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Precious metal nanometric catalysts are widely used in the removal of harmful substances. In the process of
synthesis and catalytic reaction, it is particularly important to study green and simple synthesis methods and
high catalytic efficiency. In this paper, a green one-step method was used to synthesize the Fe(OH)s/

Fe,Osz@Au composite catalyst, in which Au was single atom-dispersed. The removal of 4-nitrophenol (4-

NP), a typical dangerous chemical widely existing in factory waste gas, waste water and automobile
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exhaust gas, was catalysed by Fe(OH)s/Fe,Os@Au. The catalytic performance of Fe(OH)s/Fe,Os@Au with

different synthesis conditions (different amounts of MES, NaBH,4 FeSO4 Au and Pt) on the 4-NP
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Introduction

In recent decades, precious metal nanomaterials, especially Au, Pt,
and Pd, are attracting much attention due to their unique physical
and chemical properties, and a wide range of high-activity cata-
lysts. So far, precious metal nanomaterials have been widely used
in various fields, such as hydrogenation reactions, hydrolysis
reactions, fuel cells, and electrocatalytic reactions."® In particular,
precious metal nanoparticles exhibit superior catalytic perfor-
mance due to their unique functional mechanism and synergistic
effect of electronic effects.®** Moreover, it has remarkable activity
for the reduction of 4-nitrophenol (4-NP).

With the advancement of time, the emission of pollutants
from industrial refineries, automobile exhaust and organic
pollutants from various factories have become an urgent envi-
ronmental problem. The organic pollutants released contain 4-
NP, which are toxic, non-biodegradable and highly persistent in
the environment, thus being listed as a priority toxic pollutant
by the US Environmental Protection Agency (EPA).">™* The
reduction product of 4-NP is 4-AP, which has significantly lower
toxicity and is an important chemical intermediate in the
synthesis of pesticides, dyes, imaging agents, and drugs (such
as paracetamol).’ Hence, it has become an important research
field to obtain 4-AP and similar derivatized aminophenols by
the mild aqueous phase catalytic reduction of 4-NP.">*® There-
fore, it is necessary to develop environmentally compatible,
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reduction reaction were systematically studied. Finally, the stability and recyclability of Fe(OH)s/
Fe,Oz@Au composite nanocatalyst were investigated thoroughly.

cost-effective and easy to recycle effective composite nano-
materials to degrade toxic 4-NP into 4-AP.

Among all reported precious metal nanoparticles, Pt and Au
nanoparticles are particularly attractive for the 4-NP reduction
reaction.””™ Many precious metals with different structures
and compositions have been extensively studied, and have
shown excellent catalytic performance.”** However, the
stability of the application of precious metals is still a common
problem due to the tendency of precious metals to aggregate,
which leads to a gradual decline in catalytic activity.”® In addi-
tion, it is difficult to separate and recover precious metal
nanoparticles after each use due to their small size. Moreover,
the cost of precious metals is very high, and better separation
and recovery are very important under the shortage of resources
and huge industrial demand.

In order to overcome these problems, various strategies have
been attempted to improve the catalytic performance and
stability of precious metal nanoparticles. In recent years, many
research studies have been focused on the synthesis of various
precious metal composite materials,***° and the improvement
of their catalytic activity and stability. For example, Au-Pt alloy
nanoparticles are loaded on a-Co(OH), nanosheets to improve
the catalytic performance for the 4-NP reduction reaction.”® In
addition cinchonidine is used as a catalyst to catalyze the
synthesis of well-dispersed ultrafine palladium nanoparticles
with high catalytic activity.”” The synthesis of the CeO,®-
Au@Ce0,-MnO, sandwich hollow structure improves the
catalytic performance.”® In addition, transition metal oxides are
widely used in catalysis. For example, in nano-CeO, doped with
high silicon ZSM-5, the derivatives Co030,/C and Co0;0,-
C@FeOOH catalyze ozonization in water.”>*" The CuCo0,0,/

© 2021 The Author(s). Published by the Royal Society of Chemistry
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BiVO, composite material effectively catalyzed the 4-NP reduc-
tion in water.** Further, the synthesis of silver-doped Fe;0,/C
nanoparticles and its catalytic activities are applied for the
degradation and reduction of methylene blue and 4-nitro-
phenol.®®* As mentioned above, these all indicate that the
composite catalysts based on precious metals or transition
metal oxide have a good catalytic effect on the 4-NP reduction
reaction, and the catalytic activity and stability of these
composite materials have been improved.

For composite catalysts based on precious metals, precious
metals are usually connected to the supporting material through
a weak interaction provided by a special linker. However, most
synthesis methods need to synthesize the carrier material first,
and then load the metal nanoparticles. The synthesis process is
complicated and time-consuming.** Among all the support
materials, graphene with unique structures and properties, as well
as various modified graphenes, are the most widely used. Like
graphene, ultra-thin nanosheets with a thickness of a few nano-
meters is rich in active sites for ions and electrons. It also has
a shorter diffusion path length and a higher specific surface area.
Taking advantage of these advantages, ultrathin nanosheets will
be a promising new two-dimensional support material for sup-
porting precious metal nanoparticles. Although the larger specific
surface area and stability of ultrathin nanosheets in water help
improve the stability of precious metal nanoparticles, there is no
specific metal ligand on ultrathin nanosheets. Therefore, in order
to further improve the stability of Au NPs, it is necessary to
introduce metal binding groups on the surface of nanosheets. By
consulting the literature, it is found that polyvinyl pyrrolidone
(PVP) and morpholine ethanesulfonic acid (MES) have good metal
affinity, especially MES.>**! Therefore, PVP and MES can be used
as stabilizers of Au NPs to form complexes with Fe(OH);/Fe,O3
nanosheets.*

In this study, single atom-dispersed Au nanoparticles were
loaded on the support material of ultra-thin Fe(OH)s/Fe,O3
nanosheets via a green one-step method. The catalytic efficiency
of the Fe(OH);/Fe,O;@Au composite nanomaterials under
different synthesis conditions for 4-NP reduction was explored.
Finally, the catalytic activity and stability of the prepared
nanocomposite were systematically investigated.

Experimental

Materials

Tetrachloroauric acid trihydrate (HAuCl,-3H,O 1 g/100 mL),
polyvinyl pyrrolidone (PVP, M,, = 58 000), morpholine ethane-
sulfonic acid (MES, M,, = 195.24), and p-nitrophenol (4-NP)
(>99.0%) were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. Sodium borohydride (NaBH,) and ferrous
sulfate (FeSO,) were purchased from Beijing Chemical Plant.
The purity of all reagents was analytically pure, and all chem-
icals were bought directly without any purification.

Synthesis of the Fe(OH);/Fe,0; composite nanomaterials

The specific experimental steps are as follows: first, 100 mg PVP
and 200 mg MES were dissolved in 30 mL deionized water.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Subsequently, while vigorously stirring, 5 mg FeSO, was quickly
injected, then stirring was continued for 5 min. Moreover,
30 mg NaBH, was quickly added while stirring vigorously, and
continued stirring for 30 min. The entire reaction process is
carried out at room temperature. Finally, the product was
separated by centrifugation (10 000g, 10 min), and dispersed in
2 mL deionized water for later use.

Synthesis of the Fe(OH);/Fe,O;@Au composite nanomaterials

The specific experimental steps are as follows: first, 0.3 mL
HAuCl,-3H,0, 100 mg PVP and 200 mg MES were dissolved in
30 mL deionized water. Subsequently, while vigorously stirring,
0.5 mL of a freshly prepared 6 mg mL ™" NaBH, aqueous solution
and 5 mg FeSO, were quickly injected, and then stirring was
continued for 5 min. Moreover, 30 mg NaBH, was quickly added
while stirring vigorously, and continued stirring for 30 min. A tan
solution could then be observed. The entire reaction process was
carried out at room temperature. Finally, the product was sepa-
rated by centrifugation (10 000g, 10 min), and dispersed in 2 mL
deionized water for later use. The synthesis method of the
Fe(OH)3/Fe,0;@Au composite nanomaterials with different
amounts of MES, NaBH,, FeSO, was the same, with the other
conditions remaining unchanged, and only the additional
amount of MES (0, 100, 200 mg), and NaBH, (0.5, 1.5, 3 mg) and
FeSO, (3, 5, 7 mg) added in the synthesis process were changed.

The sample’s catalytic performance test for 4-NP reduction
reaction

The catalytic reaction was carried out at room temperature with
a 4 mL quartz colorimetric dish as the reaction vessel. The
absorbance of the solution during the reaction was monitored
by UV-Vis spectra and 722N visible spectrophotometer, respec-
tively. The specific operation steps are as follows: first, fresh 4-
NP (0.01 mol L™ ") and NaBH, (0.2 mol mL™") aqueous solutions
were prepared, and the catalyst was dispersed into deionized
water to form a 1.3 mg mL ™' dispersion solution. In a 4 mL
quartz colorimetric dish, 20 pL 4-NP (0.01 mol L"), 3 mL H,O
and 10 uL catalyst solution (1.3 mg mL™") were successively
added. After the solution was completely and evenly dispersed,
100 pL NaBH, (0.2 mol L") aqueous solution was dropped into
the above solution. Then, the UV-vis spectrum was scanned in
the range of 250-600 nm immediately, or the absorbance value
was record at A = 400 nm.

Recycling ability test

In order to investigate the stability of Fe(OH);/Fe,O;@Au, we
conducted 3 cycles of Fe(OH)s;/Fe,O;@Au and measured the
conversion rate of 4-NP within the same reaction conditions. In
order to avoid the loss of catalyst caused by the separation
process, 20 uL of 4-NP solution was directly added to the reaction
system after each reaction, and then the next test was performed.

Characterization

The crystal structure and phase purity of the samples were
measured by a Panaco X'Pert PRO X-ray diffractometer. A

RSC Adv, 2021, 11, 26502-26508 | 26503
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Panalytical Empyrean powder X-ray Cu-Ko radiation diffrac-
tometer with wavelength set to 0.15406 nm, commonly used
voltage at 45 kV, current at 40 mA, and scanning speed:
2° min ', was used for measurement in the following test range:
10° = 26 = 70°. The elemental composition of the Fe(OH),/
Fe,O;@Au nanocomposites was determined by Zeiss MERLIN
Compact SEM-EDX microanalysis. The chemical states of
different elements were determined by Thermo ESCALAB 250XI
X-ray photoelectron spectroscopy (XPS). TEM images of the
samples were obtained on a FEI Talos F200S transmission
electron microscope (acceleration voltage: 200 kV). The UV-Vis
absorption spectra of the samples were measured on a Shi-
madzu UV-1780 UV-vis-NIR spectrophotometer. The absorbance
of the solution during the reaction was monitored by a 722N
visible spectrophotometer.

Results and discussions

Analysis of the morphology, crystalline phase, and chemical
composition of the Fe(OH);/Fe,0;@Au composite
nanocatalyst

The chemical composition, crystalline phase and the
morphology of the prepared Fe(OH);/Fe,O;@Au nano-
composite were characterized by XPS, XRD, EDX and TEM. First,
the electronic states of Au and Fe in the Fe(OH)s/Fe,O;@Au
composite nanomaterials were determined by XPS technique.
As shown in Fig. 1a, the high-resolution Au 4f peaks near the
binding energies of 83.5 and 87.1 eV confirm the zero valent Au
element, and the main peaks are attributed to Au 4f,,, and Au
4fs,,, respectively. The Fe 2p spectrum has two peaks at the
binding energies of 711.0 and 725.2 eV (Fig. 1b), and the main
peaks are attributed to Fe 2p3/, and Fe 2p;,, respectively. The Fe
2p spectrum indicates that Fe exists in the form of a positive
trivalent. Two shalke satellites with Fe** were found in the XPS
spectra of Fe 2p. Fig. S1 shows the chemical composition and
crystalline phase of the synthesized Fe(OH)z/Fe,O3;@Au nano-
composite characterized by X-ray diffraction (XRD). The obvious
diffraction peaks of Fe(OH); at 26 = 14.2°, 36.4°, 46.9° and 59.1°
are well indexed on the Fe(OH); standard card (JCPDS no. 38-
0032). The obvious diffraction peaks of face-centered cubic
crystalline Fe,O; at 26 = 26.9°, 36.2°, 48.9° and 54.9° are well
indexed on the (002) (020) (113) and (004) planes, respectively,
of the standard face-centered cubic crystalline Fe,O; card
(JCPDS no. 34-0394). The diffraction peak at 26 = 38.2° has

a Audf b Fe 2
Audf,, Fe2p

Fe 2py,

Audfy,

Intensity (a.u.)
Intensity (a.u.)

9 92 w88 86 84 & 80 70 TS M0 ™S MW TS T W05 00
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Fig.1 XPS fine spectra of Fe(OH)s/Fe,Oz@Au: (a) Au 4f spectra and (b)
Fe 2p spectra.
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a good index to the (111) plane of the face-centered cubic
crystalline Au. Therefore, the XPS spectra and XRD results show
that the synthesized composite nanomaterials are the Fe(OH)s/
Fe,O;@Au nanocomposite. In addition, the broad diffraction
peaks indicate that the size of the Au nanoparticles is smaller.
The EDX spectrum also confirmed the existence of Au, O and Fe
in the Fe(OH)3/Fe,O3;@Au nanomaterials (as shown in Fig. S27).

As shown in Fig. 2, the morphology and size of the synthe-
sized Fe(OH);/Fe,O;@Au nanocomposite were characterized by
transmission electron microscopy (TEM). It can be clearly seen
that Fe(OH);/Fe,0; is distributed in space as ultrathin sheets,
and the lateral dimensions of the Fe(OH);/Fe,O; sheets range
from hundreds of nanometers to thousands of nanometers. The
Au nanoparticles, about 10 nm in diameter, are randomly
distributed on the ultrathin Fe(OH);/Fe,O; sheets. In order to
optimize the experimental conditions, MES was added to the
reaction system. When 200 mg MES is added, the morphology
and size of the Fe(OH)s;/Fe,O;@Au nanocomposite change
greatly. As shown in Fig. 2(d)-(f), the Fe(OH)s/Fe,O3 nanosheets
become smaller and thinner, and the dispersion is better. The
single atom-dispersed Au nanoparticles loaded on the Fe(OH)/
Fe,0; nanosheets have increased in number and become
smaller in size (Fig. 2f). Because MES has good metal affinity,
the addition of MES can coordinate with Au nanoparticles and
act as a stabilizer for these nanoparticles.?***

On this basis, the possible formation mechanism of
Fe(OH);/Fe,O;@Au is proposed. In previous reports, Zhang and
colleagues have demonstrated that there is a key reaction
intermediate in the formation of ultra-thin «-Co(OH), nano-
sheets-Co-B composite nanospheres.”> When M** (M = Fe, Co,
Ni) salt and NaBH, are mixed in deionized water in the presence
of PVP, a solution of M-B nanospheres composed of small
metal crystals embedded in an amorphous boron matrix is
formed. Then, through the oxidation of the metal in the air and
the release of the boron species at the same time, the M-B
composite material becomes an ultra-thin nanosheet.>
Presumably, the same process applies here. The newly prepared
NaBH, solution was injected into a solution containing Au
nanoparticles, FeSO,, PVP and MES, and Fe®>" was reduced to
form a Fe-B composite solution immediately. Then, the reac-
tion system was gradually transformed into ultra-thin Fe(OH),/

Fig. 2 Transmission electron microscopy (TEM) images of the
Fe(OH)s/Fe,Os@Au composite nanocatalyst under different reaction
conditions: (a)-(c) 0 mg MES; (d)-(f) 200 mg MES.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fe,O;@Au through an oxidation corrosion process. In addition,
PVP and MES have good metal affinity and can coordinate with
Au nanoparticles, and act as stabilizers for these nanoparticles.
It is these multiple interactions that connect Au NPs with ultra-
thin Fe(OH);/Fe,O; nanosheets and stabilize the prepared
Fe(OH);/Fe,O;@Au.

Study on the catalytic performance of Fe(OH);/Fe,O;@Au

Like other aromatic nitro compounds, 4-nitrophenol is
a dangerous and carcinogenic chemical, which is the main
component of pesticides, plasticizers and herbicides.*” Simul-
taneously, 4-aminophenol (4-AP) is an important intermediate
in the industrial production process, including the production
of analgesics and antiseptic lubricants.**** The development of
efficient methods for reducing nitro groups to amino groups
using new catalysts has attracted great attention in synthetic
organic chemistry.*** In the field of catalysis, the reduction of
4-NP to 4-AP has been widely used as a benchmark system for
evaluating the catalytic ability of metal-based materials.>® The
reaction was carried out in an aqueous solution at room
temperature to evaluate the catalytic capacity of prepared
Fe(OH);/Fe,O;@Au. Ultraviolet-visible spectroscopy was used to
monitor the catalytic reaction process in the range of 200-
600 nm.

The Fe(OH);/Fe,O;@Au at a concentration of 4.4 ug mL ™"
reduces the ultraviolet-visible spectrum of 4-NP in the aqueous
solution (as shown in Fig. 3). As shown in Fig. 3, after mixing 4-
NP and NaBH,, a strong absorption peak of 4-NP centered at
400 nm appears. As the reduction of 4-NP is catalyzed by Fe(OH),/
Fe,O;@Au, the intensity of the absorption peak centered at
400 nm gradually decreases, and a new absorption peak appears
at 300 nm, which is caused by 4-AP. In just 110 s, the absorption
peak centered at 400 nm disappeared fully, indicating that 4-NP
was completely catalyzed and converted to 4-AP (as shown in
Fig. 3). Since the amount of NaBH, is excessive, the reaction is
believed to follow the quasi-first order kinetics of 4-nitro-
phenol.***>*' These results show that Fe(OH);/Fe,O;@Au catalyst
has high catalytic activity to the 4-NP reduction reaction, and it is
further confirmed that the Fe(OH);/Fe,O;@Au catalyst can
convert 4-NP to 4-AP. Compared with other literature studies, it
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Fig.3 Time-dependent UV-Vis absorption spectra of the reduction of
4-NP catalyzed by Fe(OH)s/Fe,Oz@Au.
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was found that the catalytic activity of Fe(OH);/Fe,O;@Au (4.4 pg
mL ") was much higher than that of other similar catalysts with
only a fraction of the Fe(OH);/Fe,O;@Au catalyst concentra-
tion.>*° For example, the catalytic reduction of the same amount
of 4-nitrophenol with 2.5 mg mL™" Au/CaCO; nanocomposite
takes 3 min,* the 1.0 mmol mL ™" Au@S-g-C;N, nanocomposite
takes 5 min,* and 6 mg eggshell/Ag takes 5 min.>* Nevertheless,
with 4.4 ug mL ™", Fe(OH),/Fe,O;@Au takes only 110 s.

Catalyst activity under different conditions

In order to facilitate the detection of the 4-NP reduction reaction
catalysed by the Fe(OH);/Fe,O;@Au composite, we estimated
the 4-NP ion concentration by recording the absorbance value at
the wavelength of 400 nm via 722N visible spectrophotometer.
First, the catalytic activity of Fe(OH);/Fe,Os@Au with different
concentrations on the reduction of 4-NP were investigated. A
series of Fe(OH);/Fe,O;@Au with different concentrations (2.2
pg mL~', 4.4 pg mL™", 6.6 ug mL™' and 8.8 pg mL™') were
selected for the experiment. As shown in Fig. 4, when the
catalyst is added to the reaction mixture, the reduction reaction
begins to take place after a period of time, which can be called
the plateau phase. According to previous literature, 4-NP ions
can only be reduced by adsorption of active hydrogen converted
by NaBH,. That is to say, the reaction will only occur when 4-NP
and BH, are adsorbed on the surface of the catalyst at the same
time.** Therefore, we believe that the time required for BH,  to
absorb on the catalyst surface, and evolve into active H-atoms is
a key component of the induction period. Since NaBH, is
excessive in the reaction system, catalytic reduction of 4-NP can
be regarded as a quasi-first order reaction in terms of the
concentration of 4-NP. Therefore, dynamic information can be
obtained according to eqn (1) and (2):*

—dc/dt = K,

app X € 1)

In(cleg) = —Kapp X 1 (2)

where c is the concentration of 4-NP, ¢ is the reaction time, K,pp
is the apparent reaction rate, and c, is the initial concentration
of 4-NP.

454
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Fig.4 Plots of —In(A/Ao) versus the reaction time t for the reduction of
4-NP catalyzed by different dosages of Fe(OH)s/Fe,Os@Au agueous
solution (2.2, 4.4, 6.6 and 8.8 ug mL™).
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In Fig. 4, the slope of the straight line represents the reaction
rate of the 4-NP reduction reaction, which is K,p,. There is no
doubt that the greater the catalyst concentration, the shorter the
plateau period and the faster the reaction rate. At the same time,
as the catalyst concentration increases, K,p;, first increases and
then tends to be constant. However, in order to continue opti-
mizing the experimental conditions, the concentration of all
catalysts selected in the subsequent tests was 4.4 ug mL™". Then,
we compared the catalytic activity of Fe(OH)z/Fe,O;@Au with
Fe(OH)3/Fe,03. As shown in Fig. S3,f Fe(OH)s;/Fe,O; has no
catalytic activity at all. However, Fe(OH);/Fe,O;@Au has high
catalytic efficiency when the Au nanoparticles are loaded on the
surface of the ultrathin Fe(OH)s/Fe,O; nanosheets. Secondly, the
effects of different MES supplemental levels (0 mg, 100 mg and
200 mg) on the reduction activity of 4-NP were investigated. As
shown in Fig. 5a, the good linear relationship between —In(4/4,)
and reaction time ¢ confirmed the apparent quasi-first order
kinetics. The K,p, could be given from the slope of —In(A/A,)
versus time ¢ plots. When 200 mg MES is added, the catalytic
activity is the highest, which corresponded to the TEM results. As
shown in Fig. 2d, when 200 mg MES is added, the Fe(OH);/Fe,03
nanosheets become smaller and thinner, and the dispersion is
better. The single atom-dispersed Au nanoparticles loaded on the
Fe(OH)3/Fe,0; nanosheets have increased in number and
become smaller in size. Therefore, more active sites are exposed
and the catalytic activity is better. So, the amount of MES was
fixed to 200 mg in the following experiments.
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Time (s)

C 401
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Fig.5 Plots of —In(A/Ap) versus the reaction time t for the reduction of
0 mg MES, 100 mg MES and 200 mg MES, respectively, (b) different
respectively, (c) different amounts of FeSO,4: 3 mg FeSO,4, 5 mg FeSO,,
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In addition, the effects of different NaBH, supplemental
levels (0.5 mg, 1.5 mg and 3.0 mg) on the reduction activity of 4-
NP in the initial step were investigated. As shown in Fig. 5b, the
more NaBH, supplemental levels, the longer the plateau period.
The linear relationship between —In(4/A,) and the reaction time
t indicates that the Fe(OH);/Fe,O;@Au nanocomposite has the
strongest reduction activity for 4-NP when 0.5 mg NaBH, is
added. It may be that when the amount of NaBH, is small, the
reduced Au nanoparticles have a smaller size, larger specific

—a ]
——2
—t—3

T T T T T T
-50 0 50 100 150 200 250 300 350
Time (s)

Fig. 6 The reusability of Fe(OH)s/Fe,Os@Au for three cycles of 4-NP
reduction reaction.
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4-NP catalyzed by Fe(OH)s/Fe,Osz@Au with (a) different amounts of MES:
amounts of NaBH4: 0.5 mg NaBH,4, 1.5 mg NaBH,4 and 3.0 mg NaBHy,
, and 7 mg FeSQy,, respectively. (d) Plots of —In(A/Ag) versus the reaction

time t for the reduction of 4-NP catalyzed by the Fe(OH)s/Fe,Oz@Au, Fe(OH)s/Fe,Os@Auy/3/Pty/3. Fe(OH)s/Fe,Os@Auy,3/Pty/s and Fe(OH)s/

Fe,Oz@Pt nanocomposites.
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surface area and more active sites, so the catalytic activity is
stronger.

Then, the effects of different FeSO, additions (3 mg, 5 mg
and 7 mg) on the reduction activity of 4-NP were explored (as
shown in Fig. 5¢). The more FeSO, is added, the more Fe(OH)s/
Fe,O; nanosheets are formed under the same conditions. The
faster 4-NP and BH, are simultaneously adsorbed on the
catalyst surface. Therefore, under the same conditions, the
more FeSO, content, the shorter the plateau period of adsorp-
tion (as shown in Fig. 5c). At the same time, the good linear
relationship between —In(A/4,) and reaction time ¢ confirmed
the apparent quasi-first order kinetics (Fig. 5c). It can also be
found from Fig. 5c that the more FeSO, is added, the stronger
the reduction activity of the Fe(OH),/Fe,O;@Au nanocomposite
for 4-NP is because ultrathin Fe(OH);/Fe,O; nanosheets have
a large specific surface area. The simultaneous adsorption of 4-
NP and BH,  on the catalyst is faster and more efficient, so the
catalyst is quicker.

Finally, the effects of different precious metals additions (15
pmol L' Au, 10 pmol L™" Au + 5 pmol L™* Pt, 5 pmol L™* Au +
10 umol L™ Pt and 15 pmol L™" Pt) on the reduction activity of
4-NP were explored (as shown in Fig. 5d). However, no matter
what kind of catalyst is used, the reaction does not occur
immediately as soon as the catalyst is added. Instead, there is
a plateau. Compared with the Au and Au-Pt sites, BH, has
a lower activation barrier for the adsorption and dissociation of
Pt.>**® Therefore, as the Au content increases, the induction
period is prolonged. As we can see from Fig. 5d, the composi-
tion of the catalyst is the main reason for the difference in the
catalytic activity. The results show that Fe(OH);/Fe,O;@Au has
the highest activity. In the process of Fe(OH)s;/Fe,O;@Au
catalysis, the concentration of Au is only one-tenth or less than
other similar catalysts. It is also more active than the Au-Pt alloy
nanocube or Au-Pt alloy nanocomposite.*® The results show
that the Fe(OH);/Fe,O;@Au catalyst has extremely high catalytic
activity, and a low concentration of Au can achieve high catalytic
activity.

Stability and recyclability of the Fe(OH);/Fe,O;@Au
composite nanocatalyst

A major advantage of the Fe(OH);/Fe,O;@Au composite catalyst
is that the catalytic 4-NP reduction reaction can occur cyclically
in the presence of NaBH,. In order to avoid the loss of catalyst
during the separation process, a cycle test was carried out on
site. That is, 20 pL of the 4-NP solution was directly added to the
reaction system after each reaction, and then the next test was
performed. The synthesis conditions of the selected Fe(OH);/
Fe,O;@Au composite catalyst are the optimized conditions of
the above steps: 200 mg MES, 7 mg FeSO,, 0.5 mg NaBH,, and
single metal Au. After three cycles, 4-NP can be completely
reduced, but the catalytic activity is weakened. We will continue
to improve this point in future experiments (as shown in Fig. 6).
The morphology change after three cycles was also not obvious
(Fig. S4t1), indicating that the prepared Fe(OH);/Fe,O;@Au
nanocomposite has excellent stability.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In this study, an ultrathin Fe(OH);/Fe,O;@Au composite cata-
lyst has been synthesized by a green one-step method. The
catalytic performance for 4-NP reduction under different
conditions was investigated. The results show that MES will
affect the dispersion of Fe(OH);/Fe,O3; nanosheets, and the size
and distribution of Au nanoparticles. Simultaneously, the
platform-time and catalytic efficiency of the Fe(OH)s/Fe,O;@Au
nanocomposites are affected by different contents of FeSO, and
NaBH,. The results also show that Fe(OH);/Fe,O; nanosheets
loaded with Au nanoparticles have a better catalytic effect than
when it is loaded with Pt nanoparticles and Au-Pt alloy nano-
particles. By comparison, it was found that Fe(OH)s;/Fe,O3
nanosheets loaded with single metal Au nanoparticles have the
highest catalytic activity. Furthermore, the Fe(OH)z/Fe,O;@Au
nanocomposite has good catalytic activity and stability for the
catalytic reduction of 4-NP. We hope that our work can be used
to prepare sustainable catalysts for the assembly of various
metal nanoparticles with Fe(OH);/Fe,O; nanosheets for
advanced organic and pharmaceutical reduction processes.
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