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Graphite nitride carbon nanosheets have received more and more attention toward the photocatalytic research
and applications. Ultrathin g-CN nanosheets with porous structure were synthesized successfully by thermal
calcination of melamine supramolecular complexes, which was obtained by pre-treating melamine in nitric acid
solution at different concentrations (0.5–2 mol/L). Effects of HNO3 pre-treatment on the microstructure of
supramolecular complexes were studied. The characteristics of g-CN nanosheets were investigated by X-ray
diffractometry, X-ray photoelectron spectroscopy, transmission electron microscopy and Fourier transform
infrared spectroscopy. The degradation performance for RhB and water splitting hydrogen production
performance were used to evaluate the photocatalytic performances of g-CN nanosheets. The morphology and
microstructure of HNO3/melamine supramolecular complexes are different from those of melamine precursor
due to the better arrangement of the melamine units. Ultrathin porous g-CN nanosheets which possess
a thickness of less than 2 nm were successfully prepared by calcination of melamine pre-treated with 1.0 mol/L
nitric acid. The g-CN(1.0) nanosheets possess the highest photocatalytic degradation performance and water
splitting hydrogen production performance due to the effective separation of photogenerated carriers and high
specific surface area providing a large number of active sites.

Introduction
Environmental damage and energy crisis are becoming more

and more serious with the rapid development of economy.

Since Fujishima and Honda discovered water photocatalysis on

a TiO2 electrode in 1972 [1], solar photocatalytic technology

has become an ideal way for solving environmental damage

and energy crisis, including organic pollutant degradation, CO2

reduction and water splitting hydrogen generation [2, 3, 4]. In

the fields of photocatalytic science and technology, graphitic

carbon nitride (g-CN) on numerous visible light-responsive

semiconductor materials has attracted more and more atten-

tion due to its suitable energy band gap, proper energy band

position, unique electronic structure and stability [5, 6, 7].

However, in most cases, bulk g-CN synthesized by direct

thermal calcination displayed a low photocatalytic property

because of the limited specific surface area, relatively narrow

optical utilization region and higher recombination probability

of photogenerated carriers [8].

Many strategies for enhancing the photocatalytic perfor-

mance of g-CN semiconductors have been developed, mainly

including two categories. One is to optimize the electron and

energy band structure, including heteroatoms doping [9],

defects controlling [10] and construction on heterojunction

[11]. The other is to develop morphology regulation by
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constructing nanosheets [12], nanotubes [13], nanoparticles

[14] and porous structures [15]. Among them, g-CN nano-

structures, especially the g-CN nanosheets, have some unique

physical properties such as effective photogenerated carrier

separation and a large number of active sites, which is

beneficial for improving the photocatalytic performance. Up

to now, several routes have been realized for the preparation of

nanosheets from the bulk g-CN, mainly including ultrasonic

liquid exfoliation [12], chemical liquid exfoliation [16] and

thermal oxidation etching [17]. It is noteworthy that the

ultrasonic liquid exfoliation reaction process is time-

consuming, chemical liquid exfoliation involves some other

functional groups, and thermal-oxidized nanosheets offer

a rather low yield.

Another effective strategy for the improvement of photo-

catalytic performance is to introduce porous structure in the

materials, which can effectively increase the specific surface

area, thus significantly promoting high charge separation

efficiency and providing more active centers of photocatalytic

performance. Up to now, hard-templates [18] and soft-

templates [19] are the most common methods to prepare

porous g-CN. However, hard-templates require sacrificial

materials and hazardous chemicals to remove templates, which

are costly and time-consuming. Soft-templates usually retain

carbon residues of some template polymers in the catalyst,

which leads to the deterioration in photocatalytic activity. In

recent years, researchers have developed methods to prepare

the g-CN with porous structure by calcining melamine-based

supramolecular complexes for significantly increasing the

specific surface area [20, 21]. The formation of hydrogen

bonded supramolecular assembly plays key roles in separating

photogenerated charges, promoting mass adsorption of reac-

tants and providing more reaction active sites.

Herein, ultrathin graphitic carbon nitride nanosheets with

porous structure were synthesized by direct thermal calcination

of HNO3/melamine supramolecular complexes as precursors

obtained by pretreating melamine in nitric acid. The prepared

ultrathin g-CN nanosheets with porous structure displayed

admirable visible photocatalytic performance for the degrada-

tion of organics and hydrogen production.

Results and discussion
Characterizations

The X-ray diffractometry (XRD) patterns of g-CN nanosheets

obtained from pre-treated melamine with different concen-

trations of nitric acid solutions and its bulk counterpart are

displayed in Fig. 1(a). All samples exhibited two typical

diffraction peaks of graphite carbon nitride, which indicates

that all samples maintain the basic g-CN materials’ crystal

structure. The diffraction peaks located around 12.9° and 27.7°

for bulk g-CN refer to the (100) and (002) lattice planes,

corresponding to the in-plane structural packing motif of tri-s-

triazine units and the interlayer stacking of aromatic segments,

respectively [22, 23]. What is more, the (002) peak of g-CN

nanosheets, especially g-CN(1.0), become weaker and broader

in varying degrees in comparison with that of bulk g-CN,

indicating that the crystallinity and interlaminar periodic

correlation length of tri-s-triazine building blocks decrease

[24, 25]. It is noted that the (100) peak of 1.0-g-CN becomes

weaker, which can be ascribed to the broken hydrogen bond

between the interlaminar framework during the calcination

process of HNO3/melamine [26]. Figure 1(b) shows the XRD

patterns of melamine and melamine treated with a 1.0 mol/L

nitric acid solution. Compared with that of melamine, new

and well-resolved peaks at 9.86°, 17.10°, 29.24°, and 30.98°

appear in the XRD pattern of 1.0-HNO3/melamine, indicating

that hydrogen bonded supramolecular complexes formed

through the interaction between melamine and nitric acid

[27, 28].

Figure 1: (a) XRD patterns of g-CN. (b) XRD patterns of melamine and 1.0-HNO3/melamine.
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Figure 2 shows the scanning electron microscopic (SEM)

morphologies of melamine and melamine pre-treated with

different concentrations of nitric acid solutions. Figure 2(a) is

the morphology of melamine, exhibiting the sphere-like par-

ticles of an average size of about 20 lm. As shown in Fig. 2(b),

0.5-HNO3/melamine displays rod-like particles of about

0.2 lm in diameter and 2.5 lm in length. The morphology

of 1.0-HNO3/melamine, as shown in Fig. 2(c), also exhibits

a rod-like morphology, and the particle size is bigger than that

of 0.5-HNO3/melamine. With the increase in nitric acid

concentration, the morphology of 2.0-HNO3/melamine is

composed of many small particles with an average size of

0.2 lm. The morphologies of HNO3/melamine are much

different from those of un-treated melamine.

Morphologies of g-CN products obtained with different

precursors are shown in Fig. 3. The bulk g-CN shows solid

agglomerates of several micrometers, as shown in Fig. 3(a). The

g-CN nanosheets obtained from melamine precursors pre-

treated with different nitric acid solutions possess typical 2D

nanosheet architectures with rough and uneven surfaces in

comparison with those of bulk g-CN, as shown in Figs. 3(b)–

3(d). The morphology of g-CN(1.0) nanosheets shows many

irregular overlapped nanosheets with delaminated structure.

Abundant irregular pores were also clearly seen in the

magnified inset image in Fig. 3(c).

Bulk g-CN and g-CN nanosheets were further studied by

transmission electron microscopy (TEM), as presented in

Fig. 4. Agglomerates with several micrometers of bulk g-CN

can be observed in Fig. 4(a). All g-CN(0.5), g-CN(1.0), and g-

CN(2.0) samples show a typical layered stacking structure of

several hundred nanometers in size, as shown in Figs. 4(b)–

4(d). The edge of the layered structure is curled due to the

spontaneous reduction of surface energy of the nanosheets. As

the width of crimping edges can reflect the thickness of the

nanosheets to some extent, g-CN(1.0) nanosheets present

the smallest thickness among all samples. For reflecting the

thickness more directly, Figs. 4(e) and 4(f) show the atomic

force microscopy (AFM) image of g-CN(1.0) nanosheets and

corresponding thickness fluctuation along the line throughout

the nanosheet in AFM. The nanosheet possesses a rough surface

with a sheet thickness of approximately 1.5 nm, suggesting that

the ultrathin nanosheets can be achieved by direct calcination

process. Large amounts of irregular pores exist in the g-CN(1.0)

nanosheets, as shown in the inset of Fig. 4(c). The results of TEM

and AFM analyses confirm that the ultrathin g-CN nanosheets

with porous structure are successfully prepared by direct calcina-

tion of HNO3/melamine supramolecular complexes in our

experiment. The preparation process of ultrathin g-CN nano-

sheets with a porous structure is shown in Scheme 1. The possible

formation process is depicted as follows. During the self-assembly

process of supramolecular complexes, NH⋯O(N) hydrogen bond

forms, leading to the rod-like or small particle-like morphology of

the precursor [27]. The HNO3/melamine supramolecular com-

plexes were calcined, and the NO3
� functional groups gradually

decompose and finally form the ultrathin and porous structures of

g-CN nanosheets.

Figure 2: SEM morphologies of (a) melamine, (b) 0.5-HNO3/melamine, (c) 1.0-HNO3/melamine, and (d) 2.0-HNO3/melamine.
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FT-IR spectra were used to investigate the chemical

bonding of all g-CN samples. Infrared absorption patterns of

g-CN nanosheets are similar to those of bulk g-CN, as shown

in Fig. 5(a). The peak around 805 cm�1 originates from the

characteristic band breathing mode of triazine units [29]. The

strong wide peak ranging from 900 to 1800 cm�1 refers to

the characteristic stretching vibration of aromatic CN hetero-

cyclic units [30]. The strong absorption band in the range 3000

to 3600 cm�1 can be ascribed to –NH3 and –OH stretches of

bulk g-CN, originating from water adsorbed on the surface or

uncondensed amino groups [31]. The above FT-IR character-

istic spectra illustrate that the g-CN can be synthesized by

calcining the HNO3/melamine supramolecular complexes.

The chemical state and elemental composition of g-

CN(1.0) and the bulk g-CN are shown in Figs. 5(b)–5(d).

The results of survey X-ray photoelectron spectroscopy (XPS)

spectra show that there are C, N and O elements in both

samples. A weak O 1s peak forms the absorbed CO2 and H2O.

Taking g-CN(1.0) nanosheets as an example, high resolution

XPS spectra of N 1s were deconvoluted into four peaks at 398.6,

399.6, 401.0, and 404.4 eV, respectively. The dominant peak at

398.6 eV is ascribed to sp2-hybridized nitrogen in the C-

containing aromatic ring (C–N–C) [32]. The peaks at 399.6

and 401.0 eV are indexed to the tertiary nitrogen in the N(–C)3
group and the amino function group (C–N–H) [33]. And the

weakest peak at 404.4 eV refers to the positive charge

localization in heterocycles or charging effects [34]. The high

resolution spectra of C 1s are resolved into three peaks with

bonding energies at 288.1, 286.1, and 284.8 eV, respectively.

The strongest peak at 288.1 eV and the weakest peak at 286.1

eV are identified as sp2-hybridized carbon in the tri-s-triazine

ring (N–C–N) [35]. And the peak at 284.8 eV is relevant to the

surface adventitious carbon, such as amorphous carbon or

graphite [35]. The main binding energies of N 1s and C 1s in g-

CN(1.0) exhibit higher values than those in bulk g-CN, which

may be related to the breakdown of long-distance atomic

arrangement between layers and the formation of nanosheet

structures.

Photocatalytic performance

Figure 6 shows the photocatalytic performances of different g-

CN nanosheets, including photocatalytic degradation of RhB

dyes (a, b) and photocatalytic hydrogen production (c, d). RhB

degradation efficiencies of different samples are shown in

Fig. 6(a). Prior to irradiation, the equilibrium of adsorption–

desorption was first carried out with a continuous magnetic

stirring for 30 min in dark. Clearly, all samples can reach the

adsorption–desorption equilibrium in 10 min. The RhB ad-

sorption of g-CN(0.5), g-CN(1.0), and g-CN(2.0) are approx-

imately 16.8%, 18.8%, and 17.3%, respectively, while the RhB

adsorption of bulk g-CN is only 4.9%. The degradation rate of

bulk g-CN is approximately 46.2% under visible light irradia-

tion for 16 min. All g-CN nanosheets possess much higher

degradation efficiency than that of bulk g-CN. Among them, g-

CN(1.0) displays the highest degradation efficiency at 99.6% at

the same condition as bulk g-CN. Figure 6(b) shows the

photodegradation kinetics of RhB, which is linearly fitted using

Figure 3: SEM morphologies of (a) bulk g-CN, (b) g-CN(0.5), (c) g-CN(1.0), and (d) g-CN(2.0).
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degradation efficiency data for a better illustrating photo-

degradation rate. The reaction rate constant k of all samples

is shown in the inset of Fig. 6(b), assuming that the reaction

follows first-order kinetics [36]. The g-CN nanosheets dis-

played greatly enhanced k values in comparison with bulk g-

CN. The highest k value of g-CN(1.0) nanosheets is 0.352

Figure 4: TEM morphologies of (a) bulk g-CN, (b) g-CN(0.5), (c) g-CN(1.0), (d) g-CN(2.0), (e) AFM image of g-CN(1.0), and (f) height fluctuation along the line in the
AFM throughout g-CN(1.0) nanosheets.

Scheme 1: Schematic illustration for preparation process of ultrathin porous g-CN nanosheets.
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min�1, which is 9.72 times as high as that of bulk g-CN,

indicating that the excellent photodegradation activity of g-CN

nanosheets can be obtained by optimizing HNO3 pretreating

process.

The plots of hydrogen amount versus irradiation time are

given in Fig. 6(c). Bulk g-CN totally produces 33.06 lmol

hydrogen with 4 h of visible light irradiation, while g-CN(0.5)

and g-CN(2.0) nanosheets increase the hydrogen production to

63.42 and 91.72 lmol respectively. The g-CN(1.0) nanosheets

possess the highest photocatalytic hydrogen production of

154.95 lmol. The hydrogen production rates of all samples

are calculated from their production data, as displayed in

Fig. 6(d). It is clearly seen that the photocatalytic hydrogen

production rate of bulk g-CN is only 826.43 lmol/(h g).

However, g-CN nanosheets exhibit increased photocatalytic

hydrogen production rates. In particular, g-CN(1.0) nanosheets

achieve the highest rate of 3860.53 lmol/(h g), which is 4.7

times that of bulk g-CN. The apparent quantum yield (AQY) of

g-CN(1.0) is calculated to be 4.3% at 420 nm.

Free-standing g-C3N4 nanosheets of 2 nm thickness pre-

pared by Yang et al. showed a hydrogen production rate of

1860 lmol/(h g) [37]. Liu and co-workers synthesized

mesoporous g-C3N4 nanosheets by using the hydrothermal

process to transfer dicyandiamide into the MCA-like complex,

achieving a hydrogen production rate of 2738 lmol/(h g) [38].

Compared with above studies, the as-prepared ultrathin porous

g-CN nanosheets possess a greatly enhanced photocatalytic

hydrogen activity.

Stability is the main factor for the potential application of

photocatalysis. Therefor the stability of g-CN(1.0) was also

evaluated by recycling tests of photocatalytic hydrogen pro-

duction, as shown in the inset of Fig. 6(d). The photocatalytic

hydrogen production of g-CN nanosheets was sustained

without noticeable degradation after five cycles, confirming

the excellent photocatalytic stability of the g-CN(1.0)

nanosheets.

Mechanism discussion

The mechanism of photocatalytic process of g-CN nanosheets

is shown in Fig. 7. Generally speaking, the photocatalytic

RhB degradation and hydrogen production process of g-CN

can be divided into several steps, including surface adsorp-

tion, optical absorption (including photogenerated carriers),

Figure 5: (a) FT-IR spectra, (b) XPS survey spectra, (c) high resolution XPS spectra of N 1s, and (d) high resolution XPS spectra of C 1s.
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carrier transfer and surface reaction. When the photocatalyst

is irradiated by photons whose energy is higher than or equal

to that of the bandgap, the electrons occupied in the valence

band (VB) can be excited and then rapidly migrate to the

empty conduction band (CB), generating electron–hole

pairs. Some separated electrons and holes move to the

surface of the photocatalyst. The holes in VB can oxidize

electron donors including organic molecules and OH�

groups. In addition, electron receptors such as oxygen

molecules and hydrogen ion can be reduced by the electrons

on CB. The surface photocatalytic reactions are complex and

can be described as follows:

g‐CNþ hm! g‐CN e� þ hþ
� �

; ð1Þ

e� þ O2 ! �O�2 ; ð2Þ

H2O=OH
� þ hþ ! �OH ; ð3Þ

RhBþHO� ! � � � ! CO2 þH2Oþ � � � ; ð4Þ

RhBþ hþ ! � � � ! CO2 þH2Oþ � � � ; ð5Þ

RhBþ �O�2 ! � � � ! CO2 þH2Oþ � � � ; ð6Þ

Hþ þ e� ! H2[ : ð7Þ

Figure 8(a) displays the optical absorption abilities of

bulk g-CN and g-CN nanosheets. All samples show a power-

ful absorption ability in the visible light region. Compared

with bulk g-CN, the g-CN nanosheets display low absorption

intensities and blue shift of absorption edges. The band gap

energies of bulk g-CN and g-CN(1.0) are calculated to be

Figure 6: Photocatalytic performances of different g-CN nanosheets. (a) C/C0 of RhB degradation, (b) RhB degradation kinetics plots, (c) hydrogen production
versus time, and (d) hydrogen production rate. The inset shows the recycling tests of g-CN(1.0) nanosheets.

Figure 7: Schematic diagram of photocatalytic process of g-CN nanosheets.
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2.65 and 2.69 respectively from the Tauc plots inserted in

Fig. 8(a). The blue shift and the increased band gap energy are

attributed to the quantum confinement effect induced by the

existence of ultrathin nanosheets and pores in photocatalysts,

resulting in the shift of the conduction and VB edges [32, 39]. It

is clear to find that the optical absorption capacity is not the

factor improving the photocatalytic performance.

The separation and transport abilities of photogenerated

charge carriers for as-prepared samples recorded by photo-

luminescence (PL) spectra are illustrated in Fig. 8(b). Com-

pared with bulk g-CN, the PL emission peaks of g-CN

nanosheets display a slight blue shift, further confirming the

above-mentioned UV-vis DRS results. Generally, the low PL

intensity indicates low charges’ recombination rate [40]. It is

worth noting that g-CN nanosheets exhibit a remarkable

quenching of the PL intensities in comparison with that of

bulk g-CN, especially in the g-CN(1.0) nanosheets, suggesting

that optimized ultrathin nanosheets with a porous structure is

favorable for the effective transfer and separation of photo-

generated carrier. Effective separation and transfer of photo-

generated carriers play key roles in enhancing the

photocatalytic performance of g-CN nanosheets. For a better

understanding of the interface charge transfer rate of the as-

prepared samples, electrochemical impedance spectroscopy

(EIS) was conducted, as shown in Fig. 8(c). Compared with

bulk g-CN, the g-CN nanosheets have a smaller arc radius on

the EIS plots, especially the g-CN(1.0) nanosheets, suggesting

a much lower electron-transfer resistance and faster interface

charge transfer efficiency [41].

In order to investigate the active oxidation mechanism,

three capture agents (10 mM) were added into the solutions

during the photocatalytic degradation process for 16 min,

where BQ, IPA, and NaI are used for capturing dO2
�, dOH,

and h1, respectively. As shown in Fig. 8(d), in bulk g-CN

system, the degradation rate decreases from 46% to 39%, 43%

and 13% with the addition of BQ, IPA, and NaI, respectively,

indicating that h1 radicals play a key role in the photocatalytic

process in a direct oxidation route. However, for g-CN(1.0)

nanosheets, it is a little different from bulk g-CN. The

degradation rate decreases from 99% to 63%, 99%, and 32%

with the addition of BQ, IPA, and NaI, respectively, suggesting

that dO2
� and h1 play the key roles in the photocatalytic

degradation process, and almost no dOH radicals are produced

in the photocatalytic degradation process.

Figure 8: (a) UV-vis DRS spectra, (b) PL emission spectra, (c) EIS Nyquist plots, and (d) effects of capture agents on the photocatalytic RhB degradation.
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The N2 adsorption–desorption isotherms curves were

recorded with the aim to further study the porous structure

and specific surface area of g-CN. As shown in Fig. 9, The N2

adsorption–desorption isotherms exhibit typical IV isotherms

characteristic of H3 hysteresis loops, suggesting the existence of

mesoporous and macroporous structures in g-CN nanosheets.

A faint hysteresis loop of the bulk g-CN sample is observed,

suggesting a poor pore structure. It can be seen from pore-size

distribution curves inserted in Fig. 9 that g-CN(1.0) samples

possess a wide distribution region from 10 to 100 nm centered

at 70 nm, further confirming the mesoporous/macroporous

structures. This result is in accordance with that of TEM

morphology observation. The Brunauer–Emmett–Teller (BET)

surface areas of the as-prepared products are calculated

according to the N2 adsorption–desorption isotherms. The

BET surface areas of g-CN(0.5), g-CN(1.0), and g-CN(2.0)

samples are 49.4, 59.2, and 28.7 cm2/g, respectively, which are

higher than those of bulk g-CN (15.6 cm2/g) obviously. The

enlarged specific surface areas of optimized ultrathin g-CN

nanosheets can be ascribed to the reduced thickness and the

existence of abundance of pores [32]. The photocatalyst with

a larger BET surface area can provide more catalytic active sites

for surface catalytic reaction, thus improving the photocatalytic

performance.

Conclusions
In summary, the ultrathin g-CN nanosheets with porous

structure were successfully synthesized by the direct calcination

of melamine/HNO3 supramolecular complexes. The photo-

catalytic degradation performances and water splitting hydro-

gen production were performed under visible light irradiation.

All g-CN nanosheets prepared from melamine pre-treated with

different HNO3 concentrations display a higher photocatalytic

degradation rate and water splitting hydrogen production rate

than those of bulk g-CN. In particular, the g-CN(1.0) sample

possesses the highest photocatalytic performance which can

degrade 96.6% of 10 mg/L RhB in 16 min with a reaction rate

constant k of 0.352 min�1, and enhance the photocatalytic

hydrogen production rate to 3860.5 lmol/(h g). The effective

separation rate and a larger number of catalytic active centers

contribute to the excellent photocatalytic performances of as-

prepared g-CN nanosheets.

Experimental section
Preparation of g-CN samples

Firstly, 10 g melamine was added into 200 mL ethanol with

magnetic stirring, and then 100 mL nitric acid solutions with

different concentrations of 0.5, 1.0 and 2.0 mol/L were added

into the melamine/ethanol mixture. The obtained solutions

were evaporated in an 80 °C water bath with magnetic stirring

for 12 h, and then dried at 60 °C for 12 h in a vacuum oven.

The obtained supramolecular complexes were denoted as 0.5-

HNO3/melamine, 1.0-HNO3/melamine and 2.0-HNO3/mela-

mine, respectively.

The HNO3/melamine supramolecular complexes were placed

into a covered crucible which was wrapped by an aluminum foil

for reduction of sublimation. Then the covered crucible was

calcined at 530 °C for 4 h in a muffle furnace at a heating rate

of 2 °C/min. According to the different HNO3 concentrations, the

obtained final products are denoted as g-CN(0.5), g-CN(1.0), and

g-CN(2.0), respectively. For comparison, the melamine without

any pretreatment was calcined directly to prepare the bulk graphitic

carbon nitride (denoted as bulk g-CN) in the same process.

Characterization

The crystal phases of all samples were performed using an X-

ray diffractometer (XRD; Rigaku D/MAX2500, Tokyo, Japan)

with Cu Ka radiation. All morphologies and microstructures

were acquired on a field emission scanning electron microscope

(FESEM; HitachiSU8020, Tokyo, Japan) and a transmission

electron microscope (TEM; JEM-2100F, Tokyo, Japan). The

electronic states of N and C were obtained by X-ray photo-

electron spectroscopy (XPS; ESCALAB 250, Thermo-VG

Scientific Corporate, Waltham, Massachusetts) using the

monochromatic Al Ka linear excitation source. Fourier transform

infrared spectroscopy (FTIR; Nicolet-6700, Thermo-VG Scientific

Corporate, Waltham, Massachusetts) was used to collect infrared

spectra. UV-vis absorption spectra were examined by a UV3600

diffuse reflectance spectrometer. PL spectra were evaluated by

a spectrometer (PerkinElmer LS55, PerkinElmer Life and Analyt-

ical Sciences, Waltham, Massachusetts) with excitation wave-

length at 310 nm. The N2 adsorption/desorption isotherms
Figure 9: N2 adsorption–desorption isotherms and pore-size distribution.
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were recorded on a Quadrasorb-EVO (Quantachrome Corpo-

ration, Boynton Beach, Florida) porosimeter after samples

being vacuum-dried at 130 °C overnight. Atomic force micro-

scopic images were recorded on an atomic force microscope

(AFM; Dimension 3100, Bruker Nano/Veeco Inc., Santa

Barbara, California).

Electrochemical impedance spectroscopy (EIS) was carried

out on an electrochemical system (CHI 660E, Shanghai, China)

in the dark condition via a standard three-electrode system

with a working electrode, a platinum wire counter electrode,

and a standard calomel reference electrode (SCE). Sodium

sulfate (0.5 M) was used as the electrolyte solution. 2 lL g-CN

aqueous suspension (1 mg/mL) was drop-cast on the surface of

a glassy carbon electrode to form the working electrode.

Photocatalytic performance

Photocatalytic performances of the samples were estimated by

means of organics degradation and water splitting hydrogen

production. RhB solution was utilized as the organics for the

measurement of degradation activities. And the degradation

was carried out by a photochemical reactor (XPA-7, Nanjing,

China) containing a 250 W metal halide lamp with a cut-off

filter (k . 420 nm) which could realize visible light irradiation.

10 mg photocatalyst was added into 10 mL RhB solution with

10 mg/L concentration. Subsequently, the suspensions were

placed in a photochemical reactor and the equilibrium of

adsorption–desorption was achieved by continuous stirring

under the dark condition for 30 min. Then mixed solutions

were illuminated for 4, 8, 12, and 16 min, respectively. Then the

illuminated solutions at every given time interval were centri-

fuged to remove the catalyst. Absorbency after irradiation was

evaluated by a UV1800 spectrometer, Kyoto, Japan. According

to the Lambert–Beer law, the standard linear relationship

between absorbance and RhB concentration can be calculated

by the following equation:

D ¼ C0 � Cð Þ=C0 ¼ A0 � Að Þ=A0 � 100% ;

where D is the decolored rate reflecting the degradation degree,

C is the remnant RhB concentration, C0 is the initial RhB

concentration, A is absorbency after irradiation, and A0 is

original absorbency.

The photocatalytic hydrogen production was investigated

by connecting a glass gas circulation system with a top-

irradiation vessel. 10 mg photocatalyst and 10 mL triethanol-

amine were mixed into a 100 mL aqueous solution as the holes’

receptor. 3 mass% Pt was used as co-catalyst by dissolving

H2PtCl6�6H2O in the aqueous solution. All solutions were

evacuated carefully to remove air completely. The hydrogen

production process was carried out under visible light

($400 nm) irradiation using a 300 W Xeon-lamp (Beijing,

China) with a glass filter at the room temperature. In addition,

the component and content of produced gases were analyzed

using a gas chromatograph. The AQY for H2 production was

determined by using a similar procedure with 50 mg photocatalyst

and monochromatic light (k 5 420 nm). The light was obtained

by locating a band pass filter and a neutral density filter below

a 300 W Xeon-lamp. The AQY was calculated using the following

equation:

AQY ¼ number of evolved H2 molecules� 2
number of incident photons

� 100 :
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