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A 3D nitrogen-doped graphene aerogel for
enhanced visible-light photocatalytic pollutant
degradation and hydrogen evolution
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Nasir Rahman,? Piyaphong Yongphet,” Qingin Liu® and Juan Yang {2 *@

Three-dimensional (3D) graphene-based aerogels have attracted widespread interest as promising
photocatalysts for dye degradation and hydrogen production. Herein, we have developed a 3D nitrogen-
doped graphene aerogel (3DNG) from graphitic carbon nitride combined with graphene oxide (GO). The
nitrogen dopant in the 3D aerogel was achieved via a thermal treatment at 1000 °C, and the 3D aerogel
catalyst could retain its 3D porous structure after the thermal treatment. The 3DNG was characterized
via FTIR, Raman, TEM, UV-vis, XPS spectroscopies and BET analysis, and the results indicated that this
3DNG with a large surface area of 536 m? g~! and a band gap of 2.42 eV demonstrated a high
adsorption capacity and enhanced methylene blue degradation and hydrogen production under visible
light irradiation. Characterization also identified that the porous 3D structure with hydrogen bonding and
T—T interactions and better charge transfer resulting from the nitrogen doping are the major reasons for
the enhanced photocatalytic performance over this 3DNG catalyst.

Introduction

The rapid population growth and development of industries
have contributed to increase the energy demand and elevate the
levels of dangerous pollutants in the environment. This further
contribute to climate change and presents a serious threat to all
life forms, thus necessitating reductions in the consumption of
conventional energy sources." As a consequence, numerous
efforts have been dedicated to solve those problems, and pho-
tocatalysis technology driven by solar energy has attracted
widespread attention from scientists for the removal of pollut-
ants and the generation of clean energy, namely hydrogen
(H).>® Many photocatalyst materials have been developed such
as zinc oxide (ZnO), cadmium sulfide (CdS), titanium oxide
(TiO,), etc., and have been applied to mitigate the problem of
dye pollutants in water®” and to generate H, from water split-
ting. However, their low quantum efficiencies and insufficient
exposure of actives sites hinder their photocatalytic
applications.”

Recently, graphene, a typical two-dimensional (2D) carbon
material, has been demonstrated to be an alternative and cost-
effective photocatalyst for both dye degradation and H, evolu-
tion, since carbon is abundant and environmentally friendly.®®
Compared to other traditional photocatalysts, graphene is
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composed of sp>hybridized sheets linked by van der Waals
bonds, which has special properties including high surface
area, large m-conjugation system, high electron mobility, effi-
cient light-harvesting, and many adjustable defect-density
active sites.” Many studies have proved that photocatalytic
systems with graphene tend to offer additional active sites and
increase the active surface area so as to increase the charge
transport and thus achieve high photocatalytic performance.*>*
Compared with 2D graphene nanosheets, three-dimensional
(3D) graphene aerogels with an interconnected nanosheet
structure demonstrate a larger surface area and hierarchical
porous structure, which is more conducive to expose more
active sites and providing high structural stability for the pho-
tocatalytic reaction.”® However, pristine 3D graphene aerogels
usually demonstrate insufficient photocatalytic activity toward
dye degradation and H, evolution. Heteroatom doping into the
graphene lattice has been evidenced as an effective method for
modifying the electronic structure, promoting charge transfer,
extending light absorbers from UV to visible light and forming
semiconductors. For example, Teng et al.® synthesized nitrogen-
doped graphene quantum dots and proved that they can realize
overall photocatalytic water-splitting. Despite the widespread
interest in using graphene materials as photocatalysts for
hydrogen production and the degradation of dye pollutants,
there are still few reports of these materials for hydrogen
production. Some reports have demonstrated that N-doped
graphene can generate H, under UV light;"* however, visible
light represents 40% of the solar spectrum and thus the devel-
opment of catalysts with high absorption in the visible light
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spectrum region and the ability to generate H, is highly desir-
able for the development of solar energy. Although there have
been reports on 3D N-doped graphene,® the H, generation was
not investigated. As such, exploration of 3D N-doped graphene
for hydrogen production and as a photocatalyst for dye degra-
dation under visible light is attractive.

To prepare nitrogen-doped graphene, the choice of an
appropriate nitrogen source is very important. Graphitic carbon
nitride (g-C3N,), is another typical 2D carbon material and is
known to be a nitrogen-rich compound. Furthermore, g-C3N,
decomposes to NH3, N, and N-group moieties at around 725 °C,
indicating that it can be employed as a nitrogen source in order
to achieve nitrogen doping in graphene.'®” In view of the
discussion above, we aimed to synthesize a 3D-nitrogen doped
graphene aerogel from graphene oxide and g-C;N; as the
nitrogen source. Taking advantage of nitrogen doping and the
3D aerogel structure, the 3D-nitrogen-doped graphene aerogel
has demonstrated efficient photocatalytic performance in
methylene blue (MB) degradation and H, evolution. The pho-
tocatalytic mechanism for MB degradation and H, evolution
has been studied in this work.

Experimental and characterization
Materials

Urea and methylene blue trihydrate, both with purity of over
99% were obtained from Sinopharm Chemical Reagent Co. Ltd.
Ascorbic acid with over 99% purity was obtained from Aladdin
Industrial Corporation. All the chemicals were used as obtained
and were not subjected to further purification.

Preparation of graphene oxide

A modified Hummers' method was used to synthesize graphene
oxide."® To a solution containing 12.5 mL of H,SO,, 2.5 mg of
K,S,0;4 and 2.5 mg of P,Os5 at 80 °C, 3 g of graphite powder was
added. After 6 hours, 500 mL of H,O was added to dilute the
mixture, which was then filtered with a 0.2 um nylon millipore
filter and washed before being dried overnight under an air
atmosphere. Next, 115 mL of H,SO, was placed in an ice bath at
a temperature of 0 °C, to which the oxidized graphite was
introduced with shaking. At a temperature of 10 °C, 15 g of
KMnO, was added gradually and the mixture was reacted at
35 °C for 2 h. In order to maintain a temperature below 50 °C,
230 mL of distilled was added. After 2 h, 700 mL of H,O and
12.5 mL of 30% H,0, were introduced and the color of the
mixture changed to yellow with the appearance of bubbles. The
mixture remaining after decantation was centrifuged and
washed again in 10% of HCI, then with 1.25 L of H,O to elim-
inate the acid, followed by dialysis of the solid to remove any
metallic and iron oxide particles to give graphene oxide.

Synthesis of 3D nitrogen-doped graphene aerogel

The g-C;N, (62.1 mg, synthesized as reported') was dispersed
in 6.21 mL of distilled water by ultrasonication for 6 hours. The
dispersed solution was added to 3.72 mL (2.5 mg L™') of GO
before further ultrasonication for 2 h. Then, 37.2 mg of urea and
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9.3 mg of ascorbic acid (as a reductant) were added and
dispersed in the above solution for about 1 h. The solution was
sealed and maintained at 180 °C for 6 h in a Teflon-lined
autoclave and was allowed to cool naturally. During this
process, the GO combined with g-C;N, and formed 3D porous
reduced GO (rGO), where the 3D graphene-based hydrogel was
obtained as shown in Fig. 1(a). The 3D aerogel was established
after freeze-drying the 3D hydrogel and then heated for 1 h
under an Ar atmosphere at 1000 °C (2 °C min~"). The thermally
treated 3D nitrogen-doped graphene aerogel was obtained
(3DNG) as shown in Fig. 1(b).

Characterization

Fourier transform infrared spectroscopy (FT-IR) was performed
on a Nicolet Nexus 470 instrument. Raman spectroscopy was
carried out on Laser Raman spectrometer DXR (Thermo Fisher).
Powder X-ray diffraction (XRD, Rigaku Smartlab X-ray diffrac-
tometer, Cu Ko, A = 1.54 A) and X-ray photoelectron spectros-
copy (XPS, Thermo ESCALAB 250Xi spectrometer,
monochromatic X-ray source) were used to investigate the
structure and the chemistry on the surface of the catalyst. The
sample morphology was observed by a transmission electron
microscope (TEM) equipped with a selected area diffraction
(SAED) system, controlled at an accelerating voltage of 200 kv
on a JEOL JSM-2100F.

The Brunauer-Emmett-Teller (BET) surface area and pore
size distribution were defined on a Quantachrome Nova 3000e
adsorption instrument. The UV-visible spectrophotometer
(DRS, UV-2600) was used to measure the UV-vis diffuse reflec-
tance spectra. A CHI-660E workstation (Shanghai, China) was
used to carry out the photochemical measurements including
transient photocurrent reponses, electrochemical impedance
(EIS), and Mott-Schottky plots (M-S). These measurements
were done using a standard three-electrode system, where the
prepared catalysts, a platinum plate and Ag/AgCl were the
working electrode, counter electrode and reference electrode,
respectively, with 0.5 M Na,SO, solution as the electrolyte (pH =
6.8). To activate the working electrode in order to proceed to the
tests, 5 mg of catalyst was dispersed in 250 pL of ethylene blue
and 40 pL of membrane dissolution D520 over ITO glass
substrate, then were dried in the oven in 70 °C for 2 h using
365 nm UV LED spot curing lamp (Model UVEC-4 II).

Adsorption experiment

Adsorption experiments were performed using methylene blue
aqueous solution. The experiments were performed in 250 mL
beakers by adding 10 mg of samples to a series of dye solutions
with different concentrations (100 mL, 5-25 mg L™'). The
suspension was stirred in the dark for 150 min using a magnetic
stirrer. The solution was then centrifuged. After that, a UV-vis
spectrophotometer (Shimadzu UV-2600 spectrophotometer,
Japan) was used to measure the concentration of methylene
blue. Eqn (1) was used to calculate the adsorption at time ¢, g,

(mg g™ "):
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Fig. 1 Photographs of (a) the 3D aerogel, and (b) 3DNG.

(G-C)V

q:r = W (1)

Co (mg L") represents the initial concentration of the dye, C, is
the concentration of the dye at a specific time ¢, V represents the
volume of the dye solution (L) and W is the weight of the pho-
tocatalyst used (g).

Photocatalytic activity test

The photocatalytic degradation activities of GO and 3DNG were
carried out using methylene blue (MB) as the target dye under
UV-vis light and an air atmosphere. In 100 mL of aqueous
solution of MB, 1 mg of the photocatalyst was suspended in the
dark and agitated for 0.3 h to reach adsorption/desorption
equilibrium. The solution was irradiated from 15 cm away by
xenon lamps. The absorbance of the mixture was monitored at
663 nm for photodegradation.

The photocatalytic H, production was conducted under the
irradiation of a 350 W xenon lamp in a triple necked round-
bottom flask; 15 mg of each sample was dispersed in
a mixture solution of 80 mL distilled water, 8 mL triethanol-
amine and 20 pL H,PtClg. Before light irradiation, the solution

(a)
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(b)

was filled with N, to remove all the air. Gas evolution was
measured by extracting 0.4 mL of gaseous products after 1 h
over 3 h using a gas chromatograph (GC-2014, Shimadzu,
Japan).

Results and discussion

Raman spectroscopy is an important tool for investigating the
nitrogen doping and disorder in the graphene. As shown in
Fig. 2(a), both GO and 3DGN samples displayed two distinctive
peaks at approximately 1345 cm™ ' and 1580 cm ™', attributed to
the D and G bands, respectively. The D band shows defects
resulting from the vibration of the sp® carbon structure, and the
G band can be associated with the E,; mode of single graphitic
sp> carbon atoms.?® The intensity ratio of Ip/Is gives informa-
tion about the degree of disorder of graphene.” The increase in
the Ip/I ratio from 0.96 to 1.04 indicated the structure disorder
and defects in the 3DNG, which may be due to the nitrogen
doping.”® FT-IR spectroscopy was used to identify the functional
groups of 3DNG and GO (Fig. 2(b)). GO exhibited a character-
istic band at 3375 cm ™', which corresponds to O-H groups. The
bands at 1725 cm ' and 1622 cm ' were assigned to the
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Fig. 2 (a) Raman and (b) FTIR spectra of GO and 3DNG.
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carbonyl and carboxyl (C=0) stretching groups and the skeletal
vibrations of GO, and the peaks at around 1233 ecm ™' and
1055 cm™* were related to the hydroxyl COH and alkoxy C-O
stretching vibrations of GO sheets.”® After the N-doping during
the thermal treatment, the oxygen-related groups disappeared
or weakened as observed for the O-H groups at 3426 cm™'; the
GO was reduced by ascorbic acid and led to the absence of C=0
peaks, and new peaks specific to C-N bonds emerged at
1185 cm ' and C=C stretching bonds at 1569 cm '.>* The
3DNG spectrum is shown in Fig. 2(b).

(@)

Fig. 4
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(@) XRD patterns of GO and 3DNG; (b) XPS survey spectrum of 3DNG; high-resolution (c) C 1s and (d) N 1s spectra of 3DNG.

The XRD patterns of GO and 3DNG presented in Fig. 3(a)
indicate that the GO sample has a typical peak at 10.2° (001)
attributed to the lattice diffraction sheets. 3DNG demonstrated
distinctive peaks, one at 26.5° due to the (002) carbon plane and
another one at 43.2° corresponding to the (100)/(101) planes of
graphitic carbon.”>*® This indicated that GO oxide was reduced
by ascorbic acid and the hydrothermal process by decomposing
the C=0 and COOR bonds in the GO sheets.?” Furthermore, to
examine the chemical content and the N and C species, XPS was
performed on 3DNG. The 3DNG XPS survey in Fig. 3(b) shows
three peaks belonging to C 1s, N 1s and O 1s at 284 eV, 400 eV

(a) TEM image of 3DNG and (b) the corresponding elemental mappings of 3DNG.

This journal is © The Royal Society of Chemistry 2020
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GO and 3DNG.

and 532 eV, respectively, proving the successful N-doping.
Fig. 3(c) shows the high-resolution C 1s spectrum, which
could be related to 284.7 eV, 285.9 €V and 290.3 eV, attributed to
C=C, C-N/C=0 and C=N/C=O0, respectively. Four distinct
peaks ascribed to pyridinic N, pyrrolic N, graphitic N and N
oxide at 397.6 eV, 399.7 eV, 400.5 eV and 403.0 eV, respectively,
were observed as shown in Fig. 3(d),”**° indicating the
successful doping of N in the 3DGN sample; these results
concur with the FT-IR analysis. The 3DNG ratios were 0.035 for
(0 1s)/(C 1s) and 0.026 for (N 1s)/(C 1s).

The TEM image of 3DNG (Fig. 4(a)) shows that it was
composed of ultrathin transparent graphene nanosheets. The
elemental mapping illustrated in Fig. 4(b) exposes the regular
arrangement of C, O and N throughout the 3DNG, in accor-
dance with the XPS survey that confirmed that N-element was
efficiently doped into the 3D graphene structure.

To evaluate the photocatalytic activity of 3DNG, the adsorp-
tion property is a crucial factor that affects the photocatalytic

Table 1 Comparison of the hydrogen production from recently re-
ported works

Hydrogen production

©

4041 ——3DNG

——GO

30
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Hydrogen production (umol g™ )

T T T
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Time (h)

25 30

(a) Time profile adsorption of 3DNG at different MB concentrations; (b) photocatalytic degradation of MB and (c) hydrogen production for

performance. Fig. 5(a) shows the time profile of MB adsorption
at different initial concentrations. The adsorption was fast
during the first 20 min under all different concentrations, then
started to stabilize and reached equilibrium after 60 min. The
high adsorption property of 3DNG is probably due to the porous
hierarchical structure, which provides efficient transport path-
ways and more available active adsorption sites.*>** The 3D
structure possesses hydrogen bonding, which enhances the
adsorption activity. Other important factors for the adsorption
of methylene blue onto the 3D graphene are the electrostatic
and m-7 stacking interactions. These results have occurred in
previous works that have proven the adsorption capacity of 3D
graphene to eliminate cationic dyes.> The photocatalytic rate of
3DNG and GO was measured based on the MB degradation
under visible-light irradiation. Fig. 5(b) shows that 3DNG has
a higher photocatalytic degradation activity than GO, due to the
synergistic effect of the 3D porous structure and the nitrogen
dopant in the 3D graphene plane, favoring the charge carrier
separation and high adsorption capacity for the structure of

Table 2 Comparison of the BET surface areas from recently reported
work

Materials (3h) References  Materials BET surface References
N-graphene 0 umol g * 30 N-doped graphene aerogel 316 m*g ! 36
NGO-QDs 2 pmol g™* 8 N-doped graphene 156 m> g~ " 37
1% NGQDs-Cu,O 34 ymol g * 31 Ge-QD@NG/NGF3DNG 392m*g ! 38
3DNG 40 pmol g* This work  3DNG 536 m> g " This work

This journal is © The Royal Society of Chemistry 2020
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pollutants.***° Moreover, the reduction of GO in 3DNG led to
a conjugate aromatic structure that can catch the adsorbate via
7-1 interactions.’ The high photoactivity is related to the
enhanced adsorption due to the high contact of MB with 3DNG.
The photocatalytic hydrogen production activities over GO and
3DNG were also investigated under visible-light irradiation to
assess the structure and impact on the photocatalytic activity as
indicated in Fig. 5(c). GO exhibited a photocatalytic hydrogen
evolution of 14.579 umol g~ " after 3 h of reaction, while the
3DNG demonstrated a higher hydrogen production of 40.182
umol g~ ' as compared to those reported for different graphene
structures (Table 1). This provides further evidence of the
promotion effect of the 3D structure and nitrogen-doping in
graphene.

Nitrogen adsorption/desorption isotherms of GO and 3DNG
are shown in Fig. 6(a). The type IV hysteresis loop of the
isotherm curves suggests the presence of mesopores in GO and
3DNG,** which is evident from the mesoporosity centered at
about 4.0 nm, exhibited by the DFT pore distribution (Fig. 6(b)).
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(a) N, adsorption/desorption isotherms and (b) DFT pore size distributions of GO and 3DNG.

The mesopores connected to larger mesopores are considered
to be responsible for the high surface area along with the
porous structure that facilitates the mass transport, which
corroborates previous work.*>** The surface area was calculated
to be 364 m” g~ for GO and 536 m® g~ ' for 3DNG based on the
multipoint Brunauer-Emmett-Teller (BET) method. The
surface area of 3DNG is higher than previously reported works
(Table 2), which accounts for the high adsorption of the 3DNG.
Furthermore, nitrogen-doping is an important parameter for
surface enlargement, which is helpful for the enhancement of
the photocatalytic activity.

To further investigate the charge separation process,
transient photocurrent responses and electrochemical
impedance (EIS) were recorded. As shown in Fig. 7(a), under
light irradiation, the photocurrent reached a high point
followed by a quick decline, establishing a spike, then
decreased progressively to reach a constant value. This spike
is due to the separation of electron-hole pairs. The 3DNG
exhibited a higher photocurrent response than GO; this
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(a) Transient photocurrent responses and (b) EIS curves of GO and 3DNG.
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Fig.8 (a) The UV-vis spectra of GO (inset: band gap of GO). (b) The UV-vis spectra of 3DNG (inset: band gap of 3DNG). (c) M-S plots over GO, (d)
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improvement in photocurrent in 3DNG illustrates the fast
charge separation.*® Moreover, 3DNG has the smaller EIS
semicircles radius (Fig. 7(b)), which is symbolic of a fast
charge-transfer rate and low charge-transfer resistance due
to the defects on the 3DNG surface. This makes the e -h"
pair separation easier and leads to high photocatalytic

(@

efficiency.”””** The ultraviolet-visible absorption spectra
were collected to clarify the optical properties and energy
band gaps of GO and 3DNG. In Fig. 8(a), the absorption peak
observed at 230 nm for GO is attributed to the w-7* transi-
tions of C=C bonds, corresponding to an optical band gap
of 2.68 eV determined using Tauc plot (inset Fig. 8(a)); the
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Fig. 9 (a) Energy level diagram and (b) mechanism of photocatalytic hydrogen production over GO and 3DNG.
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small shoulder visible near 300 nm is attributed C=0 bonds
relative to n—-m* transitions.*® In contrast, the 3DNG showed
an absorption peak at 276 nm relative to the m-7* transi-
tions of C=C bonds as compared to an optical band gap of
2.42 eV (Fig. 8(b) and inset). The deoxygenation and resto-
ration of the m-conjugation of GO led to a shift in the
wavelength caused by the introduction of more lone elec-
trons, which is typical of lone pairs of nitrogen and sp>
hybridization. This shift provided 3DNG with a greater
ability to absorb light in comparison to GO.>* The obviously
smaller band gap of 3DNG allows the absorption of visible
light in an expanded range. The flat band potentials of GO
and 3DNG were determined by the intercepts of the tangents
of Mott-Schottky curves (Fig. 8(c and d)), which were —0.42V
for GO and —0.46 V for 3DNG (vs. Ag/AgCl, pH = 6.8). The flat
band potentials were used to calculate the conduction band
(CB) according to the following equation: Eg, = Eag/agci +
0.059pH + Egg/Agcl. Accordingly, the CB potential positions of
GO and 3DNG were calculated to be —0.16 V and —0.12 V,
respectively. Fig. 9(a) shows the energy level diagrams for GO
and 3DNG based on the above results. For photocatalytic
hydrogen production (Fig. 9(b)), under light irradiation, the
photogenerated electrons of the 3DGN would jump from the
valence band to the conduction band to react with water to
produce H,. The nitrogen dopant can accelerate the sepa-
ration of the photogenerated carriers, and the 3D porous
structure, with the presence of mesopores, can offer more
active sites and favors the multi-light scattering/reflection,
leading to the high photocatalytic performance of the
3DGN.>>3?

Conclusions

A thermally treated 3D nitrogen-doped graphene aerogel with
higher surface area (536 m”> ¢~ ') and smaller band gap (2.42 eV)
has been successfully synthesized using graphitic carbon
nitride as the nitrogen source and graphene oxide (GO) as the
skeleton. The 3D nitrogen-doped graphene aerogel demon-
strated high MB adsorption capacity and enhanced methylene
blue degradation and hydrogen production under the irradia-
tion of visible light. Nitrogen doping with diverse nitrogenous
moieties in graphene via thermal treatment and a 3D porous
structure with enlarged specific area are believed to accelerate
the charge separation for photocatalytic H, evolution and
provide active sites for surface reaction. This work demon-
strates that the 3D nitrogen-doped graphene aerogel with good
adsorption is an efficient eco-friendly material for photo-
catalytic dye degradation and H, generation.
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