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 ABSTRACT 

Ultrathin graphitic carbon nitride nanoplatelets (UGCNPs) are synthesized by a

facile manner via an efficient and eco-friendly ball milling approach. The obtained

UGCNPs are 2–6 nm in size and 0.35–0.7 nm in thickness, with improved 

specific surface area over that of bulk graphitic carbon nitride. Photochemical 

experiments show that the UGCNPs are highly active in visible-light water 

splitting, with a hydrogen evolution rate of 1,365 μmol·h–1·g–1, which is 13.7-fold 

greater than that of their bulk counterparts. The notable improvement in the 

hydrogen evolution rate observed with UGCNPs under visible light is due to

the synergistic effects derived from the increased specific surface area, reduced

thickness, and a negative shift in the conduction band concomitant with the

exfoliation of bulk graphitic carbon nitride into UGCNPs. In addition to metal-

free visible-light-driven photocatalytic hydrogen production, the UGCNPs find

attractive applications in biomedical imaging and optoelectronics because of

their superior luminescence characteristics. 

 
 

1 Introduction 

With the depletion of fossil fuels and increasing 

concerns over pollution issues associated with their 

consumption, there is an urgent need for the 

development of highly efficient photocatalysts that 

convert solar energy into other types of renewable 

energy or clean chemical fuels such as hydrogen [1–5]. 

In particular, photochemical water splitting, which 

directly converts solar energy into chemical energy 

by imitating natural photosynthesis has long existed 

as the “Holy Grail” of chemists and thus attracted great 

attention. With the recent discovery of graphene [6, 7], 

delaminating two-dimensional (2D) layered materials 

such as hexagonal boron nitride, MoS2, and WS2 bulk 

particles into the corresponding nanosheets has induced 

intriguing photoelectrochemical properties, including 

giant charge carrier mobility, high specific surface area, 

and pronounced changes in the energy band structure 

[8–12]. Consequently, 2D ultrathin layered semicon-

ductor structures such as nanobelts [13], nanosheets 

[14–16], and nanoplates [17] have been identified as 

promising materials for photochemical water splitting 

owing to the improved charge separation and higher 
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percentage of surface atoms, featuring a vast number 

of active edge sites that are preferentially desirable in 

photocatalysis as they could potentially serve as efficient 

catalytic centers with high catalytic activity. In the 

past decade, various 2D transition-metal semiconductor 

nanostructures have been proposed for efficient water 

splitting under solar illumination [18, 19]. Ultrathin 

nanosheets of TiO2 [20, 21] are cost-effective and 

abundant, but they show a narrow spectral response 

and are only sensitive to ultraviolet (UV) light, which 

merely accounts for about 4% of the solar radiation 

energy. As visible light contributes to about 43% of the 

total energy in the solar spectrum, researchers have 

developed photocatalysts responsive to visible light, 

such as nanoplates of CdS, Ba5Ta4O15, and Bi2WO6 

[14, 17, 22]. Unfortunately, CdS is less stable under 

illumination, and the other compounds show limited 

hydrogen evolution rates [5, 17, 23]. Therefore, it is of 

great theoretical and practical importance to search for 

new photocatalysts with high response to visible-light 

illumination, for cost-effective hydrogen production. 

Recently, the abundant and environmentally benign 

carbon-based materials have attracted considerable 

interest as metal-free photocatalysts with high activity 

and long-term stability. In particular, graphitic carbon 

nitride (GCN) is a graphite-like 2D layered material 

with suitable conduction band and valence band levels 

for generating hydrogen and oxygen under visible- 

light irradiation [24–26]. There are two reported 

approaches to delaminate bulk GCN into thinner 2D 

sheets [27, 28]. The first approach is the thermal 

oxidation etching of bulk GCN under heating at 500 °C 

in air [27]. This process affords GCN nanosheets with 

notably enhanced photocatalytic activity as compared 

to the corresponding bulk materials due to the 

improved charge separation and feasibility to tune 

the band structure; however, the low yield (6 wt%) 

[27] poses technical challenges and thus hinders mass 

production. The second method involves liquid-phase 

exfoliation of bulk GCN, where GCN is suspended in 

certain solvents and then sonicated for 10 h [28]. For 

this reason, large quantities of organic solvents (e.g., 

isopropanol) and requires extensive sonication are 

required, which in turn render scale up in large-scale 

production difficult [28]. More importantly, both these 

methods only yield GCN sheets of more than 6 layers 

[27, 28]. To the best of our knowledge, there is no 

report on the preparation of ultrathin graphitic carbon 

nitrides nanoplatelets (UGCNPs) for use as photo-

catalysts in visible-light water splitting. Herein, we 

report a convenient method for the scalable production 

of UGCNPs via simple and eco-friendly ball milling of 

pristine bulk GCN. The synthesized UGCNPs feature 

a uniform diameter of 2 to 6 nm and show strong 

response in the visible-light region, demonstrating 

excellent photocatalytic activity in visible-light water 

splitting. 

2 Experimental 

Preparation of UGCNPs: UGCNPs were prepared by 

ball milling the bulk GCN in a planetary ball mill 

(ND8). The bulk GCN was synthesized by heating 

melamine at 600 °C in air for 2 h, with a ramp rate of 

2.3 °C·min–1. Then, the bulk GCN powder (2.0 g) was 

placed in a stainless-steel capsule containing stainless- 

steel balls (200 g, diameter 6 mm). Thereafter, the 

capsule was fixed in the planetary ball mill and agitated 

at 500 rpm for 48 h. The resultant product was dispersed 

in absolute ethanol, and the supernatant fraction was 

extracted by centrifuging at 5,000 rpm to remove larger 

particles and subsequently filtered through a 220 nm 

filter membrane to yield a homogeneous dispersion 

of UGCNPs. Finally, the suspended solution was 

freeze-dried at –40 °C under reduced pressure (30 Pa) 

for 48 h to give 0.3 g of UGCNPs.  

Electrochemical measurements: The energy level of 

the samples was evaluated by cyclic voltammetry (CV) 

experiments conducted on a CHI660D electrochemical 

workstation with a traditional three-electrode system. 

A glassy carbon disk was used as the working 

electrode; a platinum wire, as the counter electrode; 

and Ag/AgCl electrode, as the reference. About 4 μL 

of the sample/chloroform suspensions (5 mg·mL–1) was 

spun onto the working electrode and dried naturally. 

A 0.1 M tetrabutylammonium hexafluorophosphate 

(TBAPF6, Aldrich)/acetonitrile solution was used as 

the supporting electrolyte in the CV measurements; 

the electrolyte was purged with high-purity argon 

gas for 15 min before the measurement. The applied 

bias range was 0.5–1.7 V vs. Ag/AgCl, and the scan rate 

was 5 mV·s–1. Electrochemical impedance measurements 



 

 | www.editorialmanager.com/nare/default.asp 

1720 Nano Res. 2015, 8(5): 1718–1728

were performed on a potentiostat (Autolab, Model 204) 

with an amplitude of 20.0 mV, over the frequency range 

10 kHz–1 Hz under applied biases ranging from –1.5 V 

to –1.1 V vs. Ag/AgCl, with an interval of 0.1 V. 

Photochemical measurements: Transient photo-

current measurements were performed on a Keithley 

6,300 semiconductor parameter analyzer under an 

applied bias of 0.1 V in a conventional three-electrode 

cell, where a sample-coated clean fluoride-tin oxide 

(FTO) glass, Pt wire, and a Ag/AgCl electrode were 

used as the working, counter, and reference electrodes, 

respectively. An aqueous solution of 0.2 M Na2SO4 

purged with nitrogen gas was used as the electrolyte. 
Photocatalytic water splitting was carried out in a 

top-irradiation vessel connected to a gas-closed glass 

system. About 50 mg of photocatalyst powder was 

dispersed in 100 mL of an aqueous solution containing 

10 vol% triethanolamine scavenger and 3 wt% (respect 

to Pt, acting as the co-catalyst) H2PtCl6·6H2O. The 

temperature of the reaction solution was carefully 

maintained below 6 °C during the experiment. The 

reactor was then sealed and evacuated several times 

to remove air before irradiation under a 300 W Xe 

lamp equipped with a 420 nm cutoff filter. The amount 

of evolved H2 was analyzed by gas chromatography 

(GC-7920) using high-purity nitrogen carrier gas. A 

350 nm cutoff filter was also used in one experiment 

to better match the absorption spectrum of UGCNPs. 

The external quantum yield (Φ) was measured by 

using an appropriate bandpass filter (365, 420, 475, 500, 

and 550 nm, respectively) to perform the water splitting 

experiment under the designated monochromic light. 

The intensity of the monochromic light was averaged 

at 5 representative points (CEL-NP 2000 spectrora-

diometer), and the active area of the reactor was 

approximately 50.3 cm2. The external quantum yield 

was then calculated using Eq. (1): 


 2

2  amount of H  molecules evovled
Φ 100

number of incident photons
 (1) 

The turnover number (TON) was estimated by 

using Eq. (2):  

 2
 moles of H  molecules evovled

TON
moles of platinum on the photocatalyst

 (2) 

Characterization: The morphology of the samples 

was examined by transmission electron microscopy 

(TEM; JEM-2010) and atomic force microscopy (Veeco 

D3100). X-ray diffraction (XRD) patterns were obtained 

by using a Netherlands 1,710 diffractometer with a Cu 

Kα irradiation source (λ = 1.54 Å). Raman spectra were 

recorded on a Horiba JY HR-800 Raman spectrometer 

with an excitation wavelength of 785 nm. Fourier 

transform infrared (FT-IR) spectra were recorded on a 

Bruker spectrometer (Equinox 55/S) using KBr pellets. 

X-ray photoelectron spectroscopy (XPS) measurements 

were performed using an ESCALAB 250 photoelectron 

spectrometer (ThemoFisher Scientific), with Al Kα 

(1,486.6 eV) radiation. UV–Vis absorption and photo-

luminescence spectra were measured with a 5,300pc 

spectrophotometer and a SPEX flourolog-3 fluorimeter 

The Brunauer-Emmett-Teller (BET) speci_c surface area 

was determined by nitrogen adsorption-desorption 

isotherm measurements at 77 K (NOVA 2200e). 

3 Results and discussion 

A schematic of the ball-milling-driven exfoliation of 

the pristine bulk GCN to UGCNPs is shown in 

Figs. 1(a) and1 (b) (see Experimental Section). Samples 

of bulk GCN were first prepared by using melamine 

as the precursors, and UGCNPs were synthesized by 

a facile ball-milling process. Ball milling can effec-

tively induce the cleavage of C–C bonds, while 

simultaneously causing doping and exfoliation in 

graphene [29–32]. Hence it is reasonable to infer that 

ball milling can be employed to cut and exfoliate GCN, 

which has a similar 2D layered structure, except that 

the neighboring layers are held by hydrogen bonding 

rather than the weak van der Waals force [24, 33, 34]. 

Therefore, the stainless-steel balls rotating at 500 rpm 

should generate sufficient energy to cleave the bulk 

sheets into nanopieces and break the interlayer stacking, 

to form suspensions of exfoliated GCNs where 

UGCNPs could be obtained after centrifugation. 

Intriguingly, the color of GCN turned from yellowish 

to white after ball milling (Fig. S1 in the Electronic 

Supplementary Material (ESM)), implying a change 

in the electronic structure of UGCNPs as compared 

to that of bulk GCN. 
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Figure 1 (a) Schematic of the preparation process. (b) Cartoonic 
illustration of the physical exfoliation of bulk GCN by ball milling 
to form UGCNPs. Yellow, gray, and black spheres stand for nitrogen 
atoms, carbon atoms, and steel balls, respectively. 

The morphology and microstructure of the UGCNPs 

were first investigated by TEM and AFM. TEM images 

in Figs. 2(a) and 2(b) clearly show that the UGCNPs 

formed after ball milling are homogenous and 2–6 nm 

in size, much smaller than the GCN sheets synthesized 

by thermal oxidation etching [27] and liquid-phase 

exfoliation [28]. Additionally, topological analysis by 

AFM (Figs. 2(c) and 2(d)) revealed that the UGCNPs 

have a height of 0.35 to 0.7 nm, suggesting that they 

mainly consist of less than three layers and appro-

ximately 60% of the UGCNPs are single-layered 

considering that the interlayer distance in GCN is 

0.326 nm [24]. Therefore, the TEM and AFM results 

demonstrated that bulk GCN has been successfully 

reduced to a few nanometers in size and exfoliated 

into single or few-layer UGCNPs by the ball milling, 

with the new surfaces rich in potentially active 

photocatalytic sites generated in situ via the exfoliation 

and bond cleavage of GCN. The increase in the specific 

surface area was further confirmed by Brunauer- 

Emmett-Teller (BET) surface area measurements, 

from N2 adsorption-desorption isotherms. As shown 

in Fig. 2(e), the BET surface area of the UGCNPs was 

97 m2·g–1, which was 9.7-fold greater than that of bulk 

GCN (10 m2·g–1). Such a remarkable increase in the 

specific surface area of UGCNPs is deemed beneficial 

for their application as photocatalysts, where greater 

exposure of the interfacial contact to the reactant is 

highly desired. 

 

Figure 2  (a, b) TEM images of UGCNPs under different 
magnifications. (c) AFM image of UGCNPs on the Si substrate. 
(d) Height profiles along the lines in (c). (e) N2 adsorption isotherms 
and (f) XRD patterns of the bulk GCN and UGCNPs. The insets 
in (b) and (c) show the size and height distributions of UGCNPs. 
Scale bars are 50, 20, and 50 nm in (a), (b), and (c), respectively. 

The UGCNP samples were further characterized 

by XRD measurements. As presented in Fig. 2(f), both 

bulk GCN and UGCNPs show two consistent peaks, 

implying that their basic structure remains unchanged. 

The low-angle peak at 13.1° originating from the 

lattice planes parallel to the c-axis [33] becomes less 

pronounced in the case of the UGCNPs than in the 

case of bulk GCN, consistent with the decreased planar 

size of the GCN layers during the physical cracking 

of bulk GCN [27]. Meanwhile, the strong (002) peak 

at 27.5°, corresponding to the interlayer stacking of 

conjugated aromatic systems [35] in pristine bulk 

GCN, broadens and diminishes in the XRD spectrum 

of the UGCNPs, signifying that a high degree of 

exfoliation [27, 28] occurred without lattice expansion 

during ball milling. As size reduction could generally 

provide entropic gains for good dispersion [30], the 

UGCNPs can be homogenously dispersed in various 
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common solvents such as isopropanol, acetone, 

dimethylformamide, and water at concentrations of 

up to 0.1 mg·mL–1, without precipitation even after 

storage for 1 month under ambient conditions (Fig. S2(a) 

in the ESM). This effect is in sharp contrast to the 

poor dispersibility observed in bulk GCN samples 

(Fig. S2(b) in the ESM). The zeta potential of the 

UGCNPs and bulk GCN in 0.1 mg·mL–1 aqueous 

solution were measured to be –28.2 mV and –29.4 mV, 

respectively. This implies that both samples possess a 

positively charged, acidic surface and that the UGCNPs 

show less surface protonation, which may lead to an 

improved hydrogen evolution rate [36].  

XPS measurements were employed to accurately 

determine the surface chemical states of UGCNPs and 

thus probe their composition. As shown in Fig. 3(a), 

both UGCNPs and bulk GCN exhibited a typical 

pronounced C1s peak at ca. 284.8 eV, a N1s peak at ca. 

398.6 eV, and a trace O1s peak at ca. 531.8 eV arising 

from the physically adsorbed oxygen [37]. The N/C 

atomic ratio was 1.26 for UGCNPs, similar to that of 

bulk GCN (1.31). The high-resolution N1s spectra of 

UGCNPs and bulk GCN (Fig. 3(b)) confirmed the 

presence of sp2 C–N=C (398.8 eV), N–(C)3, or N bonded 

with H atoms (399.7 eV) and C–NHx (amino functional 

groups, 401 eV), where the small peak at 404.4 eV can 

be rationally assigned to charging effects, π excitation, 

or cyano group [37, 38]. The sp2-bonded nitrogen 

atom, hybrid sp3 nitrogen atoms, and amino groups 

are key features of the GCN structure and surface 

characteristics, with sp2 C–N=C bonds particularly 

contributing to band-gap absorption [37–39]. The 

UGCNPs possess the same nitrogen species (C–N=C, 

N–[C]3 and C–NHx) as those of bulk GCN, and the 

relative percentages of the nitrogen species undergo 

a mild change (66.49% vs. 62.13% C–N=C, 18.94% vs. 

22.67% N–[C]3, and 11.06% vs. 11.21% for C-NHx). 

The decrease in the case of N–[C]3 of the UGCNPs 

presumably originates from the breaking of sp3 N–C 

bonds during the ball-milling process to exfoliate bulk 

GCN to smaller and thinner platelets. Therefore, the 

ratio of sp2 C–N=C bonds to the sum of sp3 N–[C]3 

 

Figure 3 (a) XPS survey, (b) high-resolution N1s spectra, and (c) high-resolution C1s peaks and (d) FTIR spectra of UGCNPs and 
bulk GCN. 
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and C–NHx bonds increases from 1.83 for bulk GCN 

to 2.22 for UGCNPs; this increased ratio leads to a 

concomitant decrease in proton concentration (from 

both sp3 nitrogen atoms and C-NHx) [36] in UGCNPs, 

in agreement with the case of the less protonated 

surface found in the zeta potential measurements. As 

suggested by Martin et al. [36], the relative increase 

in the ratio of sp2 C–N=C bonds to the sum of sp3 

N–[C]3 and C–NHx bonds potentially leads to higher 

hydrogen evolution activity, as is also confirmed in 

our case (vide infra). Meanwhile, similar to that of bulk 

GCN (Fig. 3(c)), the high-resolution C1s spectrum of 

UGCNPs can be deconvoluted into three different 

peaks at binding energies of 285.1 (C–C), 288.2 (C–N–C), 

and 289.2 eV (C–O). The O1s fittings display two peaks 

at 532 and 534 eV from N–C–O and adsorbed oxygen 

[38], respectively (Fig. S3 in the ESM). Consistent with 

the X-ray photoelectron spectra, the energy-dispersive 

X-ray (EDX) spectra (Table S1 and Fig. S4(a) in the 

ESM) demonstrate that UGCNPs have slightly higher 

oxygen content, presumably because of the reactions 

of moisture and/or absorbed oxygen with the 

chemically active carbon or nitrogen species (radicals, 

anions and cations) generated by the cleavage of the 

carbon nitride C–N bonds during the ball-milling 

process. Overall, the UGCNPs show similar surface 

states with small changes in N1s, C1s, and O1s peaks 

(Table S1 in the ESM). Additionally, the resemblance 

of UGCNPs and bulk GCN in the FTIR (Fig. 3(d)) and 

Raman spectra (Fig. S4 in the ESM) suggests the 

presence of similar functional groups (see Fig. S4 for 

detailed assignments of FTIR and Raman spectra). 

These observations confirm that ball milling is a mild 

but effective approach to cut bulk GCN sheets and 

delaminate the thick GCN layers into UGCNPs while 

retaining the in-plane conjugated structure of the 

original bulk GCN. 

The band structure of the UGCNPs was measured 

by UV–Vis absorption spectroscopy, photolumines-

cence (PL) measurements, and CV. Fig. 4(a) shows 

 

Figure 4 (a) UV-Vis absorption spectra of UGCNPs (i, red curve) and bulk GCN (ii, black curve). The inset shows the plot of (αE)1/2

against photon energy (E) for UGCNPs and bulk GCN, where α is the absorbance. (b) PL spectra, with the excitation wavelength of 380 nm.
The inset is a photograph of UGCNPs (right) and bulk GCN (left) in water under 365 nm UV irradiation. (c) Anodic scans of 5 mV·s–1

showing the valence band maximum (VBM) of UGCNPs and bulk GCN. (d) Schematic illustration of band structures of UGCNPs and
bulk GCN. 
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the typical absorption spectra of the UGCNPs and bulk 

GCN, where both curves feature a strong absorption 

extending from the UV region to the visible light 

region. The absorption spectrum of UGCNPs shows 

a hypochromic shift as compared to that of bulk 

GCN, and the absorption maximizes at 420 nm. The 

bandgaps derived from Tauc’s plot (inset of Fig. 4(a)) 

are 2.69 eV for the UGCNPs and 2.60 eV for bulk GCN. 

The bandgap of the UGCNPs is widened by 0.09 eV, 

as is further confirmed by the blueshift of the fluores-

cence emission peak from 482 to 462 nm in Fig. 4(b). 

As a result, under 365 nm excitation, the UGCNPs 

emit intense blue photoluminescence (Fig. 4(b) inset), 

which is clearly different from the green luminescence 

of bulk GCN. The larger bandgap and the blueshift in 

the PL spectrum of the UGCNPs should originate from 

the decrease in the nanoplatelet size and thickness 

associated with the quantum confinement effect. A 

similar effect has been reported by Groenewolt and 

Antonietti, who attempted to understand such spectral 

changes in the case of GCN nanoparticles [35]. For 

determining the band energy levels of the UGCNPs, 

CV was performed to estimate the valence band 

maximum (VBM) of both materials (Fig. 4(c)), since 

anodic currents will abruptly emerge when the scanning 

potentials move below the VBM [40, 41]. The anodic 

scan results in Fig. 4(c) clearly show that the VBM of 

the UGCNPs is raised by 0.22 eV (from 1.36 to 1.14 eV 

vs. Ag/AgCl), enabling direct comparison of the whole 

band diagrams between the UGCNPs and the bulk 

GCN in Fig. 4(d). In allowance of the 0.09 eV increase 

in the bandgap and a negative shift of 0.22 eV in the 

VBM, the conduction band minimum (CBM) of the 

UGCNPs is calculated to be upshifted by 0.31 eV, 

probably because the surface protonation is lesser 

than that of bulk GCN, as determined in the zeta 

potential measurements. Such a large shift in the CBM 

leads to a larger thermodynamic driving force in 

photocatalytic reductions such as hydrogen evolution. 

Therefore, UGCNPs can be an ideal photocatalyst, 

with abundant surface atoms and better aligned energy 

levels, in hydrogen evolution driven by visible-light 

illumination. 

The catalytic activity of the UGCNPs and bulk  

GCN samples were evaluated by the electrochemical 

impedance spectroscopy (EIS) and hydrogen evolu-

tion measurements under visible-light illuminations. 

Figure 5(a) compares the Nyquist plots of the UGCNPs 

and bulk GCN obtained in a 0.2 M Na2SO4 aqueous 

solution, under an applied bias of –1.5 V vs. Ag/AgCl 

in the dark. The symbols represent raw data, and the 

solid lines represent the fitting curves by the model 

in the inset. Here, Rs, Rct, and CPE represent the 

series resistance, charge transfer resistance at the   

 

Figure 5 (a) Nyquist plots of UGCNPs (i) and bulk GCN (ii) 

obtained at a bias of –1.5 V vs. Ag/AgCl. The symbols represent 

raw data, and the solid lines are the fitting curves by the model in 

the inset. (b) Dependence of Rct on applied biases in EIS experi-

ments. (c) Transient photocurrents under visible-light illumination 

(λ > 420 nm) for UGCNPs (i) and bulk GCN (ii) obtained at 

0.1 V vs. Ag/AgCl in a 0.2 M Na2SO4 aqueous solution pH 6.8). 
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solid/electrolyte interface, and the corresponding 

constant phase element, respectively. The UGCNP 

sample gives a much smaller semicircle than that of bulk 

GCN, suggesting that Rct at the UGCNPs/electrolyte 

interface is significantly decreased and that electrons 

in the UGCNPs could more readily transferred to the 

protons from the conduction band of the UGCNPs 

rather than from the conduction band of bulk GCN 

[42, 43]. EIS is also performed in the potential range 

from –1.4 to –1.1 V vs. Ag/AgCl with a 100 mV interval; 

the fitting results are summarized in Fig. 5(b). In both 

cases, Rct decreases exponentially with increasing 

negative bias, as expected from the Butler-Volmer 

kinetics with a linear increase in the overpotential. 

Importantly, the UGCNPs feature a smaller Rct than 

that of bulk GCN at any given bias, suggesting that 

they are more active in reducing protons into hydrogen. 

This is also reflected in the transient photocurrent 

measurements in Fig. 5(c), where the UGCNPs show a 

plateau current density twice that of bulk GCN 

under transient visible-light irradiation. 

The photocatalytic activity of UGCNPs in visible- 

light water splitting is presented in Fig. 6(a). When 

λ > 420 nm, stable hydrogen evolution catalyzed by 

the UGCNPs is observed, with an average hydrogen 

evolution reaction (HER) rate of 1,365 μmol·h–1·g–1, 

which is 13.7 times that of bulk GCN (99.75 μmol·h–1·g–1), 

and a turnover number (TON, see Experimental for 

details) of 36 in 4 h. As listed in Table 1, these values 

are among the best for reported GCN catalysts in 

visible-light water splitting under the same conditions, 

highlighting the efficacy of ball-milling process in 

producing efficient photocatalysts. The UGCNPs also 

show high stability, with reproducible hydrogen yields 

in 3 cycles and up to 12 h. To study the wavelength 

dependence of photocatalytic activity, the external 

quantum efficiency of the UGCNPs is measured from 

360 to 550 nm (Fig. 6(b)). The quantum efficiency 

resembles the absorption spectrum, and the value at 

420 nm is measured to be 3.5%, which is close to that 

of the GCN nanosheets reported in Ref. 1 and superior 

to that of I-doped GCN (Table 1). The HER rate of the  

 

Figure 6 (a) Photocatalytic activities toward H2 production of UGCNPs (i) and bulk GCN (ii) under λ > 420. (b) Quantum yield of
UGCNPs measured by using band-pass filters at specific wavelengths. (c) Wavelength dependence of H2 evolution rate for UGCNPs
(inset: time-dependent H2 evolution rate under 500 and 550 nm light irradiation). (d) The amount of H2 produced in the case of
UGCNPs (i) and bulk GCN (ii) under λ > 350 nm. 



 

 | www.editorialmanager.com/nare/default.asp 

1726 Nano Res. 2015, 8(5): 1718–1728

Table 1 Comparison of GCN photocatalysts reported for hydrogen 
production 

Photocatalyst[a] HER rate under 
visible light 

(μmol·h–1·g–1) 

Quantum 
efficiency at 
420 nm (%) 

Ref.

GCN 106.9 — [24]

GCN (S-doped) 800 — [44]

GCN (I-doped) 760 2.4 [45]

GCN nanosheets1 1,860 3.75 [28]

GCN nanosheets2 650 — [27]

This work 1,365 3.6 — 

[a] All photocatalysts listed were loaded with 3 wt% Pt co-catalyst 
except GCN (S-doped) and GCN nanosheets2, which were loaded 
with 6 wt% Pt co-catalyst. 

UGCNPs is further measured under corresponding 

monochromic light (Fig. 6(c)), and 14.5 μmol H2 is pro-

duced after 6 h of reaction under 550 nm illumination. 

It is interesting to note that the catalytic performance 

of GCN nanosheets in Ref. 1 and 2 is only 3 and 

9.3 times higher than their bulk counterparts, while 

in the current work a 13.7-fold increase has been 

observed (Table 1). As proposed previously, the pro-

nounced enhancement in the photoreductive water 

splitting of our ball-milling-derived samples can be 

explained by the following rationales: (i) It has been 

reported that carbon atoms provide the reduction sites 

for reducing H+ to H2 [24]. As UGCNPs feature a much 

reduced sheet size and thickness, the well-improved 

specific surface area and homogenous dispersion 

enable them to expose more catalytic carbon atoms 

working at the g-C3N4 catalyst/water interface as the 

active reduction sites for hydrogen evolution than 

bulk GCN. (ii) The preservation of the conjugated 

structure of GCN and the production of more active 

sites after ball milling; (iii) The less protonated surface 

after ball-milling leads to better aligned conduction 

band and valence band levels, which are more favorable 

for hydrogen evolution without greatly sacrificing the 

spectral responses. Additionally, the observed 13.7-fold 

increase in the hydrogen evolution rate of UGCNPs 

is apparently more significant than the 9.7-fold 

improvement in the specific surface area, implying 

that the quantum confinement effect induced by the 

decreased sheet size and thickness may also lead to  

a higher photocarrier separation efficiency that is 

subjected to further investigations. Finally, when   

a 350 nm cutoff filter was used, stable hydrogen 

evolution by UGCNPs could improve and become 

3,035 μmol·h–1·g–1 under this illumination (Fig. 6(d)), 

further demonstrating the potential of UGCNPs as an 

efficient catalyst in photocatalytic water splitting.  

In conclusion, we have developed a simple but 

effective ball-milling approach for producing ultrathin 

GCN nanoplatelets, which show unique optoelectronic 

features different from those of bulk GCN counterparts. 

The ball-milled nanosheets show improved electron 

transfer ability and have better aligned energy levels 

than those of bulk GCN for photocatalytic water 

splitting, thereby significantly improving the hydrogen 

evolution rates under visible light. Apart from using 

UGCNPs as a photocatalyst for hydrogen evolution, 

its unique photoluminescence could also be exploited 

in optoelectronic devices and biological applications 

such as bio-imaging, bio-labeling, and light-emitting 

diodes and many other potential applications.  
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