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Abstract: Graphitic carbon nitride can be imprinted with
a twisted hexagonal rod-like morphology by a nanocasting
technique using chiral silicon dioxides as templates. The helical
nanoarchitectures promote charge separation and mass trans-
fer of carbon nitride semiconductors, enabling it to act as
a more efficient photocatalyst for water splitting and CO2

reduction than the pristine carbon nitride polymer. This is to
our knowledge a unique example of chiral graphitic carbon
nitride that features both left- and right-handed helical nano-
structures and exhibits unique optical activity to circularly
polarized light at the semiconductor absorption edge as well as
photoredox activity for solar-to-chemical conversion. Such
helical nanostructured polymeric semiconductors are envis-
aged to hold great promise for a range of applications that rely
on such semiconductor properties as well as chirality for
photocatalysis, asymmetric catalysis, chiral recognition, nano-
technology, and chemical sensing.

The helix is one of the most fascinating structures in nature.
Helical conformation is widespread from biomolecules
(amino acids and sugars) to biomacromolecules (DNA,
RNA, and proteins), microorganisms (helix-shaped viruses),
and macroscopic living systems (vines, timbo, and snails).[1]

Concurrently to the study of naturally occurring substances,
the synthesis of helical nanostructured materials has become
one of the hot issues nowadays. The design of helical
nanostructures in polymers,[2] carbonaceous materials,[3] and
metal oxides (e.g. ZnO, TiO2, and SiO2)

[4] has recently gained
considerable attention. Such helical nanostructured materials
are attractive because they exhibit optimized morphology and
texture as well as unique chirality and optical activity,[5] which
might have potential applications in the fields of optical
devices, chiral recognition, asymmetric catalysis, and photo-
synthesis.

Artificial photosynthesis is a strategy to capture and store
the energy from sunlight in the chemical bonds of fuels, such
as hydrogen and hydrocarbons.[6] Melon-based graphitic
carbon nitride polymer (termed as g-C3N4 for simplicity),
which consists of two-dimensional (2D) conjugated planes
packed together with tri-s-triazine repeating units through
van der Waals interactions, has recently emerged as a metal-
free polymeric photocatalyst for various relevant chemical
reactions, including water splitting,[7] CO2 reduction,[8] phenol
synthesis from benzene,[9] and the selective oxidation of
aromatic alcohols.[10] Recently, nanostructured g-C3N4 has
attracted ever-growing interest in the field of catalysis,
photocatalysis, chemical sensors, and biological imaging,
because nanostructure engineering is an efficient protocol
to tailor the morphology, texture, electronic structure, optical
and surface properties as well as the photocatalytic function
of g-C3N4. To date, various nanoarchitectural g-C3N4, ranging
from one-dimensional nanorods and nanowires, to two-
dimensional nanosheets, and three-dimensional mesoporous
structures, have been prepared by many approaches, such as
hard/soft template synthesis,[11] sulfur mediated synthesis,[12]

solvothermal/molten-salt technology,[13] exfoliation meth-
ods,[14a–c] and supramolecular chemistry.[14d,e] More recently,
Antonietti and co-workers reported that uniform g-C3N4

nanorods can be obtained by a hard-templating method
using chiral mesostructured silica nanorods, and these g-C3N4

nanorods showed photocatalytic activity,[15] albeit accurate
chiral (instead of morphological) translation from the silica to
g-C3N4 semiconductor has yet to be reported. Thus far, we
notice that there is no description available on the organ-
ization of the 2D g-C3N4 semiconductor into helical nano-
structures with photocatalytic and optical activities.

Herein, we demonstrated that g-C3N4 with a helical rod-
like morphology (HR-CN) is synthesized by a nanocasting
approach using chiral mesoporous silica (CMS) as the
sacrificial template. CMS, which features a helical hexagonal
rod-like morphology and ordered channels winding around
the central axis of the rods, enables the construction of twisted
nanoarchitectures by directing the assembly of the building
blocks.[16] The infiltration of the cyanamide (CY) precursor
into the CMS template is the vital step in the preparation of
HR-CN. As shown in Scheme 1, CMS is acidified with HCl
(1m) to promote the affinity between CMS and cyanamide
through acid–base interaction. Then, a technique of sonica-
tion under vacuum is exploited to pump CY molecules into
the pores/channels of CMS. The obtained CMS/CY mixture is
subjected to a thermal polymerization under N2 atmosphere
to generate CMS/g-C3N4. Finally, after being etched by
NH4HF2 solution and washed with water and ethanol, the
silica template is completely removed and the resultant HR-
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CN sample is obtained. As a reference sample, bulk g-C3N4

(B-CN) was also synthesized by heating CY with the same
thermal treatment procedure as the HR-CN synthesis.

The surface morphology of HR-CN is characterized by
scanning emission microscopy (SEM) and transmission elec-
tron microscopy (TEM) images. The SEM images (Figures 1
and S3) show that HR-CN exhibits uniform and monodis-
perse twisted hexagonal rod-like morphology, ca. 100–200 nm
in outer diameter and 0.5–2.0 mm in length. The similar
morphology between HR-CN and CMS (Figure S2) confirms
that the helical nanoarchitecture and geometrical feature of
HR-CN are precisely replicated from the template of CMS.
HR-CN consists of both, left-handed and right-handed nano-
rods (Figure S1), and the left/right handedness ratio was > 1:1
by counting the characteristic morphologies from 500 ran-
domly chosen nanohelices in the SEM images. Choosing
a typical rod for TEM and HRTEM analysis (Figures 1b and
S3), we can see a spiral rod with a length of 1.6 mm and
a diameter of 130 nm. The enlarged surface and edge of the
nanorod provides the clue that the nanorod is composed of
layered carbon nitride sheets as building blocks.[15] Addition-
ally, it should be noted that the nanorod of HR-CN is a stuffed
one rather than a hollow one. The TEM-EDX spectra further
identify the existence of two major elements (C, N) in the
selected nanorod of HR-CN (Figure S5a). As confirmed by
thermogravimetric analysis (TGA) (Figure S6a), less than
1% silica residues were found in the final HR-CN sample,

indicating that most of the silica was successfully removed
after the etching operation. The mapping images (Figure 1c
and d) show that both C and N elements are homogeneously
distributed in a spiral way similar to the shape of the selected
helical nanorod.

The textures of HR-CN were analyzed by N2-sorption
measurements (Figure S4). For the CMS template, a type IV
feature with a capillary condensation step at 0.4 in relative
pressure demonstrates the existence of the mesoporous
structure. Although CMS has a large specific surface area
(489 m2 g�1) and uniform mesopores (ca. 3.3 nm in size), the
texture of HR-CN is quite different. Firstly, the specific
surface area of HR-CN is ca. 56 m2 g�1, which is smaller than
that of CMS, but still much larger than that of B-CN (ca.
4 m2 g�1). Secondly, the Barrett–Joyner–Halenda (BJH)
adsorption pore size distribution of HR-CN shows two
types of pores, i.e., small mesopores (ca. 3.8 nm) and large
complementary mesopores (ca. 10.7 nm). The mechanism of
the generation of two types of pores has been demonstrated in
a mesoporous carbon nitride.[17]

As measured by elemental analysis, the C/N molar ratio of
HR-CN and B-CN were ca. 0.70 and 0.68, respectively, and
both of them are close to the theoretical value of idealized g-
C3N4 (0.75). This indicates the successful formation of the
polymeric framework from the CY precursor.[7a, 18] The XRD
peak of HR-CN (Figure 2a) at 13.08 is due to the in-plane
repeating motifs of the continuous heptazine frameworks,
whereas the peak at 27.48 corresponds to the (002) reflection
of a graphitic structure with a d-value of 0.326 nm.[19]

However, a broader XRD reflection with a lower intensity
is observed for HR-CN, because the helical nanostructure can
reduce the correlation length of interlayer periodicity of tri-s-
triazine building blocks. In the FTIR spectrum of HR-CN
(Figure 2b), the bands at 3100 cm�1, 1200–1600 cm�1, and
810 cm�1 belong to primary and secondary amines, aromatic
carbon and nitrogen heterocycles, and the s-triazine ring,
respectively.[7a,19a] The solid-state 13C NMR spectrum (Fig-
ure S6b) confirms the existence of heptazine units in HR-CN,
and the response at ca. 164.3 and 155.6 ppm was assigned to
a poly(tri-s-triazine) structure. The first peak is ascribed to the
C(e) atoms [CN2(NHx)], whereas the second one is attributed
to the C(i) atoms of melem (CN3).[19b,20] Since nearly all the
XRD, FTIR, and 13C NMR spectra of the HR-CN sample
resemble those of the B-CN reference, a graphitic-like
structure composed of heptazine heterocyclic rings exists in
HR-CN and remains almost unchanged after helical engi-
neering and NH4HF2 etching.

The optical absorption and energy band gap are greatly
altered after the introduction of the helical structure, as
apparent from the UV/Vis diffuse reflectance spectroscopy
(DRS) measurements (Figures 4 and S6c). An improved
light-harvesting capability across the whole optical spectrum,
especially at wavelengths exceeding 420 nm, is found for HR-
CN, mainly owing to the multiple reflections of incident
light.[20b, 21] In comparison with B-CN, a slight hypsochromic
shift of the photoabsorption edge from ca. 465 nm to 450 nm
is observed for HR-CN. The corresponding band gap energy
increases from 2.66 eV to 2.75 eV, implying the existence of
quantum effects in HR-CN associated with incomplete

Scheme 1. Synthetic process for helical nanorod-like graphitic carbon
nitride (HR-CN) based on chiral mesoporous silica (CMS) as the
template and cyanamide (CY) as the precursor.

Figure 1. Morphology characterization of the HR-CN sample. a) SEM,
b) TEM, and c,d) corresponding elemental mapping images of C, N for
HR-CN.
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condensation.[20b, 21] HR-CN also displays a deeper color than
B-CN due to the nanostructure effect and multiple reflections
of incident light in the nanostructure (Figure S6d). A coupling
of the chiral synthesis of g-C3N4 with the copolymerization
strategy[22] to enhance the optical absorption of helical g-C3N4

in the visible range is feasible by fusing aromatic motifs in the
g-C3N4 network.

The charge carriers separation/recombination rates of the
samples were investigated by photoluminescence (PL) spec-
tra at an excitation wavelength of 400 nm at room temper-
ature, because they are key parameters in estimating the
photocatalytic reactivity.[23] Broad emission peaks centering
at ca. 475 nm were observed for HR-CN and B-CN because of
the band–band PL phenomenon with the optical energy near
the band gap energy (2.7 eV) of g-C3N4. Apparently, HR-CN
shows lower PL intensity and stronger PL quenching than B-
CN (Figure S6e). The PL quenching indeed shows a sup-
pressed recombination rate of the photo-induced charge
carriers.[23] The electronic band structure information of the
sample was further tested by electron paramagnetic reso-
nance (EPR) at room temperature (Figure S6f). Both HR-
CN and B-CN exhibit one single Lorentzian line with a g
value of 2.0034, which is attributed to an unpaired electron on
the carbon atoms of the aromatic rings within p-bonded
nanosized clusters.[12, 24] Compared to B-CN, the largely
stronger spin intensity of HR-CN demonstrates the promoted
formation of unpaired electrons. A slightly enhanced EPR

signal under visible light illumination of HR-CN provides the
clue of promoted photochemical generation of radical pairs in
the semiconductor.

The photoelectrochemical properties of the samples were
examined by electrochemical impedance spectroscopy (EIS)
(Figure S7). Nyquist plots of HR-CN in the dark exhibit
remarkably decreased semicircles compared to B-CN, which
suggests an enhanced electronic conductivity in the non-
photoexcited state and the accelerated migration of charged
carriers.[24] In addition, the photocurrent measurement was
employed to investigate photoinduced electron transfer
processes in carbon nitride materials casted on indium tin
oxide glass. A significant enhancement of the photocurrent of
HR-CN compared to that of B-CN by a factor of ten further
confirms the faster transport of charged carriers in HR-CN.

The photocatalytic activities of HR-CN in hydrogen
evolution, water oxidation, and CO2-to-CO conversion were
investigated. Firstly, a visible-light-induced hydrogen evolu-
tion assay was performed on HR-CN using 3 wt % Pt as the
cocatalyst under visible light irradiation (l> 420 nm) (Fig-
ure 3a and Table S1). The initial hydrogen evolution rate
(HER) of HR-CN (74 mmolh�1) is seven times higher than
that of B-CN (10 mmolh�1), and comparable to those of
porous g-C3N4 (mpg-CN[19c] and ompg-CN[18]) having similar
surface area at the same reaction conditions. Moreover, HR-
CN still maintains most of its inherent photocatalytic
reactivity without inactivation during the four cycles. The
XRD and FTIR spectrum of HR-CN after photocatalytic
reaction for 12 h remained almost unchanged (Figure S8).
The TEM images of the used HR-CN display apparently
unaltered twisted nanorods, except for some dark spots
formed on the surface of the nanorods due to the in situ
deposition of Pt nanoparticles[26] (Figure S9). These results
prove the stability of the structure, texture, morphology, and
reactivity of HR-CN.

We also studied the photocatalytic activity of HR-CN and
3 wt % Co3O4/HR-CN nanocomposites in water oxidation,
using AgNO3 as an electron acceptor and La2O3 as a pH
buffer agent (Figure 3b). HR-CN exhibits a moderate oxygen
evolution rate (OER) of 0.8 mmolh�1 under UV light (l>

300 nm) irradiation, whereas 3 wt% Co3O4/HR-CN nano-
composites show a significantly increased OER of
3.6 mmolh�1, which is about four times higher than that of
HR-CN. The stable evolution of O2 and the total amount of
24 mmol O2 in 8 h reaction were observed for 3 wt % Co3O4/
HR-CN. Although the reactivity of HR-CN in water oxida-
tion is not promising, the further integration of an appropriate
amount of Co3O4 nanoparticles within HR-CN promotes its
performance owing to the promoted charge separation and
the reduced overpotential for water oxidation.[27]

The photocatalytic CO2 reduction was carried out using
HR-CN or B-CN as a photocatalyst, Co(bpy)3Cl2 as a redox
mediator, and triethanolamine as an electron donor in
acetonitrile under atmospheric CO2 and visible light (l>

420 nm). Upon visible light irradiation for 1 h, the system
with HR-CN photocatalyst generated CO (8.9 mmol) and H2

(0.3 mmol) as the major gaseous products, and the catalytic
turnover number relative to the amount of cobalt ions and the
selectivity for CO production were calculated to be 9.2 and

Figure 2. Structural characterization of the HR-CN sample, together
with B-CN as a reference sample. a) XRD patterns and b) FTIR spectra.
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96.7%, respectively (Figure 3c and entry 1, Table S2). HR-
CN gives a higher yield and better selectivity for CO
production than B-CN. Meanwhile, a series of reference
experiments was performed. There is no detectable produc-
tion of CO in the absence of either HR-CN or light (entries 3
and 4, Table S2). The evolution of CO was not observed when
CO2 was replaced with Ar gas, implying the fact that CO is not
originated from the decomposition of polymeric carbon
nitride or organic additives such as triethanolamine and
bipyridine (entry 5, Table S2). These photocatalytic experi-

ments indeed prove the potential application and promising
prospect of HR-CN in artificial photosynthesis.

Besides the photocatalytic reactivity, the helical config-
uration also endows the materials with distinct optical activity
and chirality, which can be detected by solid-state diffuse-
reflectance circular dichroism (DRCD) measurements. For
reference, another helical nanorod-like g-C3N4 with antipodal
chirality (denoted as HR-CN*) was synthesized by simply
changing l-alanine into d-alanine. The UV/Vis spectra of
HR-CN and HR-CN* samples (Figure 4a) similarly exhibit
a broad absorption band in the range of 200–420 nm, and
display stronger absorption intensity than B-CN. No obvious
response was observed in DRCD spectra of B-CN (Fig-
ure 4b). Notably, the two chiral carbon nitrides with antipodal
chirality show a mirror-image DRCD response in the visible
region with a peak at ca. 400 nm. These DRCD results reveal
that HR-CN or HR-CN* selectively reflect left- or right-
handed circularly polarized light at the absorption edge. We
assume that the mechanism of the optical activity for HR-CN
may be similar to that of chiral TiO2 nanofibers.[4b] The helical
nanostructure of HR-CN leads to an asymmetric electric
field, and the semiconductor-based electronic transitions from
the valence band to the conduction band under the dissym-
metric field results in its optical activity.[4b] The further
loading of Ag nanoparticles on the surface of HR-CN and
HR-CN* not only red-shifted the absorption edge and

Figure 3. Photocatalytic activity of HR-CN. a) Photocatalytic H2 evolu-
tion performance and stability test on 3 wt% Pt/HR-CN under visible
light irradiation (l>420 nm). b) Oxygen evolution from water by HR-
CN and 3 wt% Co3O4/HR-CN (l>300 nm). c) Produced gas from CO2

reduction by HR-CN under visible light irradiation (l>420 nm).

Figure 4. Optical properties and optical activities of samples.
a) UV/Vis diffuse reflectance spectra. b) DRCD spectra.
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enhanced the photoabsorption, but also induced stronger and
more symmetrical signal in the DRCD spectra. The chirop-
tical properties and the mechanisms of these chirally con-
jugated carbon nitride materials are under investigation.

In summary, helical g-C3N4 rods were synthesized based
on a chiral mesoporous silica template by a nanocasting
method. The helical g-C3N4 nanorods are demonstrated to
present photocatalytic capability towards hydrogen evolution,
water oxidation, and CO2-to-CO conversion. The helical-rod
like g-C3N4 has also been shown to have unequal quantities of
left- and right-handed helical nanorods and exhibits unique
optical activity to circularly polarized light at the semi-
conductor absorption edge. It is envisaged to couple the
helical structure and g-C3N4 photocatalysis for advanced
organic photosynthesis as right- and left-handed helical silica
has already been demonstrated to induce the highly enantio-
selective synthesis of organic compounds.[28] These chiral g-
C3N4 materials with optical and photocatalytic activities hold
great promise for optical devices, asymmetric (photo)catal-
ysis, chiral recognition, and chiral separation.
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