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A B S T R A C T   

Various carbon nitride (C3N4) materials show great potential as an eco-friendly, visible-light-active photocatalyst 
for hydrogen evolution reaction (HER). In this work, a new route to produce one-dimensional (1D) P-doped 
carbon nitride nanotubes is developed via supramolecular self-assembly. The nanotubes are produced by thermal 
condensation of melamine and cyanuric acid. The addition of an ionic liquid (1-butyl-3-methylimidazolium 
hexafluorophosphate) improves the uniformity of the nanotubes. It is revealed that the C3N4 nanotubes are 
formed by thermal condensation of rod-shaped intermediates. The nanotubes show an excellent photocatalytic 
HER activity under visible light irradiation and are a superior catalyst to 3D C3N4 samples. From thorough 
structural and photophysical characterizations, it is found that the nanotubes contain larger surface areas, more 
amine bridges, better crystallinity, and more visible-light-absorption ability than control samples. These struc-
tural features are reasons for the enhanced photocatalytic performance.   

Carbon nitride refers to various binary materials containing C and N 
atoms linked by covalent bonds and the most stable form is C3N4 [1–3]. 
This three-dimensional (3D) solid material, which consists of layers of 
2D C3N4 and is produced by the polycondensation of small organic 
molecules, is typically referred to as polymeric or graphitic C3N4 (p- or 
g-C3N4) [4,5]. Tri-s-triazine rings containing alternating C and N struc-
tures with sp2 hybridization are a basic building unit of the material and 
are linked through tertiary amine bridges [6–8]. 

Recently, 3D C3N4 materials have been studied as visible-light-active 
photocatalysts due to their suitable electronic structure for absorbing 
visible light [9–11]. In particular, they show excellent photocatalytic 
properties for the hydrogen evolution reaction (HER) [12,13], the 
reduction of CO2 [14], and the degradation of organic pollutants [15], 
which are all important for solving energy and environmental issues. 
Although various metal-containing semiconductors exhibit promising 
photocatalytic behavior, 3D C3N4 materials have been explored as 

metal-free and eco-friendly photocatalysts. 
The photocatalytic properties of C3N4 materials can be improved by 

increasing their surface area and modulating their electronic structure. 
Porous 3D or exfoliated 2D C3N4-based materials have been successfully 
used in the preparation of efficient photocatalysts with high surface area 
and improved visible light absorption ability [16]. Additionally, 1D 
nanotubular C3N4 structures are intriguing platforms for photocatalysis 
owing to their possible access to photocatalytic active species at both 
their internal and external surfaces and facile transfer of photogenerated 
charge carriers with low resistance. Recent attempts have generated 
efficient C3N4 nanotube photocatalysts for the HER and the degradation 
of organic pollutants [17,18]. However, it is still necessary to develop 
eco-friendly methods without the use of hard templates and toxic 
chemicals and to understand the effect of 1D structures on the 
enhancement of photocatalytic performance. 

Heteroatom doping into the C3N4 network is a common method for 
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controlling electronic structures such as energy levels of conduction, 
valence band edges, and mid-gap state [19–21]. While B, S, and P have 
all been used as dopants, it is suggested that P-doping strongly affects 
electrical and thermal conductivity because it enhances charge carrier 
mobility. 

Various C- and N-containing molecules such as melamine, dicyan-
diamide, and urea have been used as precursors to produce 3D C3N4 
[22]. Self-assembly between the precursor and other molecules through 
H bonding is a promising route for controlling shape and morphological 
properties [13,23]. Herein, we developed a new route to produce 1D 
C3N4 nanotubes via the supramolecular self-assembly of melamine and 
cyanuric acid. The use of an ionic liquid (1-butyl-3-methylimidazolium 
hexafluorophosphate, BmimPF6) improves the uniformity of the tube 
materials. The resulting C3N4 nanotubes showed significantly improved 
photocatalytic HER activity under visible-light irradiation. Various 
control samples were prepared to understand the formation mechanism 
of tube materials. The chemical structure and photophysical properties 
of the tube materials were intensively studied with various character-
ization techniques, including solid-state nuclear magnetic resonance 
(SSNMR), 2D excitation-emission mapping (2D EEM), and time-resolved 
photoluminescence (TR-PL) spectroscopy. Furthermore, their relation-
ship with photocatalytic HER activity was elucidated. 

1. Experimental section 

1.1. Preparation of M-CN 

Melamine (5 g, Aldrich, 99%) was loaded into a quartz crucible and 
placed in the center of a tube furnace, followed by several cycles of 
vacuum degassing and filling with N2. The tube furnace was heated to 
550 ◦C at a rate of 10 ◦C/min and held for 4 h under an N2 gas flow. After 
cooling to room temperature, the resulting product was obtained as a 
yellow powder. The powder (200 mg) was sonicated with an HCl solu-
tion (1 M, 150 mL) for 200 min in a round-bottom flask to remove the 
remaining impurities. It was then filtered using a membrane filter 
(Advantech Corp., Model: H020A047A) and washed with deionized 
water several times. Drying under vacuum for 12 h at room temperature 
afforded the final product, denoted as M-CN. 

1.2. Preparation of MCP-CN 

Melamine (2.5 g, Aldrich, 99%) and cyanuric acid (2.5 g, Aldrich, 
98%) were dissolved in deionized water (20 mL) containing 1-butyl-3- 
methylimidazolium hexafluorophosphate (0.1 g, BmimPF6, Aldrich, 
99%). The mixture was then heated to 120 ◦C for 18 h with stirring to 
evaporate water. The obtained white solid was ground using a mortar 
and pestle, and the white powder was dried under a vacuum for 12 h at 
room temperature (the obtained sample was denoted as MCP). The 
white powder was loaded into a quartz crucible and placed at the center 
of a tube furnace, and this was followed by several cycles of vacuum 
degassing and filling with N2. The tube furnace was heated to 550 ◦C at a 
rate of 10 ◦C/min then held at this temperature for 4 h under an N2 gas 
flow. After cooling to room temperature, the resultant product was ob-
tained as a brownish-yellow powder. The powder (200 mg) was soni-
cated with an HCl solution (1 M, 150 mL) to remove the remaining 
impurities. The product was filtered using a membrane filter and washed 
several times with deionized water. Drying under vacuum for 12 h at 
room temperature afforded the final product, denoted as MCP-CN (1.6 
g). 

1.3. Measurement of the HER photocatalytic activity 

The photocatalytic activity of the samples was measured in a top- 
irradiated vessel connected to a gas circulation system. The as- 
prepared powder sample (100 mg) with a Pt co-catalyst (3 mg) was 
dispersed in an aqueous solution of 10 vol% triethanolamine (100 mL, 

TEOA) as a hole scavenger. The mixture was illuminated by visible-light 
irradiation from a Xe lamp (300 W, Newport Stratford Inc., USA) with an 
optical cutoff filter (λ > 420 nm). The amount of generated H2 gas was 
quantified using gas chromatography (Shimadzu GC-2014, Japan). 

1.4. Characterization 

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed using a high-performance X-ray photoelectron spectrometer 
with a micro-focused monochromatic Al Kα X-ray source (1486.6 eV) 
operated at a spot size of 400 μm and 12 kV/72 W (K-Alpha+, Thermo 
Fisher Scientific, UK). X-ray diffraction (XRD) analysis was conducted 
using a multipurpose X-ray diffractometer (X’Pert powder diffractom-
eter; Malvern Panalytical, UK). The Fourier transform infrared (FT-IR) 
spectrum of the sample in a KBr pellet was recorded using 64 scans on an 
FT-IR vacuum spectrometer (VERTEX 80 V, Bruker, Germany). The 
Brunauer− Emmett− Teller (BET) surface area and Bar-
rett− Joyner− Halenda (BJH) pore size distribution of all samples were 
measured using an automatic physisorption analyzer (Micromeritics 
TriStar 3000, USA) via the N2 adsorption-desorption at 77 K. Samples 
(0.2 g) were placed in a glass sample tube. To remove moisture and other 
adsorbed atmospheric gases from the surface, samples were heated at 
250 ◦C and treated under vacuum for 6 h. Nitrogen isotherms were ac-
quired from 2.0 × 10− 5 to 0.99 (p/po) relative pressure at − 195.80 ◦C in 
liquid N2. Transmission electron microscopy (TEM) images were ob-
tained using a JEM-2100F instrument (JEOL, Japan) at 200 kV. The 
samples for TEM analysis were prepared by placing a droplet of the 
samples in a dimethylformamide suspension on a carbon-coated copper 
grid (LC300-Cu, Electron Microscopy Sciences) followed by drying. 
UV–Vis diffuse reflectance absorption spectra were obtained using a UV- 
2600 (Shimadzu, Japan) equipped with an ISR-2600 Plus integrating 
sphere attachment. TR-PL was measured with photoexcitation at 393 nm 
using a time-correlated single-photon counting (TCSPC) spectrometer 
(FluoTime 200, PicoQuant, Germany). Ultraviolet photoelectron spec-
troscopy (UPS) data were obtained using an AXIS Ultra DLD (Kratos, UK) 
under He I (21.2 eV) excitation sources, with Au foil as the reference. PL 
quantum efficiency (PLQE) was measured using a JASCO FP8500 
spectrofluorometer with a 100-nm integrating sphere (ILF-835) and 
calculated in Jasco SpectraManager II Software. 

2. Results and discussion 

2.1. Preparation of MCP-CN and morphological characterization 

Melamine, which is one of the common precursors to produce 3D 
C3N4s, and cyanuric acid were reacted to form pre-organized in-
termediates in water. An ionic liquid (BmimPF6) was mixed as a soft 
template and source of P dopant. The main product of this reaction is 
denoted as MCP-CN. Various combinations of the precursors were used 
to prepare control samples (M− CN, MC-CN, MP-CN, CP-CN, and MCI- 
CN, see Table 1). 

Microscopic measurements revealed morphological variations 
depending on the combination of the precursors. As shown in the SEM 
and TEM images (Fig. 1 and Fig. S2), M− CN, which is a reference C3N4 
material produced from melamine, possesses a flake-like morphology 
similar to that of typical bulk 3D C3N4 materials (Fig. 1b and c). In 
contrast, a tube-like morphology is observed in the images of MC-CN and 
MCP-CN (Fig. 1d–g, Fig. S2 and S3). The tubes have size distribution 
with an average length of 545 nm tubes are several mm (Fig. S2) in 
length and their outer diameter is approximately ~0.5 μm. The average 
wall thickness is ~22 nm, suggesting that the walls are composed of tens 
of layers (Fig. S3). In addition, porous morphology is observed at the 
tube walls of MCP-CN in the TEM images (Fig. 1d and e). 

To understand the effect of precursor variations, three control sam-
ples (MC-CN, MP-CN, and CP-CN) were prepared by mixing two of the 
three precursor components (melamine, cyanuric acid, and BmimPF6) 
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(Table 1). As shown in Fig. 1, MC-CN is also a tube-type material; 
however, MCP-CN has better morphological uniformity than MC-CN. In 
contrast, the morphologies of MP-CN and CP-CN are similar to that of 
M− CN (Figs. S1a and d). These experiments suggest that tube 
morphology can be formed by polycondensation between melamine and 
cyanuric acid [24,25]. As another control for MCP-CN, the ionic liquid 
BmimPF6 was replaced with BmimI, containing I− instead of PF6

− . The 
resulting MCI-CN also exhibits a tube-like shape (Figs. S1e and f). Based 
on the TEM images of the MCP-CN and MCI-CN samples, the tube shape 
of MCP-CN is more uniform than that of MCI-CN, indicating that the type 
of ionic liquid is an important factor in controlling the morphology of 
the tubes. 

The X-ray diffraction (XRD) pattern of MCP-CN shows fingerprint 
peaks at 12.8◦ and 27.7◦, assignable to the distance between the intra-
planar repeating tri-s-triazine building units and the interlayer distance 
of the C3N4 layers, respectively (Fig. 2a) [26,27]. This indicates the 
successful formation of the C3N4 structure in the MCP-CN nanotubes 
from a mixture of melamine, cyanuric acid, and BmimPF6. While other 
control samples possess a similar pattern, CP-CN shows a shift of the 
peak at 27.7◦ and a decrease in intensity of the peak at 12.8◦. This 
feature explains that the crystallinity of CP-CN is lower than other 
samples. The interlayer distance peak of MCP-CN possesses the lowest 
full width at half maximum (FWHM) value among the control samples, 
suggesting superior crystallinity of the MCP-CN (Table S1). The FT-IR 
spectrum of MCP-CN also shows features typical of common C3N4 ma-
terials (Fig. 2b). The peaks at 1641, 1573, 1462, and 1407 cm− 1 

correspond to heptazine-derived repeating structures [22]. The peaks at 
1325 and 1239 cm− 1 are assigned to completely condensed C–N and 
partially condensed C–NH moieties, respectively [17]. All the peaks at 
1230–1650 cm− 1 are sharper for MCP-CN than for the other samples. 
This supports a more homogeneous chemical environment in MCP-CN 
than in the others. Additional peaks for the breathing mode of the 
triazine rings and –NHx stretching modes are observed at 810 and 
3000–3400 cm− 1, respectively [13,22]. 

BET measurements reveal that the samples (MC-CN, MCP-CN, and 
MCI-CN) generated from the co-use of melamine and cyanuric acid have 
a higher surface area than the others (Fig. 2c). The shape of N2 
adsorption and desorption isotherm curves of all samples is close to type 
II, suggesting the presence of macropores [28]. Additionally, the weak 
hysteresis in the curves indicates the formation of mesopores in some 
degree. MCP-CN has the highest surface area of 66 m2 g− 1 and the 
largest average pore volume of 0.4 m2 g− 1. The N2 desorption curves of 
the MCP-CN, MC-CN, and MCI-CN samples show the presence of mes-
opores with diameters of 20–40 Å, while the other samples contain pores 
with a broader range of diameters (Fig. 2d). Based on microscopic 
characterization, it can be deduced that the co-use of melamine and 
cyanuric acid causes the formation of tubular C3N4 materials containing 
porous structures. 

2.2. Chemical characterizations of MCP-CN 

Various analyses were carried out to understand the chemical 
structure of the MCP-CN nanotubes based on a comparison with 

common C3N4 (M− CN). 1H, 13C, and 15N cross-polarization magic-angle 
spinning (CP-MAS) SSNMR measurements with MCP-CN and M− CN 
elucidated their detailed chemical structure (Fig. 3). The deconvoluted 
13C SSNMR spectra show three major peaks at 156.9, 162.9, and 165.3 
ppm, corresponding to internal C atoms in tri-s-triazine rings (Ci), C 
atoms next to bridging –NH– (Cb), and a combination of C atoms (Ct) 
bonded to terminal NH2 and internal C atoms (Ch) adjacent to N atoms 
with H bonds, respectively (Fig. 3a) [29–31]. Five N-associated species, 
namely, C––N–C (Nc), N–C3 (Ni), C(NH)C (Nb), –NH2 with H bonds 
(Nh-t), and –NH2 (Nt) groups without H bonds, are observed at 192.2, 
155.8, 135.3, 116.8, and 106.9 ppm, respectively, in the 15N SSNMR 
spectra (Fig. S4) [30]. The deconvoluted 1H SSNMR spectra show four 
peaks at 11.7, 8.9, 6.2, and 4.1 ppm of bridging -NH- groups with (Hh-b) 
and without (Hb) H bonds and terminal –NH2 groups with (Hh-t) and 
without (Ht) H bonds (Fig. 3b) [13,29]. These measurements reveal that 
the MCP-CN nanotubes are composed of tri-s-triazine structures. 

The SSNMR spectra of MCP-CN were compared with those of M− CN 
to examine changes in the chemical structure during the formation of the 
tubes. Although the 1H, 13C, and 15N SSNMR spectra of MCP-CN are 
similar to those of M− CN, there are distinct features indicating struc-
tural differences. In the deconvoluted 13C SSNMR spectra, the Cb peak of 
MCP-CN increases significantly in intensity compared to that of M− CN 
(Fig. 3a and Table S2). This suggests that MCP-CN contains more 
bridging –NH groups linking the tri-s-triazine rings than M− CN does. 
The deconvoluted 15N and 1H SSNMR spectra of MCP-CN show an 
obvious decrease in the intensity of the Nt and Ht peaks, respectively, 
relative to those of M-CN. (Table S3). All these features reveal that a 
significant portion of the edge –NH2 groups are removed during the 
formation of MCP-CN nanotubes. Combined with the 13C SSNMR mea-
surements, the evidence suggests that –NH– bridging groups are formed 
from the condensation reactions between –NH2 groups at the edges of 
C3N4 domains, resulting in the formation of C3N4 nanotubes containing 
more –NH– linkages between the edge sites of the C3N4 layers. 

The XPS data further support the SSNMR characterization. The 
deconvoluted XPS C 1s spectra of MCP-CN and M− CN show the main 
peak at 288.0 eV, corresponding to N–C––N moieties in tri-s-triazine 
rings, and minor peaks at 288.4, 286.3, and 284.6 eV, corresponding to 
C–NH2, C–O, and C––C/C–C groups, respectively (Fig. 3c) [32]. The 
C––C/C–C peak originates from C-containing impurities, which can be 
produced during high-temperature processes [26]. It leads the higher 
C/N values of materials than the theoretical value (0.75) of C3N4 
structure (Table S4). The XPS peak intensity and a C/N value are smaller 
for MCP-CN than for M− CN, suggesting that MCP-CN contains fewer C 
impurities. This is supported by the XRD data showing better crystal-
linity of MCP-CN. 

The deconvoluted N 1s spectra of both samples exhibit typical fea-
tures of C3N4 materials with peaks at 398.4, 399.9, and 401.0 eV, which 
can be assigned to C––N––C, N–(C)3, and –NHx groups, respectively 
(Fig. 3d) [22]. The N–(C)3 and –NHx groups are located inside and at the 
edges of the tri-s-triazine rings, respectively. Consequently, a larger N– 
(C)3/–NHx ratio indicates the presence of fewer edge sites. As shown in 
Table S5, this ratio for MCP-CN, calculated from the deconvoluted XPS N 
1s spectrum, is larger than that for M-CN. These data support the 

Table 1 
The precursor compositions and their photocatalytic HER activity.  

Samples M-CN MC-CN MP-CN CP-CN MCP-CN MCI-CN 

Photocatalytic H2 activity (μmol⋅h− 1⋅g− 1) 24.6 67.4 21.2 7.2 145.8 84.8 
Precursors Melamine a (M) ○ ○ ○ – ○ ○ 

Cyanuric acid b (C) – ○ – ○ ○ ○ 

Ionic liquid(P or I) – – BmimPF6 (P) c BmimPF6 (P) c BmimPF6 (P) c BmimI (I) d 
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presence of fewer edges in the MCP-CN than in the M-CN. As explained 
above, the SSNMR characterizations suggest a similar feature, which is 
the presence of more –NH– linkages between edge sites of C3N4 layers in 
the MCP-CN tube than in M-CN. 

The P-associated chemical structure was investigated by 31P SSNMR 
and P 2p XPS analyses. The elemental amount of P in MCP-CN is 0.7 at%, 
as determined by XPS measurements (Table S4). The 31P SSNMR spec-
trum of MCP-CN shows a broad peak pattern because of the small 
number of P atoms and the presence of multiple P-containing species 
(Fig. 3e). The region between 0 and –40 ppm can be assigned to P atoms 
replacing corner C atoms at terminal sites of the tri-s-triazine network 

[33,34]. Although there are two replaceable C sites (Corner-C and 
Bay-C), P atoms would replace Corner-C atoms rather than Bay-C atoms. 
Previous theoretical calculations have suggested that the replacement of 
Corner-C sites with P atoms is energetically favorable relative to that of 
Bay-C sites [35]. The deconvoluted P 2p XPS spectrum of MCP-CN also 
supports the presence of P–N bonds, with a major peak at 133.4 eV 
(Fig. 3f) [36,37]. 

2.3. Mechanistic study of tube structure formation 

As mentioned above, the tube materials (MC-CN and MCP-CN) were 

Fig. 1. (a) Scheme for MCP-CN preparation SEM images of (b) M− CN, (d) MCP-CN, and (f) MC-CN. TEM images of (c) M− CN, (e) MCP-CN, and (g) MC-CN. (A colour 
version of this figure can be viewed online.) 
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produced from melamine and cyanuric acid. Control experiments were 
performed to elucidate the formation mechanism. A mixture of mel-
amine, cyanuric acid, and BmimPF6 was dissolved in water and treated 
at 120 ◦C. During this process, water was evaporated, yielding the MCP 
intermediate as a powder (Fig. 1a; see the experimental section for the 
preparation of other intermediates (M, C, MC, and CP) in SI). The iso-
lated MCP intermediate was then analyzed. 

Interestingly, TEM images of MCP intermediates reveal the presence 
of a rod-shaped material 1–2 μm in length and 0.4–0.5 μm in diameter 
(Fig. 4a and b). The XRD pattern of the MCP intermediates is signifi-
cantly different from that of MCP-CN and similar to that of melamine 
cyanurate (Fig. 4c) [38,39]. This indicates the formation of melamine 
cyanurate rather than C3N4 structure at the MCP intermediate stage. 

The XRD pattern of the MCP intermediate is highly similar to that of 
the MC intermediate (Fig. S5), suggesting the formation of a self- 
assembled structure, such as melamine cyanurate, between melamine 
and cyanuric acid. The peak at ~27◦ in the pattern of MCP-CN is shifted 
to a slightly lower angle relative to that of the MCP intermediate, indi-
cating that the interlayer distance between the C3N4 layers in MCP-CN is 
slightly larger than the distance between the π-conjugated rings in the 
MCP intermediate. While the intraplanar distance between the tri-s- 
triazine rings is observed at 13◦ for MCP-CN, the MCP intermediate 
shows a peak at a lower angle. This could be explained by the longer 
distance between interplanar rings in the self-assembled intermediate, 

which is formed by the hydrogen bonding of melamine and cyanuric 
acid. 

The FT-IR spectrum of the MCP intermediate shows characteristic 
peaks for melamine cyanurate at 3396 and 3234 cm− 1, corresponding to 
the symmetric and asymmetric stretching of amine groups with H- 
bonds, respectively [40]. This feature suggests the formation of H-bonds 
between the amine groups of the melamine and the O atoms of cyanuric 
acid. The other peaks at 1782, 1743, 1528, and 1449 cm− 1 correspond to 
C––O, –NH2, C––N, and C–N stretching, respectively. The peak at 1667 
cm− 1 is assignable to the NH2 bending mode [41–43]. After heat treat-
ment, MCP-CN exhibits different spectral characteristics from those of 
the MCP intermediate. The H-bonding peaks are still present but are 
weaker in intensity, and the typical peak pattern of the C3N4 network is 
observed. From these observations, it can be deduced that the rod ma-
terials (MCP intermediates) are formed through the self-assembly of 
melamine and cyanuric acid during the treatment at 120 ◦C in water. 
Previous literatures suggest that H bonding is a critical driving force to 
form self-assembled frameworks between building units [44–48]. Then, 
during the 550 ◦C treatment, porous C3N4 tubes (MCP-CN) are generated 
by polycondensation of the intermediates. 

The XRD patterns of the MC and MCP intermediates are almost 
identical (Fig. S5), indicating that the addition of BmimPF6 does not 
significantly affect the self-assembled structure of the intermediates. 
However, as discussed above, the porosity and surface area of the C3N4 

Fig. 2. (a) XRD patterns, (b) FT-IR spectra, (c) N2 absorption/desorption isotherms (inset: a magnified image), and (d) BJH pore size distribution of M− CN, MC-CN, 
MP-CN, CP-CN, MCP-CN, and MCI-CN. (A colour version of this figure can be viewed online.) 
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samples varied with the addition of ionic liquids, which is similar to 
previous literatures [35,49–51]. Since BmimPF6 is amphiphilic, micelles 
would be formed in the aqueous medium. When nanorods are generated 
from a mixture consisting of melamine and cyanuric acid, the BmimPF6 
micelles can be dispersed on the surface of the nanorods through H 
bonding between the ionic liquid and terminal H atoms of the MCP in-
termediates [52–54]. During the 550 ◦C treatment, some bubbles are 
generated by the thermal decomposition of BmimPF6, resulting in the 
formation of a porous structure. Simultaneously, phosphorus atoms can 
be incorporated into the C3N4 network by replacing corner C atoms to 
produce P-doped C3N4 nanotube materials (MCP-CN). 

2.4. Photocatalytic HER performance and photophysical characterization 
of MCP-CN 

To utilize the MCP-CN nanotubes, their photocatalytic properties for 
H2 evolution were investigated under visible-light irradiation. The HER 
is a necessary step in the water-splitting process, which is required for 
eco-friendly H2 production. The development of efficient photocatalysts 
that can utilize sustainable solar energy to induce the HER is one of the 
key challenges in producing H2 without the use of fossil fuels. Because 
sunlight at Earth’s surface contains ~43% visible light, it is essential to 
develop visible-light-active photocatalysts to achieve high catalytic 

Fig. 3. CP-MAS SSNMR spectra of M− CN and MCP-CN (a) 13C and (b) 1H. Deconvoluted XPS spectra of M− CN and MCP-CN: (c) C 1s and (d) N 1s. (e) 31P SSNMR 
spectrum and (f) XPS P 2p spectrum of MCP-CN. (g) A proposed chemical structure of MCP-CN. (A colour version of this figure can be viewed online.) 
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efficiency [55]. 
Pt and TEOA (10 vol%) were used as the co-catalyst and hole scav-

enger, respectively. Fig. 5a and Table 1 show the photocatalytic activ-
ities, which are defined as the amount of H2 molecules normalized by 
the reaction time and mass of the used catalysts. As shown in Fig. 5, the 
MCP-CN exhibits excellent photocatalytic HER activity of 145.8 μmol 
h− 1g− 1, which is approximately 6 times higher than that (24.6 μmol 
h− 1g− 1) of the common C3N4 material, M-CN. As shown in Fig. 5b, MCP- 
CN exhibited superior photocatalytic activity compared to the other 
control samples. Furthermore, it indicates that MCP-CN is a more effi-
cient photocatalyst than bulk C3N4 photocatalysts reported previously 
(Table S6). To confirm the stability of MCP-CN during the photocatalytic 
HER reactions, cyclic tests with MCP-CN and TEM measurements with 
MCP–CN–after-test were done. Fig. 5c shows that photocatalytic HER 
activity of MCP-CN maintains during consecutive four cycles. TEM im-
ages of MCP–CN–after-test sample exhibit the preservation of tubular 
morphology after photocatalytic reactions (Fig. 5d). These data indicate 
that MCP-CN is stable in the photocatalytic reaction conditions. 

Interestingly, the tube-like materials (MCP-CN, MC-CN, and MCI- 
CN) show higher activities than other materials (M− CN, MP-CN, and 

CP-CN). As mentioned above, the former has a higher surface area and 
more porous structure than the latter. Consequently, these morpholog-
ical features are important for enhanced photocatalytic HER activity. 
Among the tube-like materials, MCP-CN is the most efficient catalyst, 
with significantly superior activity. Compared with the tube-like mate-
rials, the surface area of MCP-CN is 43 and 15% higher than those of MC- 
CN and MCI-CN, respectively. However, the photocatalytic activity of 
MCP-CN is 116 and 72% higher than those of MC-CN and MCI-CN, 
respectively. In other words, the enhancement of the photocatalytic 
activity is much larger than that of the surface area. Consequently, there 
are additional reasons for the superior photocatalytic performance of the 
MCP-CN. 

To understand the superior activity of MCP-CN, the photophysical 
properties of M− CN, MC-CN, and MCP-CN were characterized by ab-
sorption, PL, time-resolved PL, and 2D EEM, providing both static PL 
and PL excitation (PLE) spectra. Fig. 6a and Fig. S6a show the absorption 
spectra, and their bandgaps were calculated using the Kubelka-Munk 
function from the diffuse reflectance spectra (DRS), as shown in 
Fig. 6b and S6c-h. The conduction band (CB) positions of M− CN, MC- 
CN, MP-CN, CP-CN, MCP-CN, and MCI-CN were determined to be 

Fig. 4. (a) and (b) TEM images of the MCP intermediates at different magnifications. (c) XRD pattern and (d) FT-IR spectra of M, C, MCP, and MCP-CN samples. (A 
colour version of this figure can be viewed online.) 
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− 0.65, − 0.53, − 0.70, − 0.56, − 0.59, and − 0.55 V vs. the normal 
hydrogen electrode (NHE), respectively, from Mott-Schottky plots and 
the derived flat-band potentials (Efb) in Fig. S6b. All samples have 
conduction band edges located at suitable energies to reduce H+ to H2 
(Fig. 6c and Fig. S6i). 

As shown in the absorption spectra (Fig. 6a), it is revealed that P- 
doping affects the light absorption features of C3N4 materials. Specif-
ically, M− CN, MC-CN, and MCP-CN commonly exhibit strong absorp-
tion at <400 nm, corresponding to the π → π* transition [17]. In addition 
to the transition, MCP-CN shows an extra absorption peak at ~500 nm, 
which can be assigned to the n → π* transition [56,57]. The presence of 
this transition suggests that MCP-CN has mid-gap states, in contrast to 
those of M− CN and MC-CN. In the inset of Fig. 6b, the transition energy 
from the valence band (VB) to the mid-gap states for MCP-CN was 
calculated to be 1.97 eV by the Kubelka-Munk function from the DRS. 
The mid-gap states are also observed in previous literatures reporting 
P-doped C3N4 materials [35,50,51]. Theoretical calculation suggests 
that empty mid-gap states can be formed by the hybridization of C 2s2p, 
N 2s2p and P 3s3p [49]. Also, possible defects and the breakage of 
centrosymmetric structures associated with P-doping would be addi-
tional reasons for the mid-states. Therefore, it can be implied that 
P-doping into the C3N4 network modifies the electronic structure of the 

photocatalyst and leads to an increase in the visible-light absorption 
ability. Such a modification should be beneficial for improving the 
photocatalytic activities because the HER activity is measured under 
visible-light irradiation. 

To study the dynamics of the photo-excited charge carriers, TR-PL 
spectroscopy was performed for M− CN, MC-CN, and MCP-CN. Each 
TR-PL decay was fitted with three exponential functions (Fig. 6d and 
Fig. S7). The individual time constants τ1, τ2, and τ3 correspond to the 
recombination, intralayer migration, and interlayer migration of the 
charge carriers, respectively (Table S7) [58]. The average PL lifetimes 
were calculated from the time constants and amplitudes of the three 
exponential components. The PL lifetimes of the tube-like materials 
(MC-CN and MCP-CN) are similar. Interestingly, they show much slower 
PL decay than M− CN, especially for the τ3. A PLQE of MCP-CN powder, 
which was measured with 280 nm excitation, was determined to be 
5.4%. This value is somewhat smaller than other C3N4-based materials 
previously reported [59]. The longer lifetime of the charge carriers and 
low PLQE in MCP-CN sample enhances their usefulness for the photo-
catalytic HER. The results of the TR-PL measurements are further sup-
ported by the photocurrent responses of M− CN and MCP-CN using 
sequential on-off visible-light irradiation. MCP-CN generated a much 
higher current density than M− CN, indicating facile separation of the 

Fig. 5. (a) Photocatalytic activities for H2 evolution and (b) time-normalized photocatalytic H2 production rates of all samples under visible-light irradiation (λ >
420 nm) for 5 h, (c) cycle tests for photocatalytic H2 evolution of M− CN and MCP-CN, and (d) TEM image MCP–CN–after-test sample. (A colour version of this figure 
can be viewed online.) 
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photogenerated charge carriers (Fig. 6e and Fig. S7b). From the Nyquist 
plots obtained using electrochemical impedance spectroscopy (EIS) data 
(Fig. 6f and Fig. S7c), it is revealed that MCP-CN has the lowest charge 
transfer resistance (Rct), implying the fastest charge transfer at the in-
terfaces in MCP-CN. 

The 2D EEM spectra, which display the correlation between the 
excitation and emission characteristics, were measured for all the 
powder samples (Fig. 7a–c and S8a–c). The PLE spectra were extracted 
from the 2D EEM spectra to understand the absorption features related 
to the emission properties at a specific wavelength. Fig. 7d and Fig. S8d 
shows the PLE spectra extracted by integrating the 2D EEM spectrum 

along the emission-wavelength axis. All spectra show absorption peaks 
at 275 and 370 nm, corresponding to the π → π* transition [60]. The 
spectrum of M− CN shows a broad spectral feature at 400–450 nm, 
which suggests the presence of other π → π* transition C3N4 domains 
[13]. This absorption feature significantly decreases in MC-CN and 
MCP-CN, suggesting the more homogenous π → π* transition C3N4 do-
mains in MC-CN and MCP-CN. This feature can be explained with 
chemical structures mentioned above. MCP-CN has more bridging –NH 
groups linking the tri-s-triazine rings than M-CN. The bridging groups 
are formed from the condensation reactions between –NH2 groups at the 
edges of C3N4 domains. This could lead the formation of C3N4 domains 

Fig. 6. (a) Absorption spectra, (b) Kubelka-Munk plots of diffuse reflectance spectra for band gaps, (c) band structure diagrams of M− CN, MC-CN, and MCP-CN. (d) 
Time-resolved PL decays of M− CN, MC-CN, and MCP-CN measured at the major peak of each PL spectrum under 393 nm excitation. (e) Photocurrent response of 
M− CN, MC-CN, and MCP-CN measured under on/off visible-light irradiation. (f) Nyquist plots obtained from EIS measurements for M− CN, MC-CN, and MCP-CN. (A 
colour version of this figure can be viewed online.) 
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with narrower size distribution and better crystallinity, resulting in the 
narrow light absorption feature for π → π* transition. 

While the PLE spectra of M− CN and MC-CN show almost identical 
spectral features to those observed in the absorption spectra (Fig. 6a), 
MCP-CN exhibits a unique feature at ~500 nm, as shown in the inset of 
Fig. 7d. As mentioned above, the UV–Vis absorption spectrum of MCP- 
CN shows the same absorption feature corresponding to the n → π* 
transition. However, this absorption feature is much less distinct in the 
PLE spectrum of MCP-CN. This contrast in the intensity of the ~500 nm 
absorption feature in the absorption and PLE spectra implies that the 
charge carriers generated by this transition might relax through non-
radiative decay pathways, as shown in Fig. 7g. In other words, the 
charge carriers generated by the n → π* transition do not contribute to 
the emission and are transferred to participate in the photocatalytic 
HER. 

Fig. 7e and Fig. S8e show the PL spectra of all the samples extracted 
from the 2D EEM spectra at an excitation wavelength of 370 nm. Two 
emission peaks are observed at 455 and 505 nm (a and b), which could 
be related to the π → π* transition [13]. Based on comparing the spectra 
of M− CN, MC-CN, and MCP-CN, MCP-CN shows a decrease in the 
455-nm peak and an increase in the 505-nm peak relative to the other 

samples. This feature is likely to reflect structural changes, such as the 
higher crystallinity and larger domain size of MCP-CN. Based on the 
photophysical characterization, proposed energy-level diagrams for 
M− CN and MCP-CN are displayed in Fig. 7f and g. 

2.5. Further insight into the photocatalytic properties of MCP-CN 
nanotubes 

As discussed above, the chemical and morphological structure of 
MCP-CN can be characterized by comparison with that of the other 
control samples. The MCP-CN nanotubes showed the highest photo-
catalytic activity for the HER among all the samples (Table 1). In this 
section, further insight into the photocatalytic behavior of MCP-CN is 
discussed based on its relationship with the structural features. 

The band gaps and CB edge energies of the materials are suitable for 
absorbing visible light and for the HER, respectively. BET measurements 
revealed that the MCP-CN nanotubes possessed macropores and the 
highest surface area and pore volumes among the samples. Previous 
study suggested that the microporous structure in C3N4 materials can 
improve photocatalytic properties due to enhanced light harvesting by 
multiple scattering effect and the facile transfer of reactants through the 

Fig. 7. 2D EEM spectra of (a) M− CN, (b) MC-CN, and (c) MCP-CN. (d) Integrated PLE spectra of M− CN, MC-CN, and MCP-CN extracted from the 2D EEM spectra. (e) 
Normalized PL spectra of M− CN, MC-CN, and MCP-CN with 370 nm excitation extracted from the 2D EEM spectra. Proposed energy level diagram of (f) M− CN and 
(g) MCP-CN. (A colour version of this figure can be viewed online.) 
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porous network [49]. the Consequently, the high surface area of the 
catalysts is one of the major reasons for their superior photocatalytic 
activity. Possible access to both the interior and exterior surfaces of the 
nanotubes would lead to a higher surface area. 

However, as mentioned above, the photocatalytic activity of MCP- 
CN was much higher than that of the other tube-type samples despite 
their relatively similar degrees of surface area. Consequently, additional 
factors must be attributable to the chemical structure. Various spectro-
scopic analyses revealed that –NH– bridging groups are formed between 
the –NH2 groups at the edges of the C3N4 domains in MCP-CN. This leads 
to the formation of MCP-CN nanotubes containing larger domains with 
more –NH– linkages between the edge sites of the C3N4 layers. Previous 
studies have suggested that a larger domain size with amine bridges is 
beneficial for facile intralayer transfer of photoexcited charge carriers 
[13]. This is also supported by our experiments, such as the longer PL 
lifetimes, higher photocurrents, and lower resistance at the interfaces of 
the MCP-CN nanotubes. Additionally, the improved crystallinity of the 
C3N4 structure and the low amounts of C impurities in MCP-CN could be 
other reasons for the facile intralayer transfer. Additionally, the 
improved electric properties could be attributed to P-doping into C3N4 
network as suggested by previous study [33,50,61]. 

XPS and SSNMR studies indicated the incorporation of P atoms into 
the C3N4 networks. MCP-CN showed a distinct enhancement of the n → 
π* transition relative to the other tube (MC-CN) and flake (M− CN) 
materials, as discussed above. Our study suggests that this feature is 
induced by the presence of mid-gap states. Previous reports also suggest 
that P-doping into C3N4 network generates the mid-gap states and 
decrease energy level gaps [35,49,50,56]. It leads that MCP-CN has a 
higher visible-light absorption ability than the other samples. This is 
another reason for the superior visible-light-active photocatalytic 
behavior of MCP-CN. 

3. Conclusions 

In this study, one-dimensional (1D) P-doped carbon nitride nano-
tubes (MCP-CN) were designed via supramolecular self-assembly be-
tween melamine and cyanuric acid. The use of an ionic liquid (1-butyl-3- 
methylimidazolium hexafluorophosphate) produced nanotubes with 
uniform morphology. The control experiments suggest that rod-shaped 
intermediates are formed by self-assembly of melamine and cyanuric 
acid then porous MCP-CN are generated by polycondensation of the 
intermediates. 

MCP-CN showed an excellent photocatalytic HER activity of 145.8 
μmol h− 1g− 1 under visible-light irradiation. From comprehensive 
experimental studies with various control samples, we can understand 
the relationship between the photocatalytic activity, 1D nanotube 
morphology, chemical and P-doping structures, and photophysical 
properties of the MCP-CN nanotubes. This study provides a new route 
for producing 1D C3N4 nanotubes with P doping. Furthermore, our new 
structural and photocatalytic insights are useful for rational control of 
the photocatalytic properties of C3N4 materials. 
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