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ABSTRACT: The development of metal-free catalysts for hydrogenation
reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) has been of
great increasing scientific and industrial importance. Herein, we reported
the preparation of sulfurized graphene (SG) nanomaterials by a well-
developed ball-milling method. The as-prepared SG nanomaterials were
systematically characterized by scanning electron microscope, transmission
electron microscope, Fourier transform infrared, and X-ray photoelectron
spectroscopy. The SG exhibited flake-like morphology with average size of
100 nm, and the S doping (3.4 atom %) into the nanocarbon molecules
results in asymmetry of electron density distribution, providing high
catalytic performance for catalytic reduction of 4-NP to 4-AP by using
NaBH, as the reducer. The related catalytic mechanism and reaction path
of the reduction were investigated. The effects of different initial 4-NP
concentrations, initial reductant concentrations, catalyst dosages, and reaction temperatures were presented, which have not been
reported so far. The thermodynamic parameters including activation enthalpy and entropy were determined.

1. INTRODUCTION

The compound 4-aminophenol (4-AP), which is conventionally
obtained by the reduction of 4-nitrophenol (4-NP), has been
known as one of the most important intermediates in
pharmaceuticals and dyeing industry." The conventional
method for the synthesis of 4-AP involves iron-acid reduction
of 4-NP, resulting in serious pollution problems.” In recent
years, a number of noble metal catalysts have been proved as
efficient catalysts for the reduction of 4-NP to 4-AP, such as
silver hydrogel,” palladium nanoparticles,” and gold nanorods.”
Some nonprecious metal nanocatalysts have also emerged,
showing considerable catalytic performance for this reaction.”’
However, the scalable industrial applications of metal catalysts
are limited, due to the high cost of the catalysts and the metal
contamination of the product. The economy of production
process is particularly critical in low-value sectors, such as

reduction of 4-NP to 4-AP by NaBH, using nitrogen doped
graphene as catalysts." Theoretical calculations verified that the
carbon atoms next to the doped N atoms on graphene served as
the active sites. In addition to N-doping, sulfur can also tailor
the electronic property and chemical reactivity of carbon
materials, as well as give rise to new functions. As a matter of
fact, S-doped graphene have found applications in oxygen
reduction reaction,*"** catalytic oxidation reaction,” esterifi-
cation reaction,” and photocatalysis,” exhibiting pronounced
catalytic activity. However, as far as we are aware, studies on
using S-doped graphene for the catalytic reduction of 4-NP to
4-AP were rarely reported.

In this work, we reported the preparation of sulfurized
graphene (SG) and their catalytic performance as metal-free
catalysts for 4-nitrophenol reduction reaction system. The
powders of SG nanoplatelets were obtained by a well-

pesticide and dyeing industry.” Therefore, developments of
efficient metal-free catalysts instead of metal catalysts for the
reduction of 4-NP to 4-AP have attracted much attention from
both scientific and industrial fields.” "'

Carbon based metal-free catalysts, such as fullerenes, carbon
nanotubes, and graphene nanosheets, have been demonstrated
to be promising alternatives to metal catalysts in various
fields.'*~'* Heteroatom doping and loading have been effective
ways to tailor the properties of carbon nanomaterials and
greatly broadened their application areas.">™*° For instance,
Kong et al. have demonstrated the metal-free catalytic
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developed ball-milling method.”**” The morphology and
chemical structure of the SG were characterized by various
techniques. The SG catalysts were applied to the chemical
hydrogenation reduction of 4-NP to 4-AP, which has not been
reported so far. The related catalytic mechanism of SG was
evaluated by density functional theory (DFT), and the
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Figure 1. (a) TEM image, (b) HRTEM image, (c) SEM image, and (d) sulfur mapping of SG.

performance of using SG as catalysts for the reduction of 4-NP
to 4-AP was experimentally investigated. The kinetic factors
such as initial 4-NP concentration, initial reductant (sodium
borohydride) concentration, and catalyst dosage that affect the
catalytic activity were studied. We also determined the
thermodynamic parameters including activation enthalpy and
entropy by conducting the reaction under different temper-
atures.

2. EXPERIMENTAL SECTION

2.1. Materials and Instruments. The pristine graphite
flakes (~200 ym) and sulfur were purchased from Alfa Aesar.
Concentrated sulfuric acid, hydrogen nitrate, carbon disulfide,
sodium borohydride (NaBH,), and 4-nitrophenol were
purchased from Sigma-Aldrich Co. All the reagents were used
without further purification, and deionized (DI) water was used
in all the experimental procedures. Transmission electron
microscope (TEM) images were taken by a Hitachi H-9500
high resolution TEM operating at 300 kV in bright-field mode.
The scanning electron microscope (SEM) images and energy-
dispersive X-ray (EDX) mapping results were obtained by a
Hitachi S-4700 field emission SEM. Fourier transform infrared
(FTIR) spectra were measured on a Thermo Fisher Nicolet
6700 FTIR system using samples prepared as KBr pellets. X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed on a VG Microtech ESCA 2000.

2.2. Preparation of SG. SG nanoparticles were synthesized
from commercial graphite with a modified ball-milling
method.”® Briefly, graphite flakes were immersed into the
mixed acid of nitric acid and sulfuric acid (1:1 in volume) for S
h. The obtained chemical modified graphite flakes were then
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treated at 700 °C to increase the distance of the adjacent
graphite layers. The resultant products were mixed with sulfur
powder in a planetary mill, which was composed of a stainless
steel drum and a number of stainless steel balls with diameter of
5 mm. The ball-milling treatment was then performed by
setting agitation of capsule at 500 rpm for overnight. After
washing by carbon disulfide to remove the excess sulfur, the
products of SG were collected and stored for further use.

2.3. Catalytic Analysis of SG. To investigate the catalytic
performance of SG for hydrogenation of 4-NP, 1 mg of SG
catalysts was added into 40 mL of aqueous solution containing
2 mmol of NaBH, and 0.02 mmol of 4-NP. To investigate the
process of the reaction, 3.5 mL of the mixture was removed to a
quartz cuvette (4.5 cm X 1.25 cm X 1.25 cm) at different times
(0—60 min, at S min intervals). A Shimadzu UV2600 UV—vis
spectrometer was used to measure the absorbance spectra of
the respective solutions. On the basis of Beer—Lambert law,”*
the absorbance of the peaks at 400 and 300 nm was measured
to calibrate the concentrations of 4-NP and 4-AP, respectively.

2.4. DFT Simulation. The density functional theory (DFT)
calculations were carried out using the Dmol® code through
Materials Studio 8.0 commercial software. The SG model was
created based on a graphene sheet including 100 carbon atoms
and 25 hydrogen atoms, with one sulfur atom doped at the
edge. The adsorption energy (E,) for each reactant was
calculated to analyze the relative adsorbability of different
materials, according to eq 1.

Eads = Etotal —E

catalysts E ‘molecule

(1)
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Figure 2. (a) Typical FTIR spectrum of SG, (b) XPS spectrum of SG (inset, the percentage ratio of C, O, S atoms), (c) high resolution C 1s peak,

and (d) high resolution S 2p peak.

where Ey, is the total energy of the optimized system, E iy
is the energy of the catalysts, and E_ ..y is the energy of the
adsorbed molecule.

3. RESULTS AND DISCUSSION

Figure la presents a typical TEM image of the SG, which
exhibited flake-like morphology with average size of 100 nm.
The high resolution TEM image (Figure 1b) shows a lattice
fringe spacing of 0.32 nm, which was in agreement with the
diffraction planes of sp* graphitic carbon.'”” The SEM image
and EDX mapping results demonstrated the uniform
distribution of sulfur element on the graphene nanoplates.
These results are consistent with those of SG previously
reported in the literature.”**’

The FTIR bands centered at approximately 581 cm™ for the
SG sample were attributed to the stretching vibrations of the
C—S bond,” indicating the doping of sulfur in the graphene
sheets (Figure 2a). Two peaks at approximately 1070 and 1576
cm™! were assigned to the stretching C—O and C=C bonds,
respectively. The bands at around 3342, 1178, and 1277 cm™
showed the presence of oxygen-containing functional groups
(—OH, —SO;H, and —S0O,) to render the SG soluble in water.
Furthermore, the XPS spectrum of the SG in Figure 2b shows a
pronounced C 1s peak at 284 eV and O 1s peak at 533 eV, with
small amounts of S (3.4 atom %) arising due to the S-doping. A
high resolution C 1s peak in Figure 2c was fitted to three
component peaks located at about 284.8, 286.5, and 288.1 €V,
corresponding to the graphite C—C, C—S and C—0O, and C=
O bond, respectively.2 Figure 2d presented the high resolution
peak separation of S 2p, demonstrating the C—S, —C—SO;—
C—, and —C-SO,—C— at 163.4, 168.25, and 169.55 eV,
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respectively. In addition, two types of C—S fitting peak at 228
and 233 eV for S 2s spectrum, which correspond to the C—S
fitting peaks at 163.4 and 164.8 eV for S 2p spectrum,
respectively, indicated the natural bonding between sulfur and
graphite at the edges of SG nanoplates (Figure S1).””*

The hydrogenation reduction of 4-NP to 4-AP in the
presence of excess NaBH,, which is an important organic
catalytic reaction, was carried out to evaluate the catalytic
performance of SG metal-free catalyst. To start with, 3 mg of 4-
NP powder was dissolved in 40 mL of deionized water; after
sonication for half an hour, the solution was light yellow and
the UV—vis spectrum shows an absorption peak centered at
318 nm. With the addition of NaBH, (120 mg) into the 4-NP
solution, the color of the mixture changed from light yellow to
dark yellow and the maximum absorption peak shifted from
310 to 400 nm, which was attributed to the formation of 4-
nitrophenolate (Figure 3a).”" In the absence of SG catalysts, a
small amount of bubbles were observed because of the
hydrogen generation by the reduction reaction between
NaBH, and water (Figure S2a). However, in the presence of
SG catalysts, a large amount of bubbles were observed and the
gas release rate became much faster (Figure S2b). Ultimately,
after reacting for 60 min and filtering the SG from the mixture
by microfilter (diameter of 0.45 um), the solution became
colorless and transparent. It illustrates that the 4-NP was
completely converted to 4-AP. The whole reaction process was
monitored by UV—vis spectra, and the results were shown in
Figure 3b. The absorption intensity of 4-NP peak at 400 nm
decreased, and the absorption peak of 4-AP located at 300 nm
appeared. Four isoabsorptive points at 223, 245, 278, and 314
nm were observed, illustrating no byproduct generation." The
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Figure 3. (a) Typical UV/vis spectra of aqueous solutions of 4-NP, 4-NP with NaBH,, and 4-AP, with inset showing a digital photo of the solution
of 4-NP (left) and 4-NP with NaBH, (right), (b) UV/vis spectra changes of aqueous solution of 4-NP in the presence of NaBH, and SG for various
times, (c) the curves of absorption intensity (at 400 nm) as a function of time, and (d) the curves of In(C/C,) as a function of time. (Reaction
conditions: C4-NpiCNqpH, = 1:100, room temperature, mg; = 1 mg, volume of reaction mixture was 40 mL).
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Figure 4. Proposed route for the metal-free catalytic reduction of 4-NP to 4-AP by using NaBH, as the reducer.
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Figure 5. (a) HOMO and (b) LUMO of SG; (c¢) HOMO and (d) LUMO of NaBH, adsorbed on SG; (¢) HOMO and (f) LUMO of 4-NP
adsorbed on SG. The brown, blue, yellow, red, and white balls stand for C, N, S, O, and H atoms, respectively.

linear fitting degree of C/C, versus time and In(C/C,) versus
time were presented in Figure 3¢ and Figure 3d, respectively.
As can be seen, the catalytic reaction of 4-NP to 4-AP by
NaBH, in the presence of SG catalysts obeyed pseudo-first-
order kinetics. The value of the apparent kinetic rate constant
(kypp) was then calculated by eq 2.

A C
Inl] —|=In|l—]|=k ¢t
(AO) (CO) s ()

where A and A are the absorbance of 4-NP at 400 nm at any
time and at 0 min, respectively. C and C, are the concentration
of 4-NP in the solution corresponding to A and A, respectively.

The apparent rate constant of the reaction in our experiment
was calculated to be 0.028 74 min~"' from the slope fitted by
plotting of In(C/C,) versus time (Figure 3d). Moreover, the
specific rate constant was 5.95 X 107> mol L™" s™" g™!, which is
comparable to that of nitrogen-doped graphene (8.09 X 1075
mol L™ s7! g7!).*” The reusability and stability of SG were also
investigated (Supporting Information). A 40% decrease in Kpp
was observed after using the SG for six cycles (Figure S4a and
Figure S4b), which was attributed to the effect of reaction
products that were hard to be separated from the SG (Figure
S3).

The reaction mechanism of 4-NP catalytic reduction by
NaBH, in the presence of metal catalysts has been proposed in
previous literature.”®” However, the reaction routes of 4-NP
reduction by metal-free catalysts, in particular sulfur-doped
carbon materials, have been rarely reported. Herein, we
proposed an experimental route for the 4-NP reduction by
NaBH, using SG as metal-free catalysts. As the schematic
shown in Figure 4, the NaBH, first hydrolyzes in water to form
borohydride ions, which then give electrons to the SG catalysts,
generating active hydrogen species on the surface of SG.
Followed by the adsorption of 4-NP on SG, the 4-NP is
reduced by the active hydrogen species. In general, 4-
hydroxylaminophenol, which in the form of transition state,
was then converted into 4-aminophenol. Finally, the 4-

aminophenol was desorption from the catalyst surface, which
can provide free site for the next catalytic cycle.

To further understand the fundamental role of SG for the
catalytic process of 4-NP reduction, a chemical structure
optimization of SG was performed by density functional theory
(DFT) methods. The model of SG was based on a graphene
sheet including 100 carbon atoms and 25 hydrogen atoms. As
previously reported, the catalytic activity of the heteroatom
doped graphene is closely related to the orbital distributions on
the graphitic framework.”® Therefore, the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) distributions, which represent
capability of electron donating and accepting, respectively,
were calculated on the SG models. For the pristine graphene,
the HOMO and LUMO orbitals are all uniformly distributed
on the framework (Figure SS). However, in stark contrast, the
HOMO and LUMO orbitals are polarized when the sulfur
atom was doped on the graphene plane (Figure Sa and Figure
Sb), which was attributed to the strong covalent action between
C atoms and S atom at the edge of graphene sheet. The
polarization region may serve as the active sites for the catalytic
reduction of 4-NP. The HOMO and LUMO distributions on
the SG after NaBH, adsorbed were shown in Figure Sc and
Figure 5d, respectively. It was obviously noted that the LUMO
distribution around the S atom was increased while the HOMO
showed no significant change, illustrating that the NaBH, acts
as an electron donor during the reduction process. On the
other hand, Figure Se and Figure 5f show sharp increasing of
HOMO around S atom with invariant distributions of LUMO
when the 4-NP molecule was adsorbed on SG, indicating that
4-NP gains electrons in the reaction.>® Furthermore, Table S1
shows that the adsorption energy (E,4) of NaBH, was —0.59
eV, which is slight larger than that of 4-NP (—0.57 eV).
However, the molecular weight of 4-NP is greater than that of
sodium borohydride; thus NaBH, is easier adsorbed on SG
nanoplates. These results are in good agreement with the above
assumed reaction mechanism.
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The catalytic thermodynamic parameters for the reduction of
4-NP by SG was then studied by conducting the reaction at
various temperatures (30, 40, 50, and 60 °C) with 3.5 mL of
reactant; it is apparently seen in Figure 6a that there is a higher
kyp for the reaction at a higher temperature, which can be
explained by collision theory. The 4-NP molecules moved
around by free diffusion with a certain chance to collide with
each other. The colliding molecule may react when the energy
of the reaction mixture is in excess to the reaction activation
energy. When temperature of the system increases, the
movement of molecules will be more violent, leading to a
greater chance for collision, which results in the faster reaction
rate.”* The apparent activation energy (E,) and thermodynamic
parameters were calculated using the Arrhenius and Eyring
equations as the following.

— Ea
Ink,,=InA - _T

l(k_) _As A_H(i) N m(ﬁ)

T R R \T h (4)
where E, is apparent activation energy, A is the pre-exponential
factor, R is the general gas constant (R = 8.314 J-K™":mol™"), kg
(the value of 1.38 X 107 J K™') and # (the value of 6.63 X
107** J) are the Boltzmann and Planck constants, respectively,
and AS and AH are the activation entropy and enthalpy,
respectively.

The values of E, which can illustrate the influence of
temperature on apparent reaction rate, is an important
parameter in a catalytic reaction. As shown in Table 1, the E,
for SG catalyzed reaction was calculated as 24.21 kJ mol™/,
indicating that the reduction of 4-NP in the SG catalytic system
occurs via surface reaction.” In general, a lower activation
energy (E,) leads to a higher reaction rate. However, there was
no absolute correlation between E, and reaction rate.*> For
example, CeO,/CuNi displays the highest catalytic perform-
ance although it possesses the highest E,. Therefore, it would
be not comprehensive to evaluate the catalytic performance of
the catalyst only by determining activation energy. But one
thing is certain, the SG is an efficient metal-free catalyst that can
be compared with most of the conventional catalysts. The
values of AS and AH can obtained to be —146.34 k] mol™ K™
and 21.57 k] mol™' according to the plot of In(k,,) and
In(k,p,/ T) versus 1/T, respectively (inset of Figure 6b). The
number of surface active sites of SG is an important influence
factor for k,, since the catalytic reduction of 4-NP is a surface

©)

13615

Table 1. Comparative Study of the Activation Energy and
Catalytic Activity of SG for Reduction of 4-Nitrophenol”

E, Kapp
entry catalyst (k) mol™)  (min ') ref

1 CeO,/CuNi 39.695 9.928 7

2 acrylic acid-amidodiol/Ag 28 0.489 3
hydrogel (SPAG)

3 porous Cu microspheres 31.9 0316 36

silver nanoparticles 33.8 0.160 37

S N doped graphene foam 33.8 0.239 10
(metal freeg

6 SG (metal free) 24.21 0317  this

work

“The k,, in different references were converted according to the
actual reaction conditions. Here, the standard reaction conditions are
the following: ¢, ypienapu, = 1:100, T = 25 °C, mgg = 3 mg, the

volume of reaction mixture was 3.5 mL.

transfer reaction as mentioned above. The detection of the
number of surface active sites would be helpful for the
development of high performance metal-free SG catalysts,
which should be good topics for future studies in materials
science and engineering.

It has been reported that the initial concentrations of 4-NP,
sodium hydroxide, and catalyst dosage occupy an important
position for the catalytic reduction of 4-NP to 4-AP by typical
metal based catalysts.”*® However, to the best of our
knowledge, there is currently no report about the kinetics
research for this catalytic reaction system catalyzed by a SG
metal-free catalyst. To investigate the effect of reaction
conditions on k,,,, the experiments were carried out by varying
the catalyst dosage, initial 4-NP concentration, and sodium
hydroxide concentration at room temperature with a single
factor method. As the described above, the catalytic reduction
of 4-NP is a surface transfer reaction, and the number of surface
active sites of SG is an important influence factor for k..
Moreover, as the same condition for the preparation of SG and
its well dispersion, the quantity of active sites is proportional to
catalyst dosage. Thus it is expected, as shown in Figure 7a, that
the value of k,,, is positively related to the augment of catalyst
dosage.

Figure 7b displays the dependence of In(C/C,) on time at
different initial 4-NP concentrations. Apparently, the value of
kpp is monotonically decreased with the increasing of initial 4-
NP concentration. The coadsorption for the reactant and
reductant on the surface active sites is one of the requirements

app
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Figure 7. Plots of In(C/C,) versus time with (a) dosage of SG and
different concentration of (b) 4-NP and (c) NaBH,. The inset images
of parts a—c display the values of k,,, versus catalyst dosage, 4-NP
concentration, and NaBH, concentration, respectively.

for the occurrence of the reaction. When the 4-NP
concentration in the solution is low, there is a small number
of 4-NP molecules that can be adsorbed on the SG sheet
surface because most of active sites were occupied by NaBH,;
therefore, the conversion for the adsorbed 4-NP is easy.
However, as the concentration of 4-NP increased, more and
more 4-NP molecules occupy the active sites, resulting in fewer
formation of surface active hydrogen species and a low reaction
rate. As exhibited in Figure 7c, the k,,, increases with
concentration of NaBH, up to around 0.8 g L™ and then
decreases as the concentration is increased sequentially.
According to the mechanism expressed in Figure 4, when the
initial concentration of 4-NP is unchanged, the chance for the
reaction to occur increased with the concentration of NaBH,
up to a certain value (0.8 g L7'), which is due to the
synchronous increase of reductant and surface active hydrogen
species. However, as the concentration of NaBH, is further
increased, the rest of the NaBH, molecules and 4-NP molecules

begin to compete with each other to adsorb on the SG sheet,
resulting in a little reduced value of k.

4. CONCLUSIONS

In summary, sulfurized graphene (SG) nanomaterials were
prepared by a well-developed ball-milling method and system-
atically characterized by scanning electron microscope, trans-
mission electron microscope, Fourier transform infrared, and X-
ray photoelectron spectroscopy. The SG exhibited flake-like
morphology with average size of 100 nm. The S content in the
SG was 3.4 atom % with uniform distribution, providing high
catalytic performance for catalytic reduction of 4-NP to 4-AP
by using NaBH, as the reducer. The kinetics studies of the
reaction process were investigated by single factor method at
various conditions including catalyst dosages, initial 4-NP
concentration, and initial reductant concentration. Further-
more, the catalytic thermodynamic parameters for the
reduction of 4-NP by SG was studied by conducting the
reaction at various temperatures, and the apparent activation
energy (E,) of this reaction system was calculated as 24.21 kJ
mol ™", The thermodynamics parameters including AS and AH
were also obtained from the Eyring equation. Our results show
that as-synthesized SG nanomaterials are promising metal-free
catalysts for hydrogenation reduction of 4-NP to 4-AP.
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