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  1.     Introduction 

 The increase of environmental pollution 
and the depletion of fossil resources have 
resulted in an ever-growing demand for 
green and unlimited solar energy, and 
this has triggered an enormous amount 
of research on the development of highly 
effi cient photocatalysts under the current 
global background of the increase in envi-
ronmental pollution and the depletion of 
fossil resources. [ 1 ]  Since the pioneering 
work in 2009, [ 1c   ,   2 ]  graphitic carbon nitride 
(GCN), as a signifi cant photocatalyst, is 
of tremendous interest due to its many 
extraordinary features, such as its environ-
mental benignity, good thermal and chem-
ical stability, cost effectiveness, metal-free 
composition, and easy preparation. [ 1c   ,   3 ]  
However, a low specifi c surface area 
(SSA), insuffi cient solar-light absorption, 
and fast recombination of photogenerated 
electrons and holes caused by the π–π 

conjugated electronic system severely limit the photocatalytic 
performance of conventional bulk GCN (BGCN). [ 1d   ,   3 ]  In this 
context, considerable and continuing effort has been devoted to 
improve the activity of GCN-based photocatalysts over the past 
six years. 

 So far, the strategies proposed to address the above draw-
backs of GCN can be mainly classifi ed into two categories. One 
way is optimizing the electron and bandgap structures by intro-
ducing functional groups, [ 4 ]  doping with heteroatoms, [ 5 ]  modi-
fying with nitrogen vacancies, [ 6 ]  or constructing heterojunc-
tions with other semiconductor materials. [ 7 ]  Another approach 
is the development of various GCN nanostructures with opti-
mized physicochemistry and optical properties, including 
nanoparticles, [ 8 ]  nanosheets, [ 1g   ,   9 ]  nanorods, [ 10 ]  nanoribbons, [ 11 ]  
nanotubes, [ 12 ]  nanospheres, [ 1e   ,   13 ]  “seaweed,” [ 14 ]  etc. In particular, 
much attention has been paid to 2D GCN nanosheets because 
of their enlarged SSA, strikingly improved electron–phonon 
interaction, and enhanced electron mobility along the in-plane 
direction. [ 1g   ,   9,15 ]  However, the amount of photocatalytic active 
sites in GCN nanosheets is still confi ned due to the limited 
boundaries and exposed edges. In addition, the van der Waals 
attraction and π–π stacking between GCN nanosheets cause 
serious aggregation and restacking, and thus limit the transport 
of the H 2 O 2  intermediate product which often poisons GCN 
during the photocatalytic process, [ 1d ]  leading to poor recycling 
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performance. It has been demonstrated that making porous 
structure in GCN nanosheets can greatly alleviate the above pro
blem. [ 9a,d   ,   15b   ,   16 ]  Most recently, we have also reported a macro-
scopic 3D GCN monolith constructed with porous nanosheets 
for improved photocatalytic hydrogen evolution. [ 16b ]  In this case, 
holey GCN nanosheets (HGCNs), characterized with numerous 
in-plane holes are more favorable because these opened pores 
are more accessible and can signifi cantly improve the mass and 
charge transport across the GCN planes during the photocata-
lytic process. More importantly, these in-plane holes will not 
only signifi cantly increase the number of exposed active sites, 
but also effectively prevent their aggregation by greatly reducing 
interaction sites. For example, this approach has been dem-
onstrated to be highly effective in improving the catalytic and 
energy storage performance of graphene-based materials. [ 17 ]  
Although there are many studies concerning the synthesis of 
GCN nanosheets, the preparation of HGCN nanosheets is still 
a great challenge. 

 In this work, we fi rst report an easy approach to prepare 
HGCN by thermally treating BGCN under an NH 3  atmosphere 
( Figure    1  ). Using this method, BGCN is effectively exfoliated 
into nanosheets with abundant in-plane holes. At the same 
time carbon vacancies are created in the resulting HGCN. The 
in-plane holes not only endow HGCNs with more boundaries 
and thus decrease their van der Waals interaction, but also 
provide numerous new active edges and cross-plane diffusion 
channels that can greatly speed up mass transfer and the dif-
fusion of photogenerated charge carriers. Furthermore, the 
carbon vacancies give HGCN a broad light absorption band that 
extends into the near-infrared (NIR) region, and remarkably 
reduce the probability of the recombination of photo excited 
charge carriers. As expected, HGCN exhibits signifi cantly 
improved photocatalytic performance than the parent BGCN in 
hydrogen generation (≈20 fold) under visible light.   

  2.     Results and Discussion 

 The key of our approach is the temperature at which the BGCN 
is heated in the NH 3  atmosphere. It should be noted that 
the diameter and the concentration of holes produced in the 
HGCNs depend on the heating temperature, heating period, 
and the ammonia fl ow. The optimized heating temperature for 
preparing HGCNs ranges from 490 to 520 °C. The size, thick-
ness, yield, and C/N molar ratio of the HGCNs decrease with 
increased reaction time (Figure S1 and Table S1, Supporting 
Information), indicating the gradual decomposition of BGCN 
into gaseous products during the reaction with NH 3 . The 

released gas assists the expansion of the stacked GCN layers, 
resulting in the formation of few-layer holey nanosheets. In 
this study, HGCN obtained by etching BGCN at 510 °C for 1 h 
was particularly studied unless otherwise specifi ed. 

 Low-magnifi cation scanning electron microscope (SEM) 
images ( Figure    2  A,B) show that the resultant HGCNs are 
highly corrugated with a thickness about 20 nm. The edges of 
the nanosheets are curled and rough as a result of minimizing 
the surface energy. [ 1g ]  A high-magnifi cation SEM image clearly 
reveals their holey structure with abundant in-plane holes with 
diameters ranging from tens to hundreds of nano meters (insets 
in  Figure    3  A,B). Transmission electron microscope (TEM) 
images (Figure  2 C) confi rm that the HGCNs are laminar and 
contain many holes. A large number of in-plane holes of a few 
nanometers diameter can be clearly seen (Figure  2 D), in agree-
ment with the SEM observation. A selected area electron diffrac-
tion (SAED) pattern of the HGCNs (inset in Figure  2 C) shows 
two diffraction rings indexed to the (100) and (002) planes of 
hexagonal GCN, suggesting their polycrystalline nature. [ 18 ]  A 
high-resolution TEM image also clearly shows many nanoholes 
and distorted lattice fringes (Figure S2, Supporting Informa-
tion), indicating the presence of vacancies. These nanoholes 
and the distorted atomic arrangement cause the rupture of the 
nanosheets and thus result in additional phototcatalytic active 
sites.   

 The pore structure and SSA of the HGCN are obtained 
from the N 2  adsorption–desorption measurements at 77 K. As 
shown in Figure  3 A, HGCN exhibits a type-IV isotherm with an 
extremely high adsorption capacity in the high relative pressure 
( P / P  0 : from 0.85 to 1), suggesting the presence of abundant 
mesopores and macropores. The Brunauer–Emmett–Teller SSA 
of HGCN is calculated to be ≈196 m 2  g −1 , which is 32.6 times 
higher than that of BGCN (≈6 m 2  g −1 ). Correspondingly, HGCN 
possesses a much larger pore volume compared to BGCN. 
The total pore volume of HGCN is ≈1.38 cm 3  g −1  as defi ned 
at  P/P  0  = 0.99, which is ≈23 times higher than that of BGCN 
(≈0.06 cm 3  g −1 ). Note this value is among the highest values 
ever reported for nanostructured GCN materials. [ 8b   ,   19 ]  The 
extremely high pore volume may result from a large number of 
in-plane holes and the crumpled structure. To further analyze 
the pore structure of HGCN, pore size distribution (PSD) plots 
were obtained using the Barrett–Joyner–Halenda method. The 
PSD curve of HGCN has a sharp peak at 4 nm and a broad dis-
tribution in the range of 20–100 nm, while that of BGCN shows 
negligible peaks. The high SSA and large pore volume result 
in a much larger volume of HGCN with the same weight as 
BGCN (Figure  3 B), and may effectively promote the kinetics of 
the photocatalytic reaction by facilitating mass transfer. 
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 Figure 1.    Illustration of the preparation process of HGCN nanosheets. The insets are their possible structures (arrows indicate C atoms and N atoms). 



FU
LL P

A
P
ER

6887wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

 The crystal structure of the HGCN was studied by X-ray dif-
fraction (XRD). Compared to the parent BGCN, the two peaks 
at 13.1° (100) and 27.4° (002), which are respectively ascribed 
from the in-plane trigonal nitrogen linkage of tri-s-triazine 
motifs and the periodic stacking of layers of conjugated aro-
matic systems (inset in Figure  3 C), [ 1g   ,   20 ]  have a much reduced 
intensity and are broader. This mainly results from the reduced 
length of interlayer periodicity and a larger spacing between 
the HGCN layers. [ 21 ]  Fourier transform infrared (FTIR) 
spectra of both BGCN and HGCN (Figure  3 D) show broad 
peaks assigned to amine groups or water between 2900 and 
3600 cm −1 , characteristic stretching modes of CN heterocycles 
from 1200 to 1600 cm −1 , and a typical breathing mode of the 
triazine units at ≈810 cm −1 , revealing their similar chemical 
structures.  [ 1e   ,   16b   ,   20,22 ]  All the peaks of HGCN are sharper than 
those of BGCN, which is caused by the more ordered packing 
of tri-s-triazine motifs in the nanosheets. [ 1g   ,   9b ]  

 The chemical compositions and elemental valence states 
were investigated by elemental analysis and X-ray photoelectron 
spectroscopy (XPS). As compared in  Figure    4  E, XPS survey 
spectra of both BGCN and HGCN contain three sharp peaks 
at 288, 399, and 532 eV, which are respectively assigned to C 
1s, N 1s, and O 1s signals. Note that the O 1s signal may be 
from the absorbed CO 2  and H 2 O on the surface of the samples. 
Quantitative analysis from XPS reveals that the C/N molar ratio 
of HGCN (0.68) is much smaller than that of BGCN (0.76). 
Elemental analysis (Table S1, Supporting Information) also 
shows that the HGCN has a smaller C/N atomic ratio (0.66) 
than that of BGCN (0.72), suggesting the presence of carbon 

vacancies in HGCN (Figure S3, Supporting Information). The 
creation of carbon vacancies may be attributed to the reaction 
between some carbon species of GCN with ammonia at high 
temperature. [ 23 ]  Considering many different types of carbon 
species in GCN, further mechanistic study is undergoing to 
verify this assumption. The C 1s and N 1s spectra are almost 
the same for both BGCN and HGCN (Figure  4 F), further indi-
cating that NH 3  etching has little infl uence on the CN aromatic 
systems. However, an increase in the intensities of both the C 
1s and N 1s spectra of HGCN is clearly observed because C 
and N atoms neighboring carbon vacancies get fewer electrons 
than those on the normal sites (Figure  3 E and Figure S3, Sup-
porting Information). The C 1s spectrum can be resolved into 
two peaks centered at 288.5 and 285.0 eV, which are respec-
tively attributed to C C and N– C–N bonds. [ 3a   ,   9b   ,   24 ]  The peak-
area ratio of N C–N to C C increases from 0.13 to 0.14 in 
HGCN, indicating the loss of graphitic carbon species during 
the NH 3  etching process. Fewer graphitic carbon species can 
suppress the charge recombination, and carbon vacancies may 
increase the electrical conductivity and the mobility of pho-
togenerated charge carriers. [ 22 ]  Moreover, four peaks centered 
at binding energies of 398.6, 399.4, 400.8, and 404.6 eV are 
obtained after deconvolution of the N 1s spectra, and these are 
respectively attributed to N species in N C–N, N–(C) 3 , N–H, 
and positive charge localization in heptazine rings. [ 3a   ,   9b   ,   24 ]  Com-
pared to BGCN, the peak-area ratio of N C–N increases from 
0.45 to 0.50 in HGCN (Figure S3, Supporting Information), 
suggesting the possible transformation of C C to N C after 
NH 3  treatment.  
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 Figure 2.    A,B) Typical SEM and C,D) TEM images of HGCN nanosheets. The inset in panel (C) is the corresponding SAED pattern.



FU
LL

 P
A
P
ER

6888 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

 It is expected that these unique holey nanosheets con-
taining carbon vacancies would have a large effect on the 
optical properties of HGCN. We studied their optical prop-
erties by UV–vis absorption and photoluminescence (PL) 
spectroscopy. Compared with BGCN, the absorption edge of 

HGCN is blue shifted from ≈480 to ≈430 nm. Furthermore, 
a broader and stronger absorption tail, starting at ≈530 nm 
and extending to the NIR region (800–1400 nm), is also clearly 
observed (Figure  4 A), which thus gives HGCN the grey color 
(Figure  3 B). The increased optical absorption of HGCNs in the 
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 Figure 3.    A) N 2  adsorption–desorption isotherms at 77 K and the corresponding PSD curves (inset), B) photograph of 100 mg powder, C) XRD pat-
terns, D) FTIR spectra, E) XPS survey spectra, and F) high resolution C 1s and N 1s XPS spectra of a) BGCN and b) HGCN.
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visible region (≈530–800 nm) may be caused by the multiple 
refl ection of incident light in pores and holes in the structure, 
and the NIR absorption may be caused by the presence of 
carbon vacancies. It has been previously reported that carbon 
vacancies can induce the ferromagnetism in GCN at room 
temperature owing to spin-polarized conduction electrons in 
the spin-down branch. [ 25 ]  Thus, this assumption can be con-
fi rmed by the magnetic measurements. An obvious hysteresis 
hoop is observed in the curve of the magnetic fi eld depend-
ence of the magnetization ( M–H ) recorded at 300 K (Figure S4, 
Supporting Information), confi rming the room-temperature 
ferromagnetism of HGCN. Meanwhile, Tauc plots obtained 
from the Kubelka–Munk function reveal an increase in the 
bandgap energy of HGCN to 2.90 eV compared to 2.59 eV for 
BGCN (inset in Figure  4 A), which may be caused by the effect 
of quantum confi nement effect in the nanosheet structure of 
HGCNs. [ 1g   ,   9b,c   ,   21 ]  

 PL is an effective strategy to characterize the separation 
and recombination rates of charge carriers of a photocatalyst. 
Two broad emission peaks centered at ≈485 and ≈435 nm are 
observed for BGCN and HGCN, respectively, and these are 
the intrinsic PL emissions with the optical energy close to 

the bandgap energy (Figure  4 B). Meanwhile, a large number 
of small peaks are also observed in the emission spectrum of 
HGCNs, suggesting the possible existence of various different 
emission centers. We further studied the PL decays of HGCN 
and BGCN to have more information of the charge carriers. 
The time-resolved PL spectra collected at the wavelength of 
their maximum emission was compared in Figure  4 C. The text 
included in Figure  4 C summarizes the average lifetime and 
its %contribution determined from a double-exponential fi t-
ting. Specifi cally, the average PL lifetime of HGCN is 1.7 times 
longer than those of BGCN by altering the contribution of 
each lifetime. The longer (8.61 ns) and shorter (2.17 ns) life-
times have the contributions of 47.4% and 52.6%, respectively, 
to the total PL emission intensity. Both values are signifi cantly 
different from those of BGCN (5.64 ns, 39.3%, and 1.35 ns, 
60.7%), suggesting the obviously different emission pathway. 
The longer lifetime of intrinsic fl uorescence may be associated 
with the improved transport rate of photocarriers resulting from 
the quantum confi nement effect in the HGCN nanosheets. [ 1g ]  
Furthermore, it is found that the PL lifetime of HGCN depends 
on the monitoring signal. For example, the average PL lifetime 
became much shorter (2.60 ns) when the collecting wavelength 
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 Figure 4.    A) DRS spectra and Tauc plots, B) PL spectra, C) time-resolved PL spectra collected under an excitation of 400 nm, and D) EPR spectra of 
a) BGCN and b) HGCN.
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is 485 nm (Figure S5, Supporting Information). The reason 
may be that the diffusion rate of photoexcited carriers in HGCN 
is infl uenced by the defects or disorder and the π–π conjugated 
electronic systems between interlayers. [ 26 ]  Furthermore, elec-
tron paramagnetic resonance (EPR) measurements at room 
temperature show that the holey nanosheets have a greater 
ability to delocalize electrons and thus inhibit the recombina-
tion of the photogenerated electrons and holes. As compared 
in Figure  4 D, both BGCN and HGCN exhibit one single Lor-
entzian line with a  g  value of 2.0036 in a magnetic fi eld from 
3400 to 3600 G, and this is induced by a lone electron pair on 
the carbon atoms of the heptazine rings within p-bonded nano-
sized clusters. [ 24,27 ]  However, compared to the parent BGCN, 
the signifi cantly stronger EPR spin intensity of HGCN reveals 
the much higher concentration of unpaired electrons, which is 
very useful for the photogeneration of active radical pairs for 
catalytic reaction. [ 24 ]  Such optical properties of HGCN are very 
benefi cial for the photocatalytic process. 

 In order to make sure that the as-prepared HGCN are suit-
able for photocatalytic hydrogen evolution under visible light, 
we studied their electronic band structure by examining of 
Mott–Schottky plots which refers to the apparent capacitance 

as a function indifferent frequency ranges compared to BGCN. 
As shown in  Figure    5  A, both HGCN and BGCN exhibit posi-
tive slopes in the Mott–Schottky plots at frequencies of 1.3, 2.0, 
and 3.1 kHz, which is an indication of the n-type characteristic 
of semiconductors. [ 1e   ,   9b   ,   28 ]  The Mott–Schottky plot of HGCN 
shows a smaller slope than that of BGCN, suggesting a higher 
electron donor density for HGCNs. A high donor density, pos-
sibly caused by carbon vacancies, is very helpful for improving 
photocatalytic performance because of the increased electrical 
conductivity and the mobility of charge carriers. [ 29 ]  The fl at band 
potentials determined as the  x -intercept in the Mott–Schottky 
plot of BGCN and HGCN are respectively about −1.35 and 
−1.46 V with reference to the saturated calomel electrode (SCE). 
The 0.11 V downshift of the conduction band may be caused by 
carbon vacancies and the nanosheet structure of HGCN. [ 9b   ,   25 ]  
The lower fl at band potential also indicates a higher electrical 
conductivity of HGCN compared to BGCN. [ 9b ]  The potentials of 
the valance bands of BGCN and HGCN are respectively calcu-
lated to be 1.13 and 1.45 eV (Figure  5 B) by a combined analysis 
of bandgaps derived from the DRS spectra (Figure  4 A). The 
potentials of H 2 /H +  and O 2 /H 2 O with reference to the SCE are 
also shown in Figure  5 B. [ 5b ]  It is found that both HGCN and 

 Figure 5.    A) Mott–Schottky plots collected at various frequencies, B) bandgap structures, C) photocatalytic H 2  evolution performance, and D) electro-
chemical impedance spectra and transient photocurrent response (inset) of a) BGCN and b) HGCN nanosheets.
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BGCN satisfy the thermodynamical condition for the photo-
catalytic splitting of water for hydrogen evolution.  

 We evaluated the HGCN and BGCN as heterogeneous 
photocatalysts for water splitting to produce hydrogen produc-
tion under visible light ( λ > 420 nm). As compared in Figure  5 C, 
the hydrogen production rate of HGCN is about 82.9 µmol h −1 , 
which is 20 times higher than that of the BGCN (≈4.2 µmol h −1 ). 
The photocatalytic activity of HGCN is also much better than 
that of the 3D porous graphitic carbon monolith. [ 16b ]  Consid-
ering that HGCN and BGCN have similar chemical compo-
sitions, we assume that the following factors may be respon-
sible for the much greater photocatalytic activities of HGCN. 
First and foremost, the much higher SSA combined with the 
unique holey structure provides more exposed active edges, 
catalytic sites, and channels for the photocatalytic hydrogen 
evolution reaction. Furthermore, the in-plane holes in HGCN 
are also benefi cial for the rapid cross-plane diffusion of mass, 
photogenerated carriers, and hydrogen, which dramatically 
accelerate the photocatalytic reaction in kinetics. Thus, the pho-
tocatalytic activity increases with an increasing SSA (Table S1, 
Supporting Information). Second, based on a combined anal-
ysis of DRS and the Mott–Schottky plots, HGCN can absorb 
more visible and NIR light and thus have a lower fl at potential 
and a higher donor density, which promotes the photocatalytic 
reaction thermodynamically. Third, HGCN has a signifi cantly 
improved separation effi ciency of photogenerated carriers and 
a much higher degree of electron delocalization, as indicated 
by the increased lifetime of PL emission and the stronger EPR 
intensity (Figure  4 C,D). These are also refl ected in the greatly 
increased transient photocurrent and much smaller diameter 
of the semicircular Nyquist curve of electrochemical impedance 
spectroscopy under visible light radiation (Figure  5 D). Note 
that the arc radius of the Nyquist plot in the dark for HGCN 
is smaller than that of BGCN, implying a smaller charge 
transfer resistance of HGCNs. This results from the better 
conductivity of HGCN, in good agreement with the results of 
the Mott–Schottky tests. Furthermore, no decrease in the H 2  
production rate was observed during a longtime photocatalytic 
measurement (Figure  5 D; Figure S6, Supporting Information), 
implying the good stability of HGCN. This is confi rmed by the 
very stable transient photocurrent after seven on–off cycles of 
intermittent irradiation (Figure  5 D). This may be the result of 
the holey nanosheet structure of HGCNs because of the large 
decrease in the π–π stacking and van der Waals interaction of 
nanosheets due to the abundant in-plane holes. These holes are 
still found in the TEM images after the photocatalytic process 
(Figure S7, Supporting Information), suggesting their good 
cyclic performance.  

  3.     Conclusion 

 In conclusion, HGCNs containing a large number of carbon 
vacancies were prepared by heating BGCN under an NH 3  
atmosphere. The NH 3  etching not only helps to exfoliate the 
BGCN into nanosheets with abundant in-plane holes producing 
a high specifi c surface area of 196 m 2  g −1 , but also produces 
carbon vacancies without signifi cantly changing the chemical 
structure. Compared to BGCN, HGCNs exhibit an ≈20 times 

higher photocatalytic activity for hydrogen production under 
visible light as a result of the holey structure, a higher acces-
sible SSA, better light absorption, a higher donor density, and 
a remarkably increased separation effi ciency of photoexcited 
electrons and holes. The excellent photocatalytic performance 
indicates that the material may be used as an effi cient and sus-
tainable photocatalyst for alleviating global environmental and 
energy issues.  
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