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Magnetic graphene noble metal aerogels:
preparation and application for catalytic
degradation of 4-NP
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In this work, the preparation of magnetic graphene noble metal aerogels (GA—FezO4—AuU—ethanol) Was
realized by self-assembly induced by radiation reduction. The prepared material GA—FezO4—AU—cthanol
can be easily attracted by a magnet. Meanwhile, GA-FezO4—AU—cthanol SUccessfully realized the degra-
dation of 4-nitrophenol (4-NP), which was considered an environmentally harmful pollutant. It is worth
mentioning that the prepared materials showed a better catalytic performance than general noble metal
catalysts, and it was found that the content of noble metals in the fabricated composite significantly
influenced the catalytic reaction rate. The successful preparation of this material provides a feasible
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1. Introduction

Noble metal nanoparticles are often used in medicine and
environmental research because they have unique biophysical
properties, mainly due to their highly accessible surface.
Among a series of noble metal nanoparticles, Au nanoparticles
have received the most attention from researchers." Conven-
tionally, AuNPs are synthesized using chemical substances as
reducing agents.” Due to the chemical-reducing agents being
generally toxic and easily polluting the environment, develop-
ing environmentally friendly nano-synthetic routes is of high
importance. Preparing noble metal nanoparticles by radiation
reduction is a greener preparation method than traditional
chemical methods.?

Catalytic reduction of 4-nitrophenol using metal-based cat-
alysts is an important reaction that typically employs noble
metals such as palladium, rhodium, and platinum, as well as
transition metals such as iron, nickel, and cobalt.*® In this
reaction, the catalyst acts as a reducing agent, and under
catalysis, the nitro group is reduced to an amino group.

The choice of catalyst depends on factors such as reaction
conditions, catalyst cost, and reaction rate. For example,
palladium-based catalysts have high catalytic activity and selec-
tivity, and are suitable for many reduction reactions, but are
expensive. Therefore, some studies have attempted to use
inexpensive catalysts such as nickel, iron, and others.””®
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This reaction has broad application prospects, for example,
it can be used in the preparation of organic chemicals, phar-
maceuticals, and dyes. Additionally, the reaction can also be
used in areas such as wastewater treatment and air pollution
control. Therefore, catalytic reduction of 4-nitrophenol using
metal-based catalysts is an important research area that attracts
widespread attention and study.

Nitroaromatic compounds are widely employed in manufac-
turing pharmaceuticals, pigments, dyes, plastics, pesticides,
fungicidal agents, explosives, and industrial solvents. However,
considering its industrial production and potential environ-
mental pollution, 4-NP has been regarded as the most impor-
tant of the mononitrophenols.” Among the metal NPs, AuNPs
generated under various conditions are known to be efficient
catalysts for reducing organic dyes and reducing 4-nitrophenol
(4-NP) to 4-aminophenol (4-AP)."® A lot of research studies have
reported combing nanogold with some substrates to prepare
nanogold materials with small size and uniform dispersion,
such as combining nanogold with polymers,** inorganic metal
materials,”* and with graphene oxide."®> Among them, the
materials prepared by Au and graphene oxide are often tricky
because they are challenging to recover.'* In this paper, by
introducing magnetic iron oxide into composites, we hope to
obtain materials that can be attracted and controlled using
magnets to solve the problem of difficulty in recovering materi-
als to a certain extent.

Herein we report the synthesis of a GA-Fe;0,-Au-cthanol
composite using a mild one-step method. We used reducing
substances produced by irradiating water at 200 KGy in the
presence of ethanol. The Au NPs produced in the reaction get
attached to the graphene sheets and are stable for weeks
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without a noticeable change in their properties. The AuNPs
made were small, with sizes below 5 nm, and were found to
show high catalytic activity. The amount of AuNPs produced
could be easily controlled by controlling the starting materials
(AuCl3-HCl-4H,0). Also, due to the addition of Fe;O0, NPs, the
material can be easily attracted by the magnet. We have studied
the catalytic reduction of 4-NP to 4-AP by the composite using
NaBH, as the reducing agent under heterogeneous conditions.
When the heterogeneous catalytic reaction was carried out in
the presence of excess NaBH,, it was observed to follow pseudo-
first-order kinetics, and the apparent reaction rate constant
depended linearly on the concentration of AuNPs present in the
composite.

2. Experimental section
2.1 Reagents and materials

GO was synthesized from natural graphite flakes using a
modified Hummers’ method.”® Fe;0,, ethanol, and AuCl,-
HCI-4H,0 were obtained from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China). Besides, the solvents used in the
experiment are analytical grade and require no further
purification.

2.2 Synthesis of GA-Fe30,-Au-¢thanol COMpoOsites by y-ray
irradiation

The process of preparing GA-Fe;O4—AU—cthanol COMposites is
shown in Fig. 1. First, 0.0136 mmol L' Fe;0, was added into
GO solution (2 mg mL™") and stirred thoroughly (ultrasonic
stirring is recommended because Fe;O, will interact with a
magnetic stirrer), Then chloroauric acid solution with different
concentrations (0.02 mg mL™*, 0.1 mg mL ', 0.2 mg mL*,
0.4 mg mL™", and 0.8 mg mL ') was added to the above
solution and stirred separately. Finally, the solvent (ethanol
and water 1:1) was added to the above mixture and stirred for
2-3 h. Subsequently, the above-mixed solution was put into a
50 mL small bottle, about two-third of the bottle, then nitrogen
was blown into the bottle (for 5-10 min) to create an inert
environment in the bottle, and the bottle was covered. Finally,
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the above samples were irradiated at room temperature for 17 h
with a dose of 200 kGy. After irradiation, graphene/Fe;O,/Au
composite hydrogels (GH-Fe304-Au—cthanol) Were obtained, and
then the obtained GH-Fe;0,—¢thanol Was washed 10 times with
ethanol/water solution to remove ionic impurities and other
organic molecules. Following that, GA-Fe;O4-AU—-cthanol 2€TO-
gels were obtained by freeze-drying GH-Fe;O4—AU—cthanol at
—40 °C and 0.14 kPa. Through the same steps, the samples
obtained with different Au contents were labeled as GA-Fe;0,—
AU-cthanot 0.02 mg mL™", GA-Fe;04~AU—c¢hanor 0.1 mg mL ™",
GA-Fe;04-AU—ctnanot 0.2 mg mL™', GA-Fe;0,~AU-cthanol
0.4 mg mL ™' and GA-Fe;04~AU—cthano 0.8 mg mL ™", respec-
tively. And the sample without chloroauric acid was also pre-
pared as the control and labeled as GH-Fe3;0,—cthanol-

2.3 Catalytic degradation of 4-NP

We measured the process of the composite catalysis experiment
using a UV-VIS spectrometer, and the scanning wavelength
range was 200-700 nm. During continuous stirring, 10 mg GA
was added as a catalyst to the 4-NP (20 mL 0.5 mmol L")
solution, and then the newly prepared NaBH, aqueous solution
(10 mL 0.5 mol L™ ") was quickly added to the above solution. All
catalytic reactions were stirred in a 50 mL small beaker at a
speed of 150 rpm. Then the reaction process was monitored
using UV-VIS spectroscopy. The kinetic rate constant k of the
first-order reaction can be calculated using the formula (1)

In <%) = —kt (1)

C, is the initial concentration of 4-NP and C, is the concen-
tration of 4-NP in the reaction.

2.4 Adsorption of organic solvents

A certain mass of material (mp,) was weighed and placed in
dodecane for a period to achieve adsorption equilibrium. The
mass of material (m,) was weighed after adsorption of organic
solution. The formula (m, — my,)/m, was used to calculate the
adsorption capacity of the material. After that, the material

GA'Fe‘304'Au'ethanol

Freeze ;
—_—

‘ rGO

Fig. 1 Schematic illustration of the synthesis process of GA-FezO4—Au—cthanol- IN the figure, GO represents graphite oxide, GH represents graphene
hydrogel, GA represents graphene aerogel, and rGO represents reduced graphite oxide.
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adsorbed with the organic solution was dried. This step was
repeated to test the cyclic adsorption capacity of the material.

2.5 Characterization of GA-Fe;04-AU—¢hanol COMposites

The microstructure of GA-Fe;0,~AU—¢thanol COMposite aerogels
was observed using a field emission scanning electron micro-
scope (FESEM, JSM-6700F, JEOL, Ltd Tokyo, Japan) at an
accelerating voltage of 5.0 kV. T. A high-resolution transmission
electron microscope (HR-TEM; JEM-3000F, JEOL, Ltd) was
used to observe the distribution of Fe;0, NPs on graphene.
The crystal structure of GA-Fe;O4-AU-cthanol COMpOsites was
measured using an X-ray diffractometer (XRD, Bruker DS,
Germany) with a Cu-Ka radiation source (1 =1.54 A) at 40 kv
and 50 mA.

3. Results and discussion
3.1 Morphology of GA-Fe;0,-AU-¢thanol COMPpOSites

It can be seen from Fig. 2a that the height of the composite is
about 3.2 cm, the diameter of the bottom is about 2 cm, and the
apparent morphology of the composite is similar to the appear-
ance of the container used for preparation, which implies that
the container used for preparation may directly affect the
appearance of the prepared material. Therefore, it is expected
that composites of any shape can be produced by controlling
the shape of the container.

View Article Online
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The composite was further analyzed using SEM. As shown in
Fig. 2e, the material’s interior has a porous network structure
due to the mutual overlap and self-assembly of graphene oxide
after reduction.’® At the same time, tiny particles can be seen
attached at the edge of the porous channel, with a diameter of
about 1 pm or less. It is preliminarily considered that they are
Fe;0, nanoparticles added to the material. Fig. 2c shows the
outer surface of the composite material. It can be seen that its
outer surface is relatively flat and doped with small particles.
This is because the material’s outer surface is in direct contact
with the wall of the container used in the preparation process,
which limits the assembly between graphene oxide sheets.
Here, we also preliminarily believe that the tiny particles
attached to the surface are Fe;O, nanoparticles. Meanwhile,
using magnets can easily attract materials, as shown in Fig. 2b.
This also shows the successful introduction of Fe;O, on the
one hand. To further characterize the morphology of the
material, the material was observed using a transmission
electron microscope, as shown in Fig. 2d. It was found that
the diameter of Au nanoparticles was 15-30 nm, and the Au
nanoparticles were found to be evenly distributed on the
graphene layer. At the same time, Fe;O, with a diameter of
about 60 nm was also observed. (Nano Fe;0, exhibits a cubic
crystal structure and its particle size is consistent with that of
the iron tetroxide we purchased, with a particle size of 50—
100 nm.) The above results further illustrate the successful
preparation of the material.

Fig. 2 (a) Appearance and dimensions of composite materials and the corresponding containers. (b) GA—Fez04—AU—cthanol attracted by a magnet. (c)
Surface topography of GA-FezO4—AU—cthanol- (d) TEM image of GA-Fe304—Au—ethanol- (€) Internal morphology of GA-FezO4—Au—cthanol-
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3.2 FI-IR/XPS/XRD characterization

To determine the elemental composition of the material, X-ray
photoelectron spectroscopy (XPS) measurements were carried
out revealing the presence of C, Fe, O, and Au elements in GA-
Fe30,-AU-cthano @S shown in Fig. 3a. Meanwhile, Fig. 3b shows
the high-resolution XPS spectrum of Au 4f measured on the
GA-Fe304-AU—cthanot Surface. The peak value of Au 4f;, is
83.8 eV, indicating that gold does exist in the form of uncom-
bined atoms."” The above conclusion shows that the reduction
of Au®* can be achieved through radiation reduction, and the
prepared composites contain Au’.

As shown in Fig. 3c, the bands at 1632 cm ™' in the GA-
Fe;04~AU—¢thanol Spectrum are attributed to the stretching
vibrations of C=0 in the quinone-like structure.'® Compared
with the original GO spectrum, the intensity of the peak at
about 1632 cm ™' is reduced, indicating that graphene oxide has
been reduced. The characteristic vibration peaks of GO are the
broad and intense peak of O-H groups centered at 3400 cm ™',
the strong C=O0 peak at about 1735 cm™ ", the O-H deforma-
tion peak at about 1400 em™', the C-OH stretching peak
at about 1256 cm ', and the C-O stretching peak at about
1080 cm ."° The reduction of graphene oxide can also be
explained by the reduction of the carboxyl peak located at about
1735 cm™ .

The XRD spectra of GA-Fe;O4~AU—chanor are shown in
Fig. 3d, and are compared with the XRD spectrum of graphene
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oxide. It can be found that the characteristic peaks belonging to
GO disappear at about 12°, and a broad peak belonging to
graphite appears at about 23° due to the removal of oxygen-
containing functional groups. The peak at 23° is assigned to the
(002) crystal plane of graphite, confirming the formation of rGO
sheets. And the broad rise of the peak was caused by the
disordered stack of rGO sheets and structural defects.”® Com-
pared with the XRD spectrum of GA-Fe;O,-ethanol, the X-ray
diffraction patterns of both composites show five sharp peaks
at approximately 30.43°, 35.75°, 43.36°, 57.29° and 62.87°,
which represent different crystal planes of Fe;O,4, suggesting
the successful incorporation of Fe;O, nanoparticles. At the
same time, compared with GA-Fe;O,-ethanol composites, it
is found that there are distinctive diffraction peaks at 26 =
38.5° which belong to the (1 1 1) planes of the cubic phase of
Au.”' It shows that radiation reduction successfully introduces
Au nanoparticles into the composites.

3.3 Vibrating sample magnetometry (VSM) characterization

The magnetic properties of the GA-Fe304-Au—cthanol COMpoOsite
were studied using VSM. Fig. 4 shows the hysteresis loop of the
composite obtained by applying an external field between —2
and 2 T at room temperature. The magnetization curve reveals
that the composite exhibits superparamagnetic properties at
room temperature, without remanence or coercivity.>*> Super-
paramagnetism refers to the characteristic of being responsive
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(a) XPS survey spectrum of GA—FezO4—Au—cthanol (D) the Au 4f high resolution XPS spectrum of GA—FezO4—AU—ctnanol (C) FT-IR spectra of GA and

GA-Fez04—AU—cthanot- (d) XRD spectra of GA-FezO4—Au—cthano. GA—Fe304—cthanol and GO.
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Fig.4 M-H curve of the GA-FezO4—AU—cthanot COMpOsite at room
temperature.

to an applied magnetic field but not retaining any magnetism
after removal of the field. The composite’s superparamagnetic
properties can prevent the formation of aggregates caused by
residual magnetism after the external field is removed.

3.4 Analysis of catalytic reduction of 4-NP

Using ¢ = 0.5 mol mL~ " NaBH, as a reducing agent, 4-NP with a
concentration of ¢ = 0.5 mmol mL " was catalytically reduced.
The process diagram of the catalytic reaction is shown in
Fig. 5a. The solution becomes transparent as the reaction
proceeds. As a model reaction, the catalytic reaction was easy
to study using the UV-VIS spectrum as shown in Fig. 5b-d.
The absorption peaks at 400 and 300 nm correspond to 4-NP
and 4-AP(Fig. 5b), respectively. In the UV-VIS Spectrum, the
decrease of the absorption peak at 400 nm and the increase of
the absorption peak at 300 nm indicate that 4-AP is generated.
That is, the catalytic reaction is in progress. The disappearance
of the characteristic peak at 400 nm represents the full comple-
tion of the catalytic reaction. The catalytic efficiency is further
improved by the increased loading of AuNPs in GA materials.
The corresponding In(C,/C,) versus the time curve at 400 nm is
shown in Fig. 5d, and shows that the kinetic reaction constants
are 0.12 min~ ', 0.12 min~', and 0.25 min~", respectively.
Compared with other literature reports, such as Xiong, LL,
etc., our work only uses 0.02 mM metal nanoparticles to achieve
a similar catalytic effect.”> Compared to what Zhang, RF et al.
reported, our work achieved faster degradation of 4-NP,
completing the catalytic degradation of 4-NP in less than
20 minutes.? It can be seen that GA-Fe;0,~AU—cthanol ShOWS
excellent performance for the catalytic reduction of 4-NP,
following pseudo-first-order kinetics and, what is more, the
apparent rate constant depended linearly on the concentration
of Au NPs present in the composite.

3.5 Organic dye adsorption

As the graphene sheet has the potential ability to adsorb
organic dye solution, we tested the ability of the composite to

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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adsorb organic dye solution. As shown in Fig. 6b, a certain
quantity of the composite was added to a specific concentration
of methylene blue solution and kept for a while until the
adsorption reaches equilibrium (it takes 12 h to reach adsorp-
tion equilibrium). UV-VIS spectrometry was used to character-
ize a particular volume of the adsorbed dye solution. It was
found that the composite has a specific ability to adsorb
methylene blue. We also carried out the same experiment on
the adsorption of rhodamine using the composite, as shown in
Fig. 6c. The results show that the composite also has a
particular ability to adsorb rhodamine. The change before
and after the adsorption of organic dye solution is not evident
through direct observation with the naked eye, which may be
caused by too few composite materials and too high a concen-
tration of the organic dye solution.

At the same time, the adsorption capacity of the material for
4-NP was also tested, as shown in Fig. 6a. It was found that the
material had a specific adsorption capacity to 4-NP, and the
material reached adsorption equilibrium in 3 h. This result
shows that the material can adsorb a certain amount of 4-NP in
the experiment of catalytic degradation of 4-NP. Still, the
amount of adsorption must be increased to make the reaction
system clear and transparent. The clarification of the solution
after the reaction is due to the occurrence of a substantial
catalytic response rather than simple adsorption. The adsorp-
tion of 4-NP on the materials is also conducive to the enrich-
ment of 4-NP, which makes the catalytic reaction rate faster.

3.6 Adsorption of organic solution

The adsorption evaporation curve of the material for cyclic
adsorption of n-dodecane is shown in Fig. 7. It can be seen that
the material can adsorb n-dodecane with a maximum mass of
about 50 times its own and maintain good adsorption stability
in recycling adsorption. Compared to the GA-Fe;0,~AU—¢thanol
materials prepared previously,> it was found that the introduc-
tion of AuNPs did not adversely affect the adsorption capacity
of the materials.

3.7 BET analysis

By employing BET analysis, we have analyzed the pore structure
of the material, and the test results, as depicted in Fig. 8, reveal
that the material possesses a fairly large specific surface area of
about 78.79 m”> ¢~ ', with an average pore size of 12.58 nm. This
is advantageous for the application of the material in the field
of catalysis, as the high specific surface area offers more
abundant catalytic binding sites. From the desorption iso-
therm, it can be inferred that initially, adsorbed molecules
tend to aggregate around the most attractive sites on the
surface. As the adsorption progresses, a self-accelerating phe-
nomenon emerges. The observed type III adsorption isotherm
suggests that the material at hand is macroporous. The adsorp-
tion-desorption isotherm curve for nitrogen displays a H3
hysteresis loop, without any conspicuous saturated adsorption
platform, indicating an irregular pore structure. The H3-type
hysteresis loop stems from flake-particle materials and cracked
pore materials, which can be deemed as slit pores formed by
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Fig. 5 (a) The color of the solution changes with the progress of the catalytic reaction (0.4 mg mL™ GA—Fez04—AU—cthanol Was used).(o—d) UV-VIS
spectrum of GA-FezO4—AU—cmanol fOr catalytic degradation of 4-NP. (e) The corresponding In(Ci/Co) versus time curve.
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(a) UV-VIS spectra of 4-NP adsorbed by GA-FezO4—AU—cthanot- (D) UV-VIS spectra of methylene blue adsorbed by GA-FezO4—Au—ethanol (C) UV-

One can infer from the aperture distribution that the material
has commonly present pores smaller than 10 nm, which may be
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attributed to the release and extrusion of nanoparticles from
graphene layers during preparation.

4. Conclusion

By utilizing radiation reduction technology, the Au nano-
particles were successfully combined with reduced graphene
oxide and ferroferric oxide was introduced into the composite.
GA-Fe304-AU—chanol COMposites that magnets can attract are
synthesized effectively and simply using a one-step method. It
is found that the composite can be used as a catalyst to degrade
the pollutant 4-NP effectively. Its catalytic performance is linear
with the concentration of AuNPs in the composite, and the
catalysis follows the pseudo-first-order kinetics. At the same
time, the adsorption capacity of the composite for organic dye
solution is also explored. It is found that the composite has a
specific adsorption capacity for organic dye solution.
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