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ABSTRACT

Graphitic carbon nitride (g-@N4) has been considered as a promising metal-free
catalyst for a wide range of application due tantsiguing properties. However, the
photocatalytic performance is restricted by the Issgecific surface area (SSA) and
limited active sites. Here, a facile one-step métinas employed to prepare thin
porous g-@N,4 with large SSA by condensation of urea. Duringpiolysis process,
the self-generated NHhot only participates in the condensation reactmrmbtain
bulk g-GN,, but also etches crystal lattice to form thinn@na@sheets. A high SSA of
141.4 nf g* for the sample synthesized in the enclosed camiECD-CN) is
obtained, which is much larger than the SSA of 5#%4j" for the sample synthesized

in the non-enclosed condition (NCD-CN). These perawanosheets with the
enhanced SSA endow @I, more exposed active sites and shorten the carrier
diffusion length. As a result, the ECD-CN samplehibks much higher
photodegradation rate on rodamine B (99.0% witlimiin) and hydrogen evolution
rate (504.2umol h' g?) under visible-light. This study provides a faciad
template-free strategy in preparing efficient, autble and visible-light-driven

photocatalyst.



1. Introduction

Since the discovery of photocatalytic water spigtion TiQ photoelectrode by
Fujishima et al. in 1972 [1], semiconductor photocatalysis utilgirtlean and
sustainable solar energy has been employed widely ‘&reen” technology [2-5].
Among the numerous types of photocatalysts, met&l-graphitic carbon nitride
(g-C3Ny) has attracted tremendous attention. Thel;@& a two-dimensional layered
polymer semiconductor with tri-s-triazine connecigth planar amino groups in each
layer and weak van der Waals force between layidrs.unique structure of gsN4
gives it many excellent physicochemical charadiesssuch as thermodynamic and
chemical stability, abundant and low-cost buildirejements, environmental
friendliness, and especially, a suitable electratiacture with band edges straddling
the water redox potentials for the efficient phatatytic reactions [6-8]. However,
the photocatalytic performance of gNg is still restricted by the drawbacks of high
recombination rate of photogenerated electron-lpales and limited active sites
[9,10]. Frequently, preparation of photocatalysthwarge specific surface area (SSA)
is considered to be an effective strategy to imerhe photocatalytic performance by
providing abundant active sites to promote the xedeaction and reducing the
carriers transport distance [11,12].

The SSA of g-@N, could theoretically reach 2500°my” for the perfect monolayer
g-CsN4 [13]. However, usually it can only be dozens ofwen below 10 g™ due
to the stacking of polymeric nanosheets. To ddentp of preparation methods have

been developed to obtain gN, with larger SSA. In principle, these methods can b



classified into two categories. One category is untatthg the morphology (porous
nanostructure, hollow spheres, 1-dimension nancistres, etc.) of g-¢Ns by
template assisted method [14-18]. Normally, theplate can be the hard-template
such as anodic aluminium oxide (AAO) [16], silicK9f21], TiG [22], or organic
molecules soft-template such as Pluronic P123 §®) thiourea [24]. The SSA of
g-CsN4 obtained by template methods can reach severadreds of M g*. For
instance, mesoporous g\, has been synthesized by using silica nanopartases
hard template, and the SSA is up to 373gh[11]. By employing SBA-15, a kind of
hexagonally ordered mesoporous silica, as a hangléte, the SSA can be as high as
239 nf g* [25]. However, this category involves to the immation and removal of
the template. Another category is top-down chemicathermal exfoliation of bulk
g-CsN4 [26-30]. Recently, ammonia molecules were foundtth bulk g-GN4 during
post thermal treatment process which resultederfdhmation of porous and ultrathin
g-CN4 nanosheets. For instance, Liaeg al. heated the bulk g48l; in NH;
atmosphere to prepare holey gNg nanosheets [28]. They proposed that during the
reaction with NH, bulk g-GN,4 gradually decomposes into gaseous products and the
released gas assists the expansion of the stackigNgayers, thereby resulting in
the formation of few-layer holey nanosheets withASf$ 196 nf g*, which is 32.6
times larger than that of bulk gs884. The hydrogen production rate of these holey
g-CsN4 nanosheets is 20 times higher than that of thie g/dsN4. In another work,
Yang et al. also obtained porous g, by heating the bulk counterpart in RIH

atmosphere [31]. The porous sample displays a B8 of 149 mg’. However, all



of the above-mentioned methods need additionatpeatment processes. Obviously,
a simple, direct and template-free strategy to lssize g-GN, with large SSA is
desired.

Inspired by the use of Npost-treatment in the preparation of porous atrathin
g-CsNy, in this work we tried to prepare g, with large SSA by one-step method
without passing over any etching gas. It is knohatt urea is a sort of nitrogen-rich
organic precursor, which can release massivg tiing the thermal condensation
process to form g-Dl, (Schematic 1) [32]. According to the above infotio, we
proposed a facile method to synthesize sjCwith large SSA by utilizing the
pyrolysis-generated NfHfrom urea under an enclosed condition. On one htrel
released-Nklparticipates in the condensation reaction to obtaik g-GN4 [32], and
on the other hand, the redundant J\éiches the crystal lattice to form the thinner
nanosheets with high SSA. The largest SSA of thaioéd g-GN, is up to 141.4 m
g™, which has significantly improved the photodegtamaperformance of rodamine
B (RhB) and the Kevolution rate.

2. Experimental section
2.1. Preparation of g-C3N4 samples

All chemicals were analytical grade and used euthfurther purification. The
g-CN4 samples were synthesized by a facile one-stepntiletreatment of urea
precursor. Typically, a certain amount (for insed® g) of urea in a 20 mL crucible
with a cover was put in a tubular furnace and heates50°C for 4 h under enclosed

ambient condition by keeping two perovskite plugsg inserted in both ends of the



guartz tube as shown in Schematic 1. It shoulddtedhhere that although the ends of
the tube were blocked, they were not completelyeseto prevent explosion. The
heating rate was 2.% min'. After cooling down to room temperature, the §N¢
samples were gained and denoted as ECD-CN. Focdhgparative analysis, the
sample synthesized under non-enclosed conditidmowitplugging the ends of quartz
tube was denoted as NCD-CN. Also, melamine andadidyamide (DCDA) were
used as precursors to synthesize bulkslyzdy the general method [33,34], and the

samples were denoted as M-CN and D-CN, respectively
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Schematic 1. The proposed reaction mechanism &pyholysis of urea into g0l
under enclosed condition.
2.2. Characterization

The microstructure of samples was observed by rmesson electron microscopy

(TEM, JEOL JEM-2010 FEF) operating at 200 kV. Thiekness of nanosheets was



characterized by atomic force microscopy (AFM, &gil afm5500). Crystal structure
was examined using X-ray diffraction (XRD, RigakunmFlexIl) with Cu Ka
radiation (A =0.15406 nm) at a scanning rate of 2 °/min. X-ray photoetatt
spectroscopy (XPS) measurements were carried owt dmmermo Escalab 250Xi
spectrometer equipped with AloKX-ray source. Nitrogen adsorption-desorption
isotherms were obtained on a specific surface &epsize analyzer (BeiShiDe
Instrument, 3H-2000PM2) with all samples being dsgd at 206C for 5 h prior to
the measurements. The special surface areas oflemamere calculated by the
Brunauer-Emmett-Teller (BET) method at a relativeresgure range of
p/p, = 003- 035, and pore size distributions were calculated alingrto the
Barrett-Joyner-Halenda (BJH) method. Fourier tramsf infrared spectroscopy
(FT-IR, Bruker Tensor 37) was measured using KBlefg UV-vis absorption spectra
were obtained on an UV-vis spectrophotometer (UDERE&himadzu) equipped with
an integrating sphere assembly.
2.3. Photoel ectrochemical measurement

Photoelectrochemical (PEC) test was carried awroelectrochemical workstation
(PAP versastat 4-200) in a standard three-electnoagel with Pt wire as the counter
electrode and Ag/AgCl (3.5 M KCI) as the refereetectrode. To prepare a working
electrode, g-eN4 samples synthesized under different conditionsevdeposited on a
10x10 mn¥ fluorine-doped tin oxide (FTO) substrate. 0.1 M8l@, was used as the
electrolyte and a 300 W Xe-arc lamp equipped withvelength cutoff filter

(A >400nm) was utilized as the light source. The frequen€yelectrochemical



impedance spectroscope (EIS) was ranged from 10@ toH100 kHz with the
alternating current signal amplitude of 10 mV.
2.4. Photocatalytic activity measurements

Photocatalytic activities of NCD-CN and ECD-CN saespwere investigated by
degradation of aqueous RhB under visible-lightdétail, 10 mg of photocatalyst was
dispersed in 60 mL of RhB aqueous solution (10 riy ih a double-deck quartz
reactor with circulating water cooling system tepe constant temperature. Prior to
irradiation, the suspension was magnetically stifi’r 60 min in the dark to ensure
absorption-desorption equilibrium on the photogatiakurface. The light source is a
300 W Xe-arc lamp equipped with 400 nm cutoff filt&t certain time intervals, 4 mL
of solution was sampled and centrifuged to remdwe photocatalyst. Then the
supernatant was extracted and measured on UV-estrsphotometer. Degradation
efficiency of RhB was evaluated by recording vamiaé of the absorption band
maximum (553 nm). The  removal ratio was  calculateds
n=(C,-C)/C,x100% = (A, - A/ A, x100% , where C, and A, are the initial
concentration and absorbency of RhB respectivalg @ and A are the revised
concentration and absorbency respectively aftadiation.

In addition, the photocatalytic performance wé& acharacterized by the water
splitting for hydrogen evolution under visible-ligiypically, 50 mg of photocatalyst
was dispersed in 50 mL of deionized water. Then/¥ 0% triethanolamine (TEOA)
was added serving as sacrificial electron donoramd % HPtClk aqueous solution

was added as the precursor of cocatalyst Pt thatinvaitu photoreduced during the



photocatalytic reaction. Afterwards, the solutioasndegassed with Ar for 30 min to
completely remove the air and subsequently seaesfudly. At last, the solution was
irradiated under a 300 W Xe-arc lamp equipped wittoff filter (A > 400 nm). The
photocatalytic H evolution rate was determined using an offline ga®matograph
(GC Smart GC-2018, Shimadzu).
3. Resultsand discussion
3.1. Sructure and mor phology

Crystalline structures of g«8l, for NCD-CN and ECD-CN samples are examined
by two feature signals on the XRD patterns. In Egj.the minor (100) peak relates to
the in-plane repeated tri-s-triazine units while thain peak (002) corresponds to the
inter-layer stacking of the conjugated aromatic Ghts [32]. As displayed in the
magnified XRD patterns in Fig. 1b and 1c, compawgtd NCD-CN, ECD-CN shows
an upshift of 0.3 of 20 for the (002) peak and a downshift of 0 fr the (100) peak.
According to the Bragg equatior2dsind = A, these shifts indicate that there are
evident in-plane extended distortion and intertagempressed distortion for the
ECD-CN sample. The inter-layer compressed distorsaggests that the distance
between each two layers, i.e., (002) planes spaémgmall, so the conjugated
aromatic system becomes denser, leading to an eethastructural connection via
enhanced van der Waals interaction between lay8&. [Such an enhanced
connection will result in a stronger overlap of ewllar orbits of aromatic sheet
stacks, which subsequently alters the band gap-©fN\g [36]. What's more, the

smaller full width at half maximum (FWHM) of the BECN sample than that of



NCD-CN sample indicates a better crystallinity &E[E=CN. For comparison, XRD
patterns of D-CN and M-CN are displayed in Fig. &learly, two characteristic
diffraction peaks corresponding to the (002) plane (100) plane were observed,
indicating that g-@N4s were synthesized successfully using differentcymsors.
Compared with D-CN and M-CN, ECD-CN still shows @wshift of 0.1° of 20 for
the (002) peak, suggesting that ECD-CN has smaikerlayer distance than the

samples synthesized by the general method.
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Fig. 1. (&) XRD patterns of g-Bl, samples synthesized in different conditions, and
enlarged view of (b) (100) peak and (c) (002) peak.

TEM bright field images of NCD-CN and ECD-CN sangpkee shown in Fig. 2a
and 2c, respectively. The platelet-like morpholagy clearly be observed for both
two samples, which indicates that the graphiticclstay structure has formed
successfully. Further observations on Fig. 2a retteat the NCD-CN sample is
composed of agglomeration of multilayers, resuliimg large thickness. In Fig. 2c,
for the ECD-CN sample synthesized in an enclosdai@arhatmosphere, the thickness

of the flake decreases significantly. Besides, lam@ mesopores of tens of



nanometers are distributed on the gNCnanosheets. AFM was conducted to confirm
the thickness evolution of gsN, samples synthesized in different conditions. lg. Fi
S2a, the thickness analysis by AFM reveals thahtight of NCD-CN ranges from
10 to 20 nm; whereas, the height of ECD-CN is alt®um as shown in Fig. S2b,
indicating that the enclosed condition can decrdasehickness of g-bl, effectively.
The thinner mesoporous nanostructures will enltdrgeSSA of g-GN4 and reduce the
diffusion length of photo-generated carriers, thgrpromoting the charge separation
during photocatalytic reaction. Fig. 2b and 2d shaihe selected area electron
diffraction (SAED) patterns of two g«8l, samples. It displays that both SAED
patterns are composed of two diffraction rings egponding to the (100) and (002)
planes of g-GN4, respectively [28], which is consistent with thBX results. Besides,
the ECD-CN sample shows much clearer and sharpgergstalline diffraction rings
than NCD-CN, indicating that the ECD-CN sample laadetter crystallization.
Simultaneously, TEM images of g, samples from different precursors were
shown in Fig. S3. The dark feature for both D-CN &+CN samples (Figs. S3a and
c) can be attributed to agglomeration of multilaganosheets. And from the SAED
patterns (Figs. S3b and d), the unclear polycryséadiffraction rings were observed,

indicating that g-GN,4 from general method has weak crystallization.



Fig. 2. TEM images and corresponding SAED patterns of(f@)NCD-CN and (c), (d)
ECD-CN.

XPS was conducted to study the chemical environraedtsurface stoichiometry.
The XPS survey spectra of NCD-CN and ECD-CN in Big.suggests that there is no
other impurity except the C, N and O elements. W@ in Fig. 3a, high resolution C
1s core level for both two samples can be decomedlinto three components. The
peak at 284.6 eV corresponds to the standard referearbon, the weak one at 286
eV can be attributed to the C-O species becausbeoincomplete condensation of
urea [37-39], and the peak centered at 288.1 e\beadentified as $gbond carbon
((N-)2C=N). The N 1s spectrum in Fig. 3b also consistshoée parts. The peak
located at 398.4 eV corresponds t3 kpbridized aromatic N (edge nitrogen atoms)
bonded to carbon atoms (C=N-C). The other two pe&ld®9.6 eV and 400.7 eV are
assigned to the $mybridized N (including inner nitrogen atoms amitlge nitrogen

atoms) bonded to carbon atoms in the form of N-@d NH, (NH2 or NH) groups



respectively resulting from the incomplete condénsaduring the heat treatment,
which agrees with the previously reported XPS tss[81,40]. The ratio of $pN
bonds to the sum of ¥\ and NH is 2.62 for the NCD-CN sample, and 2.76 for the
ECD-CN sample (listed in Table 1), respectiveldigating the less defects and better
extent of polymerization for the ECD-CN sample [4Nloreover, spbonded
nitrogen atom is the principle participant that tritnutes to band-gap absorption and

therefore is an extremely important part of thedtire.
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Table 1. Relative ratios of bond species of the NCD-CN B@&D-CN samples by N

1s spectral analysis.



3
C-N=C (S|§) N-(C),(sp) NHx spzlsum of

3
N 1s sp and
area % area % area %
NHy

NCD-CN 82313 724 16813 14.8 14558 12.8 2.62

ECDCN 15596.6 734 2396.6 11.3 3251.1 153 2.76

The role of different pyrolysis conditions on thlecular structure of g8, can
also be confirmed by FT-IR spectra as depictedign # Both the NCD-CN and
ECD-CN samples have the typical patterns ofsiLCWherein, the absorption bands
at wave number range of 1200-1700 care related to the typical stretching modes of
CN heterocycles. The broad bands in the range 80-3700 crt are indicative of
stretching vibration modes for the adsorbe®Hbr residual N-H vibration. The peak
at 810 crit is the characteristic breathing mode of the i@ ring system, and the
one at 888 ci is assigned to deformation mode of N-H [42]. Tharper absorbed
bands for the ECD-CN sample are due to the morereddpacking of polymeric
melon unit and the enhanced crystallinity [43], ethis accordance with the XRD and

TEM results discussed above.
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Fig. 4. FT-IR spectra of NCD-CN and ECD-CN.
The specific surface area information on the sysigesl g-GN, samples was
accessed by the nitrogen adsorption-desorptiohesais and Barrett-Joyner-Halenda
(BJH) pore-size distribution displayed in Fig. 5dafable 2. As shown in Fig. 5a,

adsorption-desorption isotherms of both two sammes of type IV (BDDT
classification), suggesting mesopores exist inly2CBrunauer-Emmett-Teller (BET)
surface area of the ECD-CN sample calculated atlative pressure range of
p/p,= 006- 035 is ca. 141.4 mg", which is much higher than that of the
NCD-CN sample with a SSA of ca. 57.4 gi*. Moreover, the hysteresis loop of the
ECD-CN sample shifts to the region of lower relatipressure and the area of
hysteresis loop becomes larger compared with thdJ¥G sample, indicating
enlarged mesopores formed in ECD-CN sample. FOE@R-CN sample, significant
enlargement of the nanopores can also be obsemvbeé ipore size distribution curve

shown in Fig. 5b. It can be clearly seen that tistridution curve of the ECD-CN



sample is quite broad. Especially, compared with NCD-CN sample, there is an
additional peak corresponding to the pores siz8fo 60 nm in the curve of the
ECD-CN sample. It indicates that the ECD-CN santale more pores, which makes
it have a larger pore volume of 1.014%cgt’ compared with the NCD-CN sample
(0.352 cmi g%). The larger pore volume may result from the latgember of in-plane
holes, as shown in TEM results. From the XPS regiiibles S1 and S2), the relative
ratio of lattice carbon atoms ((NE=N) to nitrogen atoms is 0.69 for the ECD-CN
sample, which is smaller than that of NCD-CN (0.7B)is suggests that there are
carbon vacancies in ECD-CN and these carbon vaemmoay be attributed to the
reaction between some carbon species ofN;@vith ammonia at high temperature
[28], which causes more in-plane pores and in-pxiended distortion in XRD for
ECD-CN. Frequently, large SSA and pore volume cakera plenitudinous contact
between catalyst and electrolyte and provide amindetive sites, so as to promote
the redox reaction and increase transport of ckatgereduce the recombination
probability of photoexcited carrierdhe specific surface area of gMNi from
melamine and dicyandiamide precursors were alscsuned and shown in Fig. S5.
The BET surface areas of D-CN and M-CN are 22%gh and 28.9 rh g,
respectively. The pore size distribution curve ig.FS5b displays that there is a
similar additional peak corresponding to the paies of 30 to 60 nm in the curve of
the M-CN sample compared to ECD-CN. However, dught lower distribution
volume of pore, the total pore volumes for D-CN aneCN are 0.208 cihg’ and

0.278 cni g*, respectively, which is much lower than that ofEECN.
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Table 2. Microstructure and photocatalytic properties ofC4N, synthesized in

different conditions.

ured yield S_c  pore volume HER
sample RhB®
@ (mg) (Mg “em’g) (nmol g* ™)
NCD-CN 10 450 S57.4 0.352 45% 131.8
ECD-CN 10 220 141.4 1.014 99% 504.2

2 The mass of urea precursdihe yield of g-GN, at certain mass of urea precurSor.
BET specific surface are.BJH desorption cumulative volume of poré&emoval
percentage of RhB after 10 min photodegradafibtydrogen production from water

splitting.

3.2. Microscopic mechanism of reaction path

To understand the influence of the enclosed camditn structure and morphology



during the pyrolysis and condensation process efusrecursor, a microscopic
mechanism of the reaction path of gNg was proposed as shown in Schematic 1 on
the basis of the results above and the references.

As shown in Schematic 1, as a precursor ofsiyzCurea contains multiple and
complicated reaction steps, and generates mangmatkates during the pyrolysis
process. Some intermediates are further involvethénreaction and are completely
consumed, while some other intermediates includiigs, H,O and CQ are
redundant. Therein, NH gas is the most important component of the
pyrolysis-generated atmosphere. On one hand, iheisessary to drive the O
elimination process to form the key intermediatefigh temperature, which at last
polymerize into graphitic carbon nitride. In the clsed condition, the
pyrolysis-generated NHgas doesn’'t quickly escape the system withouthéurt
reaction, which makes the less O element residumal, a better polymerization and
crystallinity than the NCD-CN sample which have hheenfirmed by the XRD and
TEM results. On the other hand, the redundang NHthe enclosed condition can
serve as the etching atmosphere to decompose thegdiisN, and form few-layer
and porous nanosheets with large SSA [28,31].

A series of comparison experiments were conduaembbfirm the mechanism of
the enhanced SSA by preparing gNg samples under different conditions. The
preparation conditions and the specific surfaceasarare listed in Table 3. In the
comparison experiments C1 and C2, nosbkCcan be obtained without the use of a

covered crucible, indicating that the initial condation reaction requires higher local



ammonia concentration. Therefore, it proves thae tpyrolysis-generated
self-supporting atmosphere (Nigas) is the key factor of converting urea to )L

In the comparison experiment C3 and C4, 30 mg oDMIIN samples were annealed
at 550°C and 450°C respectively for 2 h in the tubular furnace, anthe same time,
10 g of urea was placed in the capped cruciblénénttibular furnace to react in an
enclosed environment, i.e., NCD-CN samples wereealed in the environment of
preparation ECD-CN which provides NHIt is found that after the reaction, the
annealed NCD-CN samples disappear. Meanwhile gicdimparison experiment C5
the same mass (30 mg) of NCD-CN was annealed afG50r 2 h in the tubular
furnace under non-enclosed environment, i.e., NODwias annealed directly in air
without the existence of Nd-but with the existence of GOt is interesting that only
a small partial mass loss was observed in C5, whiely be due to the thermal
decomposition effect and can be ignored. C3, C4G@maxperiments prove that the
pyrolysis-generated Ndas plays a key role for continuously etchinggh@sN, and
even making it completely consumed. Besides, C&mxent excludes the etching
effect of HO vapor in the present reaction because that t@ ¥hpor cannot
effectively etch g-@N,4 in such a low temperature of 45Q [43]. Moreover, C5
experiment excludes the etching effect of ;0@ this reaction. In the comparison
experiments C6-C8, it shows that the weight of wleas not affect the specific
surface area of the final product, which may beahse that different weight of urea
does not significantly alter the concentration ak dgn the tube furnace due to the

larger volume and the in-complete seal of tubedoen In short, it can be concluded



that the pyrolysis-generated Migas plays an important role in synthesizings§tC
and etching it to provide larger SSA.

Table 3. g-CG3N4 synthesized in different experimental conditions.

tubular producec
reactant mass crucible other conditions SSA
furnace g-C3Ny4
in crucible
non-
Cl wurea 10g without - No -
enclosed
cover
in crucible
C2 urea 10g Enclosed without - No -
cover

10 g of ureain
NCD-C 30 outside the
C3 Enclosed the covered No -
N mg crucible
crucible, 550C

10 g of ureain
NCD-C 30 outside the
C4 Enclosed the covered No -
N mg crucible
crucible, 450C

NCD-C 30 Non-

C5 no in air 24 mg -
N mg enclosed
in crucible 141.9
C6 urea 59 Enclosed - 60 mg
with cover m* g*

C7 urea 89 Enclosed in crucible - 206 mg 1423



with cover ng*

in crucible 144.7
C8 urea 209 Enclosed - 166 mg
with cover m°g

3.3. Photocatalytic H, evolution and photodegradation

The photocatalytic activity was investigated byedéing the H evolution rate from
an aqueous solution under visible-light irradiation A >400 nm) using
triethanolamine (TEOA) as electron donor. As shawhig. 6a, the NCD-CN sample
has the H evolution rate of 131.8mol h* g*. In comparison, a remarkably enhanced
H, evolution rate of 504.gmol ' g* is achieved for the ECD-CN sample, which is
much superior by a factor of 3.8 to the NCD-CN sEm$imultaneously, durability is
another criterion for the practical applicationcén be clearly seen that there is no
obvious attenuation of photocatalytic, ldvolution rate for both the NCD-CN and
ECD-CN samples after 4 recycling runs, which maaas the photocatalytic activity
of synthesized g-§l4 samples is sustained.

The photocatalytic activity and stability of the GgN, samples were also
investigated by degradation of RhB under visibigHi Clearly seen in Fig. 6b, for the
NCD-CN sample, the removal percentage of RhB ig 8812% and 45.0% in the first
6 min and 10 min, respectively; while, for the ECDI sample, 96.1% RhB has been
degraded in the first 6 min and 99.0% RhB has lgmaded within 10 min, which
are much higher than that of the NCD-CN sample. dégradation stability on RhB

over the ECD-CN sample was determined by 4 cyctihgtocatalytic experiments



under the same conditions as shown in Fig. S6.r Afteecycling runs, the ECD-CN
sample maintains high photocatalytic activity, sating that the synthesized ghG

sample is stable enough.
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Fig. 6. (a) Photocatalytic Hevolution over the g-§Ns samples synthesized under
different conditions under visible-light irradiatio(i) ECD-CN, (ii) NCD-CN. (b) The
photodegradation of RhB within 10 min under visilight illumination.
3.4 Band structure and possible photocatal ytic mechanism

To depict band structure and photocatalytic meisima of the g-@N, samples, the
optical and electrochemical properties of gN¢ samples were conducted. The
UV-vis absorption spectra in Fig. 7a presents tiatenclosed circumstance leads to a
blue shift of absorption edge. The inset of Figsiiaws that the ECD-CN sample has
shallow color with respect to the NCD-CN samplee Tptical band gap of gs84
samples can be calculated by Tauc plot methodexiftonentr =2 as shown in Fig.
7b [44,45]. The obtained band gal) values are 2.81 eV and 2.94 eV for the
NCD-CN sample and the ECD-CN sample, respectiwvelych are typical values of
g-CsN4. The increase of band gap of the ECD-CN samplgr@ies from the reduced

thickness due to the quantum confinement effeavels as the enhanced structural



connection according to the XRD results [29,46].

Mott-Schottky analysis has been employed to detex the semiconductor type
and flat band potential of the @iy samples. The chosen frequencies in the
measurement were 1 kHz, 5 kHz and 10 kHz, respagtiand the Mott-Schottky
plots of both the NCD-CN and ECD-CN samples arelabi@ in Fig. 7c. The donor
density is calculated from the slope of théC? ~ E plot, and the flat band potential
is determined by extrapolating it t€ = 0. It can be seen clearly that the plot slopes
are positive for all frequencies, indicating artype semiconductor behavior for
g-CsN4 samples. The Mott-Schottky plot of NCD-CN showsnaaller slope than that
of ECD-CN, indicating a higher electron donor dgngor the ECD-CN sample.
Higher donor density is helpful for promoting phocatalytic performance because of
the increased electrical conductivity and mobiliy charges carriers [28]. The flat
band potentials are -0.78 eV and -0.87\s\NHE for the NCD-CN sample and the
ECD-CN sample, respectively. Since the conductiandb(CB) potentials ofi-type
semiconductors are very close to the flat bandnpietis [47], conduction band (CB)
and valance band (VB) edge can be deduced on #igs bfthe flat band potentials
and band gapH;) values gained from the UV-vis absorption plotshswn in Fig. 7d.

It shows that both NCD-CN and ECD-CN samples satite thermodynamical
condition for the photocatalytic splitting of watler hydrogen evolution. Also, The
CB edge position of the ECD-CN sample is 0.09 gyhér than that of the NCD-CN
sample from the band alignment in Fig. 7d. Accogdio the thermal dynamics

principle of photocatalytic water splitting for hyajen evolution, the ECD-CN has



higher hydrogen evolution ability than the NCD-Cahple, which is consistent with

the experimental results.
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Fig. 7. (a) UV-vis absorption spectra of NCD-CN and ECN-(nset: photographs
of g-GNy4 grains. (b) Tauc plots of both two samples. Thezioatal line marks the
baseline; the dashed lines are the tangents auilves. (c) Mott-Schottky plots of (i)
ECD-CN and (ii) NCD-CN collected at various frequers. The inset of (c) is the
magnified view of Mott-Schottky plot of NCD-CN. (BBand structure of the two

samples. The electrolyte is 0.1 M J$&, with pH of 5.86.

Electrochemical impedance spectroscopy (EIS) amahsient photocurrent
measurement were conducted to further study thenat mechanism of enhanced
photocatalytic performances of g, samples. Fig. 8a shows the experimental
Nyquist impedance plots of the NCD-CN and ECD-Chhgies. Since the semicircle

at high frequencies in the Nyquist diagrams is incoadance with the



electron-transfer-limited process and the semigirdiameter is equivalent to the
electron-transfer resistance [36], the ECD-CN sanfgls a more effective separation
rate of photo-generated electron-hole pairs arasterf interfacial charge transfer than
the NCD-CN sample due to the former has smallerradais on EIS Nyquist plot.
Besides, it can be obviously seen from Fig. 8b timater visible-light irradiation, the
photocurrent density of the ECD-CN sample increases0pA cm with respect to
the NCD-CN sample with photocurrent density of i&2 cm?. One reason for the
enhanced photocurrent density is that the ECD-QGNp$#a has much larger SSA and
pore volume than the NCD-CN sample, which incredsesamount of the active sites
and shortens the diffusion distance of photo-gdadralectron-hole pairs to promote
the separation of the carriers. Besides, bettestaltinity with fewer defects, which
are always considered as the trap and recombinatienters, reduces the

recombination of photo-generated carriers for tAt®ECN sample.
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Fig. 8. (a) EIS Nyquist plots. (b) transient photocurreesponse of NCD-CN and
ECD-CN.
As a result, considering the similar chemical cosifpans of both the NCD-CN

and ECD-CN samples, we provide the responsibleofacfor the enhanced



photocatalytic activities of the ECD-CN sample.sBHy, the most important factor is
that the much higher SSA provides more exposedesites to the solution for the
redox reaction. Meanwhile, the lower thickness w1 the diffusion length, which is
beneficial for the rapid transport and separatibrthe photogenerated carriers to
accelerate the photocatalytic reaction in kinet8scondly, the ECD-CN sample has a
higher CB edge location as well as a lower VB etigmtion than the NCD-CN
sample, displaying a much higher degradation apd\weélution capability. Thirdly,
the enclosed condition enhances the polymerizaiahcrystallinity and decrease the
number of defects of g48l4, which restrains the recombination of photo-geteera
carriers, thereby improve the photocatalytic atibei
4. Conclusions

In conclusion, a thin porous g8, with large SSA was prepared using facile
one-step method by condensation of urea in an sedleondition. The generated
NH;3 not only self-supports the polymerization of gNe during the pyrolysis process,
but also exfoliates the bulk g8, into ultrathin and porous nanosheets producing a
high SSA of 141.4 g, which is appropriate 2.5 times the SSA of the NC®
sample. Accordingly, the ECD-CN sample exhibits acimhigher photodegradation
rate on RhB (99.0% within 10 min) and hydrogen picibn efficiency (504.2umol
h™* g%) under visible-light due to the more exposed acsites and rapid transport and
separation of the photogenerated carriers. Besitlhes,better polymerization and
crystallinity also contribute to the improved pheatalytic activity of the ECD-CN

sample. This work can provide a simple approachiesigning and preparing an



efficient and sustainable visible-light-driven pbcatalyst.
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