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ABSTRACT

It is of vital importance to construct highly interconnected, macroporous photocatalyst to improve its
efficiency and applicability in solar energy conversion and environment remediation. Graphitic-like
C3N4 (g-C3Ny), as an analogy to two-dimensional (2D) graphene, is highly identified as a visible-light-
responsive polymeric semiconductor. Moreover, the feasibility of g-C3N4 in making porous structures
has been well established. However, the preparation of macroporous g-C3N, with abundant porous net-
works and exposure surface, still constitutes a difficulty. To solve it, we report a first facile preparation of
bimodal macroporous g-C3N4 hybrids with abundant in-plane holes, which is simply enabled by in-situ
modification through thermally treating the mixture of thiourea and SnCl, (pore modifier) after rotary
evaporation. For one hand, the formed in-plane macropores endow the g-C3N4 system with plentiful
active sites and short, cross-plane diffusion channels that can greatly speed up mass transport and trans-
fer. For another, the heterojunctions founded between g-CsN4 and SnO, consolidate the electron transfer
reaction to greatly reduce the recombination probability. As a consequence, the resulted macroporous g-
C5N4/Sn0, nanohybrid had a high specific surface area (SSA) of 44.3 m?/g that was quite comparable to
most nano/mesoporous g-C3N4 reported. The interconnected porous network also rendered a highly
intensified light absorption by strengthening the light penetration. Together with the improved mass
transport and electron transfer, the macroporous g-C3N4/Sn0O, hybrid exhibited about 2.4-fold increment
in the photoactivity compared with pure g-CsN,4. Additionally, the recyclability of such hybrid could be
guaranteed after eight successive uses.

© 2018 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

trochemical kinetics of the photoactive materials [18], and this
rate-limiting charge transfer reaction is closely related to the sur-

Photoenergy conversion offers a practical solution to the ever
increasing energy and environmental issues [1-3]. Generally, the
reactivity of a photoenergy conversion system depends heavily
on its physicochemical and electrochemical structures, which can
influence a series of photophysical events (i.e., photon absorption,
exciton formation, charge transfer, and catalytic surface reactions)
[4-11]. Steady progress is being made in developing new photoac-
tive materials with tailored functions, particularly when visible
light is used [12-17]. As the core of photocatalysis, charge transfer
at the solid/water interface has been proven to dominate the elec-
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face concentrations of carriers and reactants. On this basis, increas-
ing effort has been devoted to construct hierarchical porous
nanostructures, which will undoubtedly endow the photoactive
materials with better solar absorption and electron transfer abili-
ties [19-21]. In detail, the effectiveness of the nano- and meso-
pores is strongly associated with the large accessible surface
area, thereby offering more active sites or interfacial area for car-
rier generation and charge transfer [22-24]. While the advantage
of macropores is that they can offset the transport limitations in
pure nano- or mesopores, through facilitating the diffusion kinetics
of reactants and products for significant mass transport [25,26]. In
addition to the improved charge transfer reaction, an enhanced
light harvesting capability can be ensured due to the multireflec-
tion within interconnected open networks. Among the studied por-

2095-9273/© 2018 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.


https://doi.org/10.1016/j.scib.2018.12.015
mailto:zhhuang@mail.tsinghua.edu.cn
mailto:luning.wang@ustb.edu.cn
mailto:luning.wang@ustb.edu.cn
https://doi.org/10.1016/j.scib.2018.12.015
http://www.sciencedirect.com/science/journal/20959273
http://www.elsevier.com/locate/scib

Y. Chen et al./Science Bulletin 64 (2019) 44-53 45

ous photocatalysts, nano/mesoporous systems have constituted
the major part, but they are still deeply limited by the narrow pore
sizes that are not effective for significant mass transport and access
[27]. Making highly macroporous system seems a satisfactory solu-
tion of this aspect, especially when the issue on the significant loss
of specific surface area (SSA) is well addressed. Therefore, a hierar-
chical porous system with well-developed macroporosity is highly
sought after.

Carbon-based materials stand out as an exciting porous struc-
ture, and the pores can be produced and tuned during the car-
bonization of large molecules (e.g., polymers, biomolecules).
Graphitic carbon nitride (g-CsN4), in particular, has emerged as a
front runner because of its suitable bandgap (~2.7 eV), chemical
stability, as well as the ease of making thin-layer nanosheets and
porous structures [16,28-35]. So far, porous g-CsN4 has shown
great photocatalytic capabilities in visible-light water splitting,
CO, capture, disinfection and etc. [17,36-41]. The pores of mostly
studied g-C3Ny4 arise from pyrolysis of carbon precursors, but with
poor porosity. Further attempts have been carried out to employ
hard or soft templates in yielding a variety of nano- and/or meso-
porous g-C3N4 architectures. Table 1 gives a detailed comparison of
the various porous g-CsN, in the field of photocatalysis. The use of
hard templates is appealing for synthesis of well-ordered or uni-
form pores, but usually adds an impediment as regards the costly
functionalized templates and complex removal procedures. The
soft templates, on the other hand, are apt to decompose completely
upon elevated thermal treatment, but the extra carbon yield tends
to weaken the reactivity by hiding some active sites of the cata-
lysts. Apart from such cases, there are few examples on preparing
porous g-C3N,4 with high macroporosity, especially considering the
beneficial effect of macropores in enhancing the mass transport/-
transfer and light absorption [42]. Therefore, it is necessary to fin-
ger out a scalable solution to synthesize high-performance
macroporous g-C3N4 system for efficient solar energy conversion.

In this context, we report a first facile synthesis of bimodal
macroporous g-C3N,4/SnO, nanohybrids with enhanced photocat-
alytic activity. It utilizes thiourea as the g-C3N, precursor, SnCly
as the pore modifier (Fig. 1). A homogeneous mixture of thiourea
and SnCl, was first prepared by rotatory evaporation of their aque-
ous solution, and then underwent thermal treatment at 550 °C in

air. During this process, decomposition-polymerization of thiourea
took place to give the formation of g-C3N4. As recognized, simple
pyrolysis of thiourea is not likely to do a good job because of the
poor porosity. Here, the involvement of SnCl, could encourage a
great modification over the pristine g-CsN4 on account of its
decomposition. According to some reported work, the hydrolysis
product of SnCl, could be partly identified as hydrous SnO, and
HCL. The release of gaseous HCl and more H,O could act both as
an etchant and a soft template to tune the pore formation. The
co-product, SnO,, was then coupled with g-CsN4 to render the for-
mation of g-C3N4/SnO, hybrids. As a consequence, the obtained
hybrids exhibited a high macroporosity with a pore volume of
2.638 cm?/g, and SSA up to 44.3 m?/g, a value comparative to that
of nano/mesoporous g-CsN,4 [43,45,49,51]. Taking advantage of the
high macroporosity, g-C3N4/SnO, hybrids displayed effective light
harvesting, large interfaces for fast charge transfer, as well as wide
open networks for mass transport. Therefore, great enhancement
of photoactivity was achieved by the obtained hybrids towards
visible-light degradation of organic waste. Moreover, long-term
stability could be guaranteed after several repeated runs. In view
of these merits, the fabrication of macroporous photocatalysts with
high SSA could form the basis of a stable and efficient photoconver-
sion system.

2. Experimental
2.1. Preparation

SnCl4-5H,0 and 10.8 g of thiourea were mixed in a mass ratio of
1:50, 1:40, 1:30, 1:20, and 1:20, respectively. The mixture was sep-
arately dissolved in 80 mL of deionized water under continuous
stirring for 1 h. Subsequently, the solution was concentrated to
dryness by rotatory evaporation at 60 °C. The dried mixture was
then put into a crucible with a cover and calcined at 550 °C for
2 hin a muffle furnace, with a heating rate of 10 °C/min. The result-
ing yellow product was collected and ground into powders for fur-
ther use. The corresponding product was denoted as Hybrid V,
Hybrid 1V, Hybrid III, Hybrid II, and Hybrid I, accordingly. Pure g-
C3N4 and SnO, were also gotten by this method for comparison.

Table 1
Comparison of the reaction conditions and pore structures for the typical g-C3N4 samples.
Sample Reaction precursor, temperature, Template Pore status SSA Pore volume Average pore size Refs.
time & atmosphere requirement (m?g) (cm’[g) (nm)
Bulk g-C3N4 (general Varied Free Poor porosity <10 - -
condensation)
Bulk g-C5Ny Dicyandiamide, 560 °C, 2 h, N, PSB* removed with Mesoporous ~37 ~0.28 ~36 [43]
NH4HF,
Bulk g-C5N4 Melamine, 600 °C, 4 h, Ar P123, self- Mesoporous ~90 - ~15 [44]
dissolved
g-C3Ny4/Ag3P04 Urea, 550 °C, 4 h, air No template Mesoporous ~21 ~0.083 ~16 [45]
g-C3N4 tubes Melamine, 600 °C, 4 h, air SiO,, removed with  Meso/macroporous ~107 - One: ~10; the [46]
HF other:~50-90
Bulk g-C3N4 (enclosed Urea, 550 °C, 4 h, Air Free Mesoporous ~141 ~1.041 30-60 [47]
condensation)
g-C3Ny ultrathin Melamine & glutaraldehyde, 800 °C, Cyanuric acid, self- Mesoporous ~84 - ~3 48]
nanosheet 2 h, Air dissolved
Brookite/anatase TiO,/g- Hexadecylamine, 550 °C, 4 h, N, Free Mesoporous ~37 ~0.2 ~18 [49]
C3Ny
8-C3N4/TiO, Melamine, 550 °C, 2 h, Air Free Meso/macroporous ~70 ~0.193 One: ~10; the [50]
other:>50
TiO, trapped g-CsN4 Dicyandiamide, 560 °C, 2 h, N, PSB, removed with ~ Mesoporous ~63 ~0.29 ~20 [43]
NH4HF,
g-C3N,4 beads Dicyandiamide, 530-600 °C, 2 h, N,  PSB, removed with Meso/macroporous ~58 ~0.15 30-90 [51]
NH4HF,
g-C3N,4 nanosheet Melamine, 550 °C, 4 h, air & 500 °C,  Free Mesoporous ~190 ~0.61 5-25 [52]

2 h, air

2 PSB for porous SiO, beads.
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Fig. 1. (Color online) Schematic illustration of the facile design of the highly macroporous g-CsN, system. (a) Homogeneous mixing of thiourea and SnCl, by rotatory
evaporation. (b) Pyrolysis of thiourea modified by decomposition of SnCly. (c) Final production of the highly macroporous g-C3N, system due to large amount of gas release.

2.2. Characterizations

The morphology was observed using scanning electron micro-
scope (SEM, FEI Quanta 200), high resolution transmission electron
microscope (HRTEM, JEM-2100F) equipped with an X-ray energy-
dispersive spectrometer (EDS, Oxford EDS X-MaxN80T). Thermo-
gravimetric (TG) analysis was carried on TA-SDTQ600 thermal ana-
lyzer. The X-ray diffraction (XRD) patterns were recorded on the
Ultima IV X-ray diffractometer with Cu Ko radiation. The Fourier
transform infrared spectroscopy (FTIR) of these samples was
recorded on Excalibur 3100 IR spectrometer using a KBr pellet
technique. The Raman spectra were measured at a dispersive
Raman spectrometer in Via-Reflex. The X-ray photoelectron spec-
troscopy (XPS) measurement was performed by a monochromatic
Al Ko X-ray radiation (1,486.6 eV). The porous structure was inves-
tigated by nitrogen-adsorption— desorption (QUADRASORB Si).
UV-Vis absorption spectra were recorded with Cary 5000 Varian
spectrophotometer. Photoluminescence (PL) of the samples mea-
surements were run on an F-4500 fluorescence spectrophotometer
with an excitation wavelength of 365 nm. Photocurrent measure-
ments were conducted in a conventional three-electrode cell sys-
tem by using a CHI660E electrochemical station. The cleaned
indium tin oxide (ITO) glass deposited with samples, a Pt mesh,
and a saturated calomel electrode (SCE) were respectively used
as working electrodes, counter electrode, and reference electrode.
A 0.1 mol/L Na,SO4 was used as the electrolyte (pH 6.84). The pho-
toelectrode was illuminated with AM 1.5G simulated sunlight
(100 mW/cm?). The total organic carbon (TOC) concentration was
measured using TOC analyzer (TOC-VCPH, Shimadzu).

2.3. Photoactivity evaluation

2.3.1. Physical adsorption

A 5 mg of the as-prepared sample was dispersed in methylene
blue (MB, 0.01 mmol/L, 50 mL) aqueous solution in the dark over-
night to obtain an adsorption-desorption equilibrium, and then
one aliquot was withdrawn and tested by UV-Vis
spectrophotometer.

2.3.2. Photocatalytic performance

After the adsorption-desorption equilibrium, the as-prepared
sample was collected and dispersed in a new fresh solution of
MB (0.01 mmol/L, 50 mL) again. The solution was illuminated with
AM 1.5G simulated sunlight (100 mW/cm?). At a given time inter-
val of irradiation, small aliquots were withdrawn and measured by
UV-Vis spectrophotometer.

3. Results and discussion

The morphology and macrostructure of the as-prepared sam-
ples were investigated in SEM (Fig. 2) and TEM (Fig. 3) images. In
contrast to the dense stacking structure of bulk g-C3N4 (Figs. 2a
and 3a) by direct polycondensation of thiourea, the hybrids were
comprised of loose and small aggregates with many pores
(Figs. 2b—f and 3b-f). Notably, the structure of Hybrid II (Fig. 2b)
appeared to be more loose and porous than that of others, and a
large number of in-plane holes could even be clearly observed in
the HRTEM image with the diameter of 50-200 nm (Fig. 3b). A
selected area electron diffraction (SAED) pattern revealed the poly-
crystalline nature of g-C3N4 (inset, Fig. 3a—f). Pure g-C3N,4 displayed
two distinct diffraction rings indexed to the (100) and (002)
planes, respectively (inset, Fig. 3a) [20,51]. Such clear and sharp
rings could also be found in the less-doped Hybrid V (inset,
Fig. 3b). But as more SnCl4 was added, the polycrystalline diffrac-
tion rings became increasingly blurred and vague, until the very
vague rings were seen in Hybrid I (Fig. 3f). The unclear diffraction
rings suggested a weakened crystallization in the hybrids, and the
reason was further explored by TG analysis. As shown in Fig. S1
(online), the initial weight loss temperature of the hybrids was
lower than that of pure g-C3N,4, and gradually declined from Hybrid
V to I. The weaker thermal stability of the hybrids suggested that
the introduction of precursor SnCl, caused weakened cross-
linked rings of g-C3Ng4, and increased its oxidation degree [53],
which thereby explained the loss of crystallization.

The HRTEM images of representative Hybrid II (Fig. 3g and h)
further confirmed the polycrystallinity of g-C3Ny4, as well as the
presence of high crystalline SnO,. In Fig. 3h, the locally magnified
image of SnO, nanoparticles revealed the lattice fringes with basal
distances of 2.64 A, corresponding to the (1 1 0) lattice spacing of
tetragonal SnO,. Moreover, the scanning transmission electron
microscopy (STEM) image and the corresponding elemental map-
ping (Fig. S2 online), clearly indicated the expected homogeneous
spatial distribution of SnO, over g-C3N,4 network. Herein, proper
addition of SnCl, in the precursors would lead to a modification
over the pore structure of the obtained g-C3N,4, and the modified
structure provides a logical opportunity to improve the photo-
chemical and photophysical behaviors inside it by enlarging the
transfer/transport pathways as well as accessible sites.

The structure was further examined by a combined analysis of
XRD and FTIR. In Fig. 4a, the XRD patterns of pure g-C3N4 featured
two pronounced diffraction peaks at 12.8° and 27.5°, which could
be assigned to the (00 2) and (1 0 0) plane, respectively [54]. It is
well acknowledged that g-C3N4 is constructed via tri-s-triazine
units. As depicted in Fig. 4a, the minor (1 00) peak corresponds
to the in-plane repeated tri-striazine units, while the main peak
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Fig. 3. TEM images of pure g-C3N4 (a), Hybrid V (b), Hybrid IV (c), Hybrid III (d), Hybrid II (e), and Hybrid I (f). Insets are their corresponding SAED patterns; (g, h) HRTEM

images of the SnO, and g-C3N4 nanograins in Hybrid II.

(0 02)is relevant to the interlayer stacking of the conjugated aro-
matic segments [47]. Compared with pure g-C3N4 the (100)
diffraction peak totally disappeared in the hybrids, while the inten-
sity of (0 0 2) peak showed a gradual decrease until it was signifi-
cantly weakened in Hybrid 1. This result indicated that the
involvement of precursor SnCl, would partially destroy the graphi-
tic structure, and cause some alteration either to interlayer stack-
ing or to interplanar structural packing [55]. The reduced
crystallization also agrees well with the TEM observation. Besides,
the (0 02) peak was somewhat broadened in the hybrids, which
was a sign of the confined growth of the g-C3N, matrix under the
rich gaseous atmosphere. On the other hand, no obvious diffraction
peaks featuring SnO, were detected in the hybrids, possibly
because of the very small amount of it.

Fig. 4b showed a comparison of the FTIR spectra of the as-
prepared samples. In the case of pure g-C3N4, the dominant bands
in the 1,200-1,650cm™! region stemmed from the stretching

modes of the aromatic C—N heterocycles. The sharp peak at
810 cm ! revealed the formation of heptazine rings as the building
unit of the g-C3N4 network. In addition, the stretching vibrations of
O—H and N—H groups covered a broad region around 2,700-
3,500 cm ™!, which were mainly ascribed to the surface N—H resi-
dues and absorbed H,0 [56]. For pure SnO, (Fig. S3 online), there
were two characteristic peaks of Sn—O0 at about 530 cm™' (Sn—OH
bond stretching) and 640 cm~! (the vibration of Sn—O0—Sn bonds)
[57,58]. As for the hybrids, the peaks typical of g-C3N4 were mostly
observed, but those featuring SnO, were too weak to be clearly
detected.

XPS measurement is a useful tool to investigate the chemical
states and the chemical composition of the hybrids. Fig. S4a
(online) compared the XPS survey spectrum for the pure g-C3Ny4
and the representative Hybrid I. As expected, the aforementioned
Hybrid I was mainly composed of C, N, Sn, and O elements, on con-
trary to the only presence of C, and N elements (with negligible O)
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Fig. 4. (Color online) XRD (a), IR (b), C 1s (c) and N 1s (d) XPS spectra of the as-prepared samples.

in pure g-C5N4. The trace amount of O most likely originated from
adsorbed H,0 molecules. The high-resolution C 1s and N 1s XPS
spectra for the obtained g-CsN4 and Hybrid I were presented in
Fig. 4c and d. The C 1s spectrum for g-C3N4 consisted of two fea-
tures of binding energy values positioned at 284.8 and 288.3 eV
(Fig. 4¢) [59,60]. The minor peak at 284.8 eV was typically assigned
to the sp? C=C bonds. The main contribution peak whose maxima
were situated at 288.3 eV, corresponded to N=C—N coordination in
the s-triazine aromatic ring attached to NH, group. By comparison,
Hybrid I exhibited a broader feature in the C 1s peak that was fitted
with four components. The peaks at 284.9 and 286.5eV were
attributed to the C=C, C—N coordination between aromatic rings,
and the two peaks at 287.6 and 288.8 eV could be identified as
N=C—N coordination. The deconvolution of C 1s peak from two
to five peaks with binding energies at approximately 284.6,
285.9,287.7 and 288.2 eV, has been mentioned in previous reports,
but the relative changes among these different components at dif-
ferent percentage of nitrogen are not clearly understood yet [61-
63]. While in the N 1s spectra (Fig. 4d), the N 1s peak of g-C3N,4
was decomposed into three components at 398.7, 399.3, and
400.9 eV, corresponding to sp>-hybridized nitrogen (C=N—C, edge
N atoms), tertiary nitrogen (N—(C)s, inner and bridge N atoms) and
amino functional groups ((=N—H) caused by incomplete conden-
sation, respectively (Fig. 5a) [47]. Similar results were also noticed
with Hybrid I, but it was notable that the N 1s peak of Hybrid I
moved to a lower binding energy ((=N—C at 398.3 eV, and C=N—H
at 400.5 eV) when compared with that of pure g-C3N4. This sug-
gested an interfacial interaction across the components in the
hybrids.

Here, the presence of SnO, in the hybrids was further confirmed
by the high-resolution Sn 3d and O 1s spectra. In the Sn 3d spectra
for SnO, and the hybrids (Fig. S4b online), two symmetrical peaks
at 486.6 and 494.9 eV were attributed to Sn 3ds, and Sn 3d3)p,,
respectively [64]. This was in fairly good accordance with the
energy splitting reported for SnO, [65]. In line with Sn 3d spectra,
the O 1s spectra (Fig. S3c online) showed a XPS peak at approxi-
mately 530.4eV for both SnO, and the hybrids, which corre-
sponded to the oxygen species in the reported SnO,. Moreover, a
slight upward shift of the peak was displayed by the hybrids com-
pared with pure SnO,, which was another evidence of the interfa-
cial interaction between the g-C3N4 and SnO, [66].

The Raman spectra were also investigated to confirm the pres-
ence of Sn0, in the hybrids. As displayed in Fig. 5b, pure g-CsN4
exhibited several typical peaks at about 708, 978 (the triazine
skeletal vibration), and 1,234 cm™! [67]. While for pure SnO,
(Fig. S5 online), the spectrum was characterized by the presence
of three peaks located at 476, 631 and 771 cm™!, indexed to E,,
Aig and B,g vibration modes, respectively [68]. Note that the
Raman bands for the hybrids contained the respective peaks of
both g-C3N, and SnO,, which confirmed the coexistence of g-
C3N4 and SnO; in the hybrids.

The pore structures and the Brunauer-Emmett-Teller (BET) sur-
face area of the as-prepared samples were measured by N,
adsorption-desorption measurements at 77 K. As expected, the
hybrids possessed a much larger BET SSA than that of pure g-
C3N4 (Fig. 5¢). In detail, the SSA values increased in the following
order: g-C3N4 < Hybrid I < Hybrid V < Hybrid IV < Hybrid III < Hy-
brid II. Particularly, the SSA of Hybrid II was determined to be



Y. Chen et al./Science Bulletin 64 (2019) 44-53 49

(a)

b
(b) % o5 1234 CN

NH, NH, NH, - -l
N)§N N)§N )\N w”‘ | A Hybrid V
A A P . N A
N. NN N. NN N. NN 35 Hybrid IV
HN)‘N’*N’)\N)\N’)\N’*N)\N’ N’)\NHZ s
N)§N N)§N N)§N g Hybrid 11l
[ | [ =
VS Sy * DA
HZN*N’)\N'J\E)\N')\N'*H NZ N7 NH, Hybrid
N: edge nitrogen atoms N: inner nitrogen atoms N: bridge nitrogen atoms 400 860 12'00 16IOO 2000
Raman shift (cm=")
d -
: o s Gy
= Pl Hybrid V
o o :
40} 3 P o &
S E : : !
~ o) : .
= sl 2 ?:a.,%?a"??, Hybrid IV
< E e w
()] ) i :
» o & ° Hybrid Il
D - .
@ 2 v Hybrid Il
10F N 2 4
© : d
[ - ; 3, Hybrid |
0= 2 S N = - e? an
S SR I N R 10' 102 10° 10° 10°
N S N L X .
'S = > < T Pore diameter (nm)

Fig. 5. (Color online) Physicochemical characterizations of the as-prepared samples. (a) Supercell modal of monolayer g-CsNy4 in a segment with SiC heptazine units. Raman

spectra (b), the BET SSA (c), and PSD (d) of the as-prepared samples.

44.3 m?/g, which was 6.5 times higher than that of g-C5N,. Fig. 5d
displayed the pore size distribution (PSD) curves of the samples.
We could see that g-C3N4 had a quite broad distribution of macro-
pores with size ranging from tens of nanometers to several thou-
sand nanometers, and no significant presence of mesopores or
micropores was observed. Such macroporous structure might orig-
inate from the random interstitial holes caused by aggregates of
massive g-C3Ny4 particles [69]. By comparison, the PSD was largely
narrowed down, and became distinctly bimodal for the hybrids
with the two peaks denoted as P1 and P2. The total pore volume
of Hybrid II here was determined to be ~2.638 cm?/g, a value much
higher than the 0.875cm?®/g for g-C3N4 Note that this value
together with the SSA was quite exciting for the macroporous g-
C3N4, which was comparable to those realized by templating
methods.

It should also be pointed out that the extremely high pore vol-
ume of Hybrid Il might be derived from a large number of in-plane
holes and loose aggregation of g-CsN,4 layers. As proposed in Fig. 1,
the additional precursor SnCl, played an important role in the for-
mation of the highly macroporous g-CsNy4. The plenty of bubbles
released from the decomposed SnCl; would act as an etchant and
soft template, which were able to penetrate the g-C3N4 network
to minimize the agglomeration and also helped to produce the
3D interconnected porous structures. Hence, the reduced agglom-
eration led to the disappearance of the quite large holes with the

size of 700-4,000 nm in pure g-C3N4, and gave rise to the bimodal
P1 and P2. Furthermore, with increased bubble etching from
Hybrid V to II, the small holes (P1) were expanded, and large ones
(P2) were downsized. Thereby the PSD became narrow to give ele-
vated SSA. We could also clearly see that the pore size of P1
(Hybrid II, Fig. 5d) was quite consistent with the in-plane holes
in TEM observation (Fig. 3b). It was apparent that Hybrid II pos-
sessed a much narrow PSD, which well explained its highest SSA.
However, when overdose of precursor SnCl, was added, the exces-
sive bubble release would result in quite expanded holes (for both
P1 and P2) as in Hybrid I, and greatly reduced its SSA. More
detailed comparisons on the BET surface area and PSD were pre-
sented in Table 2. Here, the resulted high accessible surface area
and interconnected pore openings were bound to promote the
kinetics of photocatalytic reaction by enlarging the accessibility
of diffusing species as well as facilitating mass transfer and
transport.

The highly macroporous structure is thought to exert a great
effect on the UV-Vis absorption of the as-prepared hybrids. In
Fig. 64, it was found that the absorption intensity showed a gradual
increase with increasing the SnO, content in hybrids, and the
strongest seen with Hybrid II. Meanwhile, a remarkable red shift
of the absorption edge was observed in Hybrid I (410 nm) com-
pared with pure g-CsN4 (386 nm). The increased intensity indi-
cated that the continuous macropore channels would be in great
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Table 2
Physical and structural properties of the macroporous samples.

Sample SSA (m?[g) Pore size (nm) Total volume (cm?/g) Adsorption of MB (%)

g-C3Ny 6.662 P1: 50 0.875 203
P2: 350
The other: 700-4,000

Hybrid V 22.024 P1: 60 1.275 36.2
P2: 580

Hybrid IV 33.851 P1: 60 1.732 39.2
P2: 480

Hybrid III 36.238 P1: 90 1.736 47.5
P2: 400

Hybrid Il 44342 P1: 100 2.638 72
P2: 430

Hybrid [ 14.336 P1: 110 1.062 25.7
P2: 800

favor of light penetration into the solid samples and that larger vol-
ume of moderate macropores led to deeper optical penetration. For
Hybrid I, the extended absorbance was considered to arise from an
enhanced electron delocalization through charge transfer to reduce
the band energy. Thereby, the intensified light absorption in the
hybrids could possibly provide more photocharges needed for the
photocatalytic reactions.

The photocatalytic performance of the prepared samples was
evaluated in degrading MB under simulated sunlight irradiation
(100 mW/cm?). Ahead of that, the adsorption properties of MB
onto the surface of the different samples were tested, as it is an
important step in photocatalytic degradation [70]. After
adsorption-desorption equilibrium in the dark overnight, the
remaining concentration fractions of MB were gotten from UV-
Vis absorption measurements (Fig. S6 online). Table 2 also listed
the adsorption changes in detail. As it showed, only 21.6% was
adsorbed by pure g-C3N4, whereas a large amount of MB up to
66.6% was adsorbed on the framework of Hybrid II. The result coin-
cided well with the SSA changes. When it came to the photocat-
alytic efficiency (Fig. 6b), it was found that negligible
degradation took place during the dark, and during light on, MB
remained almost stable in the absence of any catalyst. Under the
action of the as-prepared samples, the photoreactivity (C/Cy) fol-
lowed an order of SnO, (26%)<g-C3N4 (35%) < Hybrid 1 (53%)
< Hybrid V (59%) < Hybrid IV (65%) < Hybrid III (71%) < Hybrid II
(85%). To investigate the mineralization degree of MB in the photo-
catalytic reaction, the concentration of TOC under the action of
Hybrid Il was measured, as shown in Fig. 6¢. It can be seen that
after 100 min reaction the TOC were removed almost by 98%, from
the initial 4.85-0.09 mg/L. An analogous conclusion could be made
on the improved photoreactivity, which emphasized the impor-
tance of increased macropores. The high macroporosity could not
only provide sufficient light penetration and surface reactive sites,

(b)

but enabled efficient electron transfer pathway and fast mass
transport through the short diffusion/transfer distance due to the
interconnected network. In addition, charge separation across the
abundant g-C3N4/Sn0, interfaces also contributed greatly.
Photoluminescence (PL) intensity, representative of radiative
charge recombination, was applied as an indirect evidence to
investigate the charge separation. It could be clearly seen from
Fig. 7a that the PL emission of all the hybrids was quenched greatly
compared with that of pure g-C3Ng4, revealing that the probability
of photocarrier recombination was largely inhibited. Moreover,
an upward trend was witnessed in the inhibition degree as the
SnO, content increased in the hybrids. The ~90% PL quenching in
the hybrids clearly implied the photoinduced electron transfer pro-
cess across the interface [71,72], and also the larger contacted area
between g-C3N,4 and SnO, offered higher efficiency of the electron
transfer. The significant reduction in Hybrid I indicated the stron-
gest electron transfer between g-CsN4 and SnO, moieties due to
the increased amount of SnO, moiety, and this result necessarily
explained the largely extended absorption with Hybrid I as
Fig. 6a showed. Similar result could also be found in photocurrent
response tests under chopped illumination (100 mW/cm?) in
Fig. 7b. The remarkably enhanced photocurrent generation of
Hybrid II could be attributed to the large number of in-plane
macropores, which greatly facilitated the mass transfer and
improved the charge separation efficiency. Herein, the enhanced
light absorption along with the reduced recombination rate pro-
mise to afford the hybrids with improved photocatalytic activity.
Scavenger tests were performed to quench the reactions, hence
to evaluate the contribution of the oxidative species to pho-
todegradation. The results (Fig. 7c) showed that the addition of
tert-butyl alcohol (TBA), -OH scavenger, reduced the reactivity by
~42%, while the addition of superoxide dismutase (SOD), O3. scav-
enger, reduced the reactivity by ~37%. It is highly recognized that
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Fig. 6. (Color online) UV-Vis absorption spectra (a) and photocatalytic degradation (b) of MB using the as-prepared samples under solar light. (c¢) TOC concentration changed
under the action of Hybrid II after 100 min of solar light irradiation. Solar light intensity in all measurements is 100 mW/cm?.
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Fig. 7. (Color online) PL emission spectra (a), and photocurrent vs. time plots (b) at 1.23 V (vs. RHE) under chopped illumination (100 mW/cm?). (c) The reactivity inhibition
of MB degradation in the presence of scavengers (10 mmol/L of TBA as -OH scavenger, 10 mmol/L of SOD as a O5. scavenger). (d) Schematic illustrating the photocatalytic
pathway of g-C3N4/SnO, hybrid. (e) Recycling experiment using Hybrid II for MB degradation under solar light (100 mW/cm?).

both g-C3N4 and SnO, are active and stable semiconductors. SnO,
has a lower-lying conduction band (CB) energy (Ecg=—0.11eV)
and valence band (VB) energy (Eyg=3.59 eV) than g-C3N4 (Ecg =
—1.12 eV, Eyg = 1.57 eV) [73]. For one hand, the well-matched band
structures between g-C3N4 and SnO, allow a good combination of
them for increased photoinduced electro transfer. For another,
because of the high SSA, the large electron donor-electron acceptor
interface provides a strong driving force to separate the spatial
charges. For these reasons, the recombination probability of the
charge carriers could be greatly inhibited, affording the formation
of more active species for MB oxidation. Fig. 7d illustrated the elec-
tron transfer reaction in the MB medium. SnO, could absorb a
small fraction of sunlight to generate active charge carriers, while
major photon adsorption took place in g-CsN,4 side, leading to the
production of photogenerated charge carriers and diffusion of the
carriers to the g-C3N4/SnO, interface. The generated electrons were
injected from the CB of g-C5N, into the CB of SnO, according to the
potential established across the hybrid. The electrons could
undergo reaction with molecular oxygen to form superoxide radi-
cal anion O3., in addition to minor reaction with H" to give hydro-
xyl radicals .OH. The holes left at g-CsN4 side could react with
water, resulting in the generation of hydroxyl radical .OH. The
resultant O3. and .OH then participated in electron transfer reac-
tion with MB to give its oxidized form. The products were then
transported away to the medium.

To assess the practicability, the recycling experiment was per-
formed on Hybrid I for MB degradation under solar light
(Fig. 7e). The photocatalytic degradation underwent 100 min in
each run, and eight repeated runs were conducted. After each
run, a new fresh solution of MB was supplied to maintain its initial
concentration. A slight decline in reaction rate was observed to
confirm its reliability. After 8 successive cycles, almost 90% of its
initial reactivity was guaranteed. The demonstrated stability
implies that the as-prepared highly macroporous hybrid can work
as an efficient photocatalyst for wastewater treatment, or environ-
mental purification.

4. Conclusion

In summary, highly macroporous g-CsN4/SnO, hybrids were
facilely prepared by heating the homogeneous mixture of thiourea
and SnCl, after rotatory evaporation. The SnCl; was involved not
only to modify the pore structure of g-C3N4 into nanosheets with
abundant in-plane macropores, but also to produce SnO, in cou-
pling with g-CsN4 to create charge transfer interfaces. Meanwhile,
the intrinsic pore structure could simply be adjusted by changing
the mass ratio of the precursors. As a result of the moderate in-
plane macropores and active sites, the obtained g-C3N4/SnO,
hybrids exhibited an intensified light absorption, and a remarkably
increased separation efficiency of photogenerated electrons and
holes. An optimization of the macropore structures gave rise to
an improved SSA of 44.3 m?/g comparable to most nano/meso-
porous g-C3Ny4 reported. Compared with pure g-CsNy4, the g-C3Ny/
Sn0, hybrid exhibited 2.4 times higher photocatalytic activity for
photooxidation of organic waste, and was proved to be an efficient
and sustainable photocatalyst for repeated use. In view of the con-
venience and efficiency, the as-prepared macroporous system pro-
mises to be applied for practical environment treatment.
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