectra
of CNR, mesoporous CN, and bulky CN samples, respectively.
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the large amount of defect structures, which introduced
localized energy levels inside the band gap.”” The time-resolved
PL experiments (as illustrated Figure S9 in the Supporting
Information) detecting the recombination kinetics of photo-
induced charge revealed that the fluorescence lifetime of CNR
is 6.8 ns, slightly shorter than that of bulky one (~9 ns). This is
due to an increased nonradiative rate, which follows an inverse
trend with the fluorescence emission. The quenching of the
emission intensity and its lifetime indicate that the relaxation of
a fraction of carbon nitride excitons occurs via nonradiative
paths, presumably by charge transfer of electrons and holes to
new localized states, which were attributed to the introduction
of nanostructures.

The photoelectrochemical behaviors of CNR accompanying
with two control samples (bulky CN and mesoporous CN)
were investigated by electrochemical impedance spectroscopy
(Figure Sa). The results showed semicircular Nyquist plots for
CNR, mesoporous CN and bulky CN with the trend of
increasing diameter, demonstrating that CNR possessed a
superior electronic conductivity compared with other mor-
phologies. The photocurrent measurement was employed to
illustrate photoinduced electron transfer processes occurred on
carbon nitride materials casted on indium tin oxide glass
(Figure Sb). Large enhancement of L, for CNR was indeed
observed over the applied bias potential of 0.2 V versus Ag/
AgCl, indicating faster transport of charged carriers. Carbon
nitride materials were then evaluated in a photocatalytic
hydrogen evolution activity test by loading 3 wt % Pt as
cocatalyst and using triethanolamine as a hole scavenger. The
hydrogen evolution results are presented in Figure Sc and
Figure S10 in the Supporting Information. The performance of
CNR in photocatalytic water splitting into hydrogen is much
better than that of mesoporous CN, which usually serves as the
benchmark for the carbon nitride based materials. The
substantial enhancement should be ascribed to higher charge
separation efficiency in the two-dimensional layered structures
of CNR.

NADH, the biological form of hydrogen, is a coenzyme
found in all living system. The pyridine nucleotides, NAD*
(nicotinamide adenine dinucleotide) and NADP (nicotinamide
adenine dinucleotide phosphate), are ubiquitous in all living
systems as they are required for the reactions of more than 400
oxidoreductase-denoted dehydrogenases.”® In metabolism,
NADH/NAD" is involved in redox reactions, carrying electrons
from one reaction to another. Maintaining the complete cycle
between NAD' and NADH is extremely important for the
dehydrogenase enzymatic reactions.”'® In light of the success of
applying CNR in hydrogen evolution from water, the NADH
regeneration was also performed by CNR photocatalysis with
[Cp*Rh(bpy)(H)]" acting as electron mediator and hydride
transfer agent.29 Under white light illumination, NADH
regeneration yields for CNR and Mesoporous CN get to 72
and 65% in an hour, respectively (as illustrated in Figure S11 in
the Supporting Information). The blank reactions without
CNR or [Cp*Rh(bpy)(H)]* were performed as illustrated in
Figure S12 in the Supporting Information. Without CNR, the
NADH cannot be regenerated in the same light illumination
period; however, without [Cp*Rh(bpy)(H)]*, NADH can be
moderately regenerated, but not all the re%enerated NADH by
metal-free method is enzymatically active."

In the biosynthesis of amino acids, the first reaction of
fundamental importance is biosynthesis of §lutamate, from
which other amino acids are synthesized.”> The NADH
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Figure S. (a) Periodic on/off photocurrent output of CNR, mesoporous CN, and bulky CN casted on ITO glass at 0.2 V bias vs Ag/AgCl ina 02 M
Na,SO, solution. (b) Electrochemical impedance spectroscopy Nyquist plots for CNR, mesoporous CN, and bulky CN, respectively. (c) Time
courses of H, evolution rate for CNR, mesoporous CN, and bulky CN during a 10 h experiment, respectively.

Scheme 1. Schematic Illustration of Photocatalytic NADH Regeneration by CNR in the Presence of [Cp*Rh(bpy)(H)]* Acting
As Electron Mediator and Hydride Transfer Agent; Regeneration of Catalytically Active [Cp*Rh(bpy)(H)]* Is Also Hlustrated
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dependent L-glutamate dehydrogenase is capable for efficient
biosynthesis of L-glutamate. Considering the previously
reported coenzyme regeneration routes, using light to
regenerate NADH for synthesizing L-glutamate will be
sustainable and feasible.'® A subsequent experiment was
conducted to investigate whether CNR photocatalysis induces
the reduction of NAD" to NADH followed by the biosynthesis
of glutamate in the presence of L-glutamate dehydrogenase, as
shown in Scheme 1.

The stoichiometry conversion of a-ketoglutarate to L-
glutamate was accomplished after 8 h continuous light
illumination, as illustrated in Figure 6. During the light
reaction, the in situ regenerated NADH was immediately
consumed by L-glutamate dehydrogenase for the synthesis of L-
glutamate from a-ketoglutarate, whereas the NAD* could be
repeatedly regenerated (The molar ratio of a-ketoglutarate to
NAD" was chosen to be 10, indicating the NADH must be
continuously regenerated for accomplishing the stoichiometric
conversion). The yield was determined by the integration of
NMR signals of the starting and ending reaction solutions, as
shown in Figure S13 in the Supporting Information. Complete
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conversion of a-ketoglutarate to L-glutamate could be verified
by the NMR spectra. However, in the dark without light
irradiation, there is no L-glutamate product detected in the first
hour. Therefore, it was feasible to synthesize L-glutamate from
a-ketoglutarate assisting by L-glutamate dehydrogenase with
CNR photocatalytic NADH regeneration system. This also
represents the possibility for accomplishing the synthesis of
even more complicated biomolecules starting from L-
glutamate.> ~>*

B CONCLUSIONS

In conclusion, uniform graphitic carbon nitride nanorod was
easily obtained by a morphology-preserving strategy by facilely
templating a chiral mesostructured silica nanorod. The one-
dimensional hexagonal mesostructured pore structures of silica
nanorod can provide nanoconfinement space for carbon nitride
condensation to perfect layered structures. Because of the well-
preserved layer properties, CNR demonstrated excellent
photocatalytic capability in generating hydrogen from water
even with small specific surface area, compared with
mesoporous counterpart. For further demonstration, the
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Figure 6. (a) Conversion between a-ketoglutarate and L-glutamate by
L-glutamate dehydrogenase. (b) Photocatalytic propelled enzymatic
synthesis of L-glutamate by CNR in the presence of M assisted by L-
glutamate dehydrogenase. The reaction solution was first placed in the
dark for 1 h before turn on the illumination.

CNR was used for photocatalytic regeneration of NADH from
NAD". The in situ NADH regeneration system was coupled
with L-glutamate dehydrogenase for sustainable synthesis of
chiral 1-glutamate from a-ketoglutarate. The facile synthesis of
high efficiency CNR photocatalyst obtained here point a high-
throughput way for practical enzymatic applications in the
future. Practical artificial photosynthesis device could also be
obtained by engineering the nanorod assembly into periodic
and ordered array toward potential application in the near
future.

B ASSOCIATED CONTENT
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SEM, TEM, TGA, time-resolved PL and XPS of CNR,
histogram of H, production capability, NADH spectral
measurement, H NMR spectra of L-glutamate. This material
is available free of charge via the Internet at http://pubs.acs.org.
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