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sacgpuzdl € Deranliar 2017 Reduced graphene oxide (Ni/rGO) decorated by metallic Ni nanoparticles

Published online: (NPs) was firstly fabricated through in situ thermal decomposition and subse-
26 December 2017 quent reduction in 5% H,/N, gas at 600 °C, and then Au NPs were loaded on

the surface of the as-prepared Ni/rGO. X-ray diffraction (XRD), transmission
© Springer Science+Business electron microscopy (TEM), scanning electron microscope (SEM), X-ray photo-
Media, LLC, part of Springer electron spectroscopy (XPS) and vibrating sample magnetometer (VSM) were
Nature 2017 used to characterize the Ni-decorated rGO and Ni/rGO@Au nanocomposites.

The results show that both Ni and Au NPs are highly dispersed on rGO, and
Ni/rGO@Au possesses excellent activity toward the conversion of 4-nitrophenol
into 4-aminophenol in the presence of NaBH,, showing almost four orders of
magnitude higher activity parameter x (9.7 x 107> s 'mg™") than Ni/rGO
(1.1 x 107> s~ 'mg™"), though Ni/rGO has a better performance in the catalytic
conversion of 4-NP. In the meantime, the Ni/rGO@Au can be easily recycled by
an external magnetic field and the conversion of 4-nitrophenol at the 8th cycle is
still close to 95%.

Introduction suppress the aggregation, improving the dispersion
of Au nanoparticles (NPs), but also can reduce the

Au nanocatalysts have attracted considerable atten-  loading of Au, cutting down the cost of preparation

tion in the past three decades due to the abnormal correspondingly.

catalytic activities at nanoscale compared with the Graphene, as an emerging two-dimensional mate-

inertness of bulk Au [1, 2]. However, aggregation is rial for loading metallic nanocatalysts, and its
always a problem to be solved. Supporting Au  derivatives, graphene oxide (GO) and reduced gra-
nanocatalysts on moderate support can not only  phene oxide (rGO) as well, are gaining increasing
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attention due to the large specific surface area,
abundant oxygen functional groups on the surface,
excellent mechanical properties as well as better
electronic conductivity [3-9]. Researches on Au
nanocatalysts supported on graphene-based materi-
als have been investigated intensively [7-10]. Among
these researches, graphene materials are not just
support materials, and they also participate in the
electron transfer, promoting the conversion of reac-
tant. By contrast, reduced graphene oxide (rGO) is
more attractive as support materials due to better
electronic conductivity [11, 12].

Therefore, we selected graphene oxide as basic
support material to fabricate Ni-decorated rGO using
in situ thermal decomposition and reduction method
in this study and then decomposed Au NPs on
amino-modified = Ni/rGO.  Though  rGO/Ni
nanocomposite has been synthesized previously by
using GO and NiCl,-6H,O as raw materials in the
presence of hydrazine hydrate or NaBH, [3, 13], the
conversion time of 4-NP into 4-AP by the rGO/Ni
seems too long, lasting for 140 and 180 min, respec-
tively. Therefore, investigation on how to enhance the
catalytic activity of Ni/rGO is necessary. Post-load-
ing of Au NPs on Ni-decorated rGO is expected to
improve the catalytic activity further since the cat-
alytic activity of Au nanocatalyst is usually much
better than that of non-noble metal catalyst. Sun et al.
[14] synthesized a series of Au nanocatalysts by
varying Au loading on tannic acid-treated graphene
oxide and found that the conversion of 4-nitrophenol
by some Au/GO nanocatalysts in the presence of
NaBHj, could be completed in a few minutes. In the
study of Ma et al. [15], 1.5 nm Au NPs were suc-
cessfully formed on thiophenol-modified graphene
sheets, and the reduction of 4-nitrophenol (4-NP) by
the as-prepared Au/TP-GS was very fast. This is also
the best graphene-based monometallic Au nanocata-
lyst that has been reported so far for catalyzing the
reduction of 4-NP in the presence of NaBH, except
Au—Cu alloy nanoparticles attached on reduced gra-
phene oxide [10]. In the present study, Ni-decorated
rGO was first fabricated with a new method, fol-
lowed by amino-modification, and then deposition of
Au NPs on Ni-decorated rGO was carried out. The
results indicate that the conversion of 4-NP into 4-AP
by the Ni-decorated rGO is greatly accelerated in
comparison with previous results [3, 13], and more
remarkable improvement on the catalytic conversion
of 4-NP is obtained after Au loading. In the
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meantime, the presence of Ni makes it easy to sepa-
rate the as-prepared Ni/rGO@Au catalyst from lig-
uid reaction system by using an external magnetic
field.

Experimental
Materials

Nickel chloride, ammonium chloride, high-purity
graphite flakes (> 99.99%), potassium permanganate
(KMnOQy), sulfuric acid (H,SO4, 98%), hydrogen per-
oxide (H,O,, 30%), and ethanol (C,HsOH, 99.9%),
sodium borohydride (NaBH,4, 99%), chloroauric acid
(HAuCly, 99%) and 4-nitrophenol (4-NP) were all
purchased from Sinopharm Chemical Reagent Co.,
Ltd (China). 3-Aminopropyltrimethoxysilane
(APTES) was purchased from Sigma-Aldrich. All
other chemicals were of analytical grade and used
without further purification.

Synthesis of GO

Graphene oxide (GO) was first synthesized by the
modified Hummers” method [16]. Firstly, 1 g of gra-
phite was added into 23 mL of concentrated sulfuric
acid (98%) under ice-water bath and stirred for 0.5 h
and then 6 g of potassium permanganate was slowly
added and kept stirring for another 2 h. Then, the
mixture was transferred into a water bath under
stirring, the temperature was firstly controlled at
40 °C for 0.5 h and then 140 ml of distilled water was
added slowly at 80 °C. Finally, 60 mL of distilled
water and 10.80 mL of H,O, (30%) were added
dropwise, and the color of the solution turned from
dark brown to yellow. Thus, graphene oxide (GO)
was obtained and separated by centrifugation after
being washed with deionized water.

Synthesis of Ni/rGO nanocatalyst

The product was synthesized by an in situ thermal
decomposition and reduction method. First, nickel
chloride (0.75 mmol) and ammonia chloride
(10 mmol) were dissolved in deionized water
(20 mL) to form a clear solution. Next, 1 mL of
ammonia solution (25%) was added to the solution
slowly under stirring, during which the solution
turned from green to blue immediately and was
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denoted as “solution A.” Then, 50 mL of the as-pre-
pared GO solution (2 mg/mL) that was treated with
ultrasound in advance for 10 min was added into
solution A and kept stirring for another 10 min.
Finally, the mixed solution was transferred into an
autoclave, tightly sealed and heated at 100 °C for
12 h. The product was collected by centrifugation
and washed with distilled water and absolute ethanol
after the autoclave was cooled down to room tem-
perature, and then was dried at 60 °C for 12 h, fol-
lowed by heating at 600 °C in 5% H,/N, gas for 3 h.
The final product was denoted as Ni/rGO, where
“rGO” means “reduced graphene oxide.”

Synthesis of Ni/rGO@Au nanocatalyst

In order to anchor Au NPs stably, the Ni/rGO
nanocomposite was modified with APTES in
advance. Firstly, 20 mL of isopropanol solution con-
taining 30 mg of the as-prepared Ni/rGO nanocom-
posite was ultrasonicated for 10 min, and then 400 pLL
of APTES was added into the suspension under
mechanical stirring for 2 h at 80 °C. After magnetic
separation and washing with isopropanol for three
times, the amino-modified Ni/rGO nanocomposites
were dispersed in a 20 mL of aqueous solution con-
taining 107> M HAuCl, and 2.5 x 10~* M trisodium
citrate and kept stirring for 1 h. Then, 600 pL of
freshly prepared 0.IM NaBH, solution was added
into the solution under vigorous stirring, and the
color of the solution turned to purple immediately,
indicating the formation of Au NPs. After being
heated at 60 °C for another 1 h, the product was
washed and separated with a magnet, followed by
drying at 40 °C in vacuum for 8 h and denoted as
Ni/rGO@Au. In order to demonstrate the effect of
APTES on the loading of Au nanoparticles, the
loading of Au nanoparticles alone on graphene oxide
with and without APTES modification beforehand
was also performed. The modification of graphene
oxide with APTES was carried out at 80 °C. The
decomposition of Au NPs on graphene oxide is per-
formed at room temperature.

Catalytic reduction of 4-nitrophenol (4-NP)

The reduction of 4-NP by NaBH, was chosen as a
typical reaction to examine the catalytic activity of the
Ni/rGO@Au nanocomposite. Distilled water (2 mL),
aqueous solutions of 4-NP (60 pL, 5 mM) and NaBH,
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(0.5 mL, 0.2M) were mixed in a quartz curette with-
out stirring. The color of the solution turned to bright
yellow immediately after NaBH, was added. Then,
the Ni/rGO@Au aqueous suspension (3 mg/mL,
30 pL) was injected into the solution without stirring.
The reaction was monitored on a TU-1901 UV-vis
spectrophotometer at a regular time interval of 30 s
through its absorption peak at 400 nm [3, 9, 13] in the
scanning range of 250-500 nm at room temperature.
For comparison, Ni/rGO aqueous suspension with
the same content (3 mg/mL, 30 pL) was also used for
testing the reduction of 4-NP. In order to investigate
the reusability of the as-prepared Ni/rGO@Au cata-
lyst, the reduction reaction was magnified 20 times.
In each cycle, the Ni/rGO@Au catalyst was separated
by an external magnetic field after reaction and
washed with water for the next cycle of catalysis. This
procedure was repeated eight times.

Characterization

X-ray diffraction (XRD) measurement was examined
on a Rigaku D/max-TTR-III diffractometer using
monochromatic Cu Ko radiation (4 = 0.15405 nm).
Transmission electron microscopy (TEM) and high-
resolution  transmission  electron  microscopy
(HRTEM) micrographs were performed on an FEI
Tecnai G2 S-Twin transmission electron microscope
with a field emission gun operating at 200 kV. The
morphologies of the GO were inspected on a scan-
ning electron microscope (SEM, Hitachi S-4800).
X-ray photoelectron spectroscopy (XPS) analysis was
carried out on a Kratos Axis Ultra DLD spectrometer
equipped with a monochromatic Al Ka X-ray source
(1486.6 eV). Magnetization measurements were per-
formed on a vibrating sample magnetometer (VSM,
Lake-shore 7410) at room temperature.

Results and discussion

XRD patterns of the as-prepared GO, Ni/rGO and
Ni/rGO@Au nanocomposites are shown in Fig. 1.
The peak at 20 = 11.6° corresponds to carbon (002) of
GO [17], and the broad peak at 20 = 25° corresponds
to carbon (002) of rGO (Fig. S1) [17, 18]. The three
diffraction peaks centering at 44.5°, 51.8°, and 76.4°
are indexed to the reflections of the (111), (200), and
(220) crystalline planes of cubic-phased Ni (JCPDS
No. 04-0850), respectively. Different from Ni/rGO,
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Figure 1 XRD patterns of GO, Ni/rGO and Ni/rGO@Au.

three new peaks ascribed to (111), (220) and (311)
planes of cubic Au (JCPDS No. 04-0784) are observed
in the diffraction pattern of Ni/rGO@Au. The
sharpness of the peaks shows that both Au and Ni
NPs attached on the surface of rGO have better
crystallinity. In the meantime, the post-loading of Au
on the surface of rGO has little effect on the crys-
tallinity of Ni. Based on the Scherrer equation, the
average crystallite size of Ni and Au NPs was cal-
culated to be 9.2 and 4.6 nm, respectively, which is
basically in agreement with the TEM analysis shown
in Fig. S2.

Figure 2 shows the TEM images of Ni/rGO taken
at low-magnification and  high-magnification,
respectively. Because GO exhibits a sheet-like mor-
phology as shown in Fig. 53, it can be clearly seen in
Fig. 2 that there are numerous sphere-like nanopar-
ticles with high dispersion formed on graphene that
was confirmed to be rGO by the XPS data listed
below (Fig. 4). In the high-resolution TEM image
(Fig. 2d), the distance between adjacent lattice fringes
(marked by the arrows) of the nanoparticles is
determined to be 0.203 nm, which corresponds to the
dy11 spacing of cubic Ni (JCPDS No. 04-0850). The
selected area electron diffraction (SAED) pattern
shown in the inset of Fig. 2d also displays three
concentric rings corresponding to the (111), (200) and
(220) crystalline planes of cubic nickel. These results
demonstrate that the Ni-decorated rGO with highly
dispersed Ni NPs on the surface of rGO was formed
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by using in situ thermal decomposition and reduc-
tion method.

Different from the TEM images of Ni/rGO, the
particle size in the TEM images of Ni/rGO@Au is not
uniform any more, and some smaller particles
appears. Based on the EDS and mapping results
shown in Fig. 3d, e, those smaller particles should be
Au NPs, and the co-existence of Au and Ni NPs on
rGO are confirmed by two different interplanar
spacing (0.24 and 0.203 nm) shown in Fig. 3c, where
the interplanar spacing of 0.24 nm corresponds to the
(111) crystalline planes of Au NPs (JCPDS No.
04-0784). The mapping images also demonstrate that
smaller Au NPs are highly dispersed on the surface
of Ni/rGO.

Figure 4 shows the X-ray photoelectron spec-
troscopy (XPS) spectra of Ni/rGO@Au nanocatalyst.
In the C 1s XPS spectrum, four peaks are distin-
guished after deconvolution and they are assigned to
C-C (284.8 eV), C-O (286.8 eV), C=0 (287.7 eV) and
O-C=0 (288.8 eV) [5, 6, 18], respectively. Compared
with the C 1s XPS spectrum of GO shown in Ref. [5],
the C 1s XPS spectrum in this study is more like that
of rGO [5, 18, 19], since the peak for C-C are abso-
lutely dominated in the spectrum in comparison with
other peaks, like C-O and C=0 [5, 20], which indi-
cates considerable reduction of GO. The contribution
from metallic nickel with Ni2p peak at 853 eV
[5, 21-23] is very small and almost remains at the
noise level. However, the XRD pattern shown in
Fig. 1 confirms the existence of Ni NPs on the surface
of rGO. We infer the absence of Ni2p signal in XPS
spectrum might be caused by a lower Ni content in
this area. The clear Au 4f;,, and Au 4f5,, doublets
with binding energies of 83.3 and 86.8 eV are very
close to the values of zero-valent Au [20, 24-27],
which confirms the formation of Au NPs on Ni-dec-
orated rGO.

In order to quantify the magnetism and find out
whether the loading of Au NPs would bring serious
decay to the magnetism of Ni/rGO, the magnetic
hysteresis loops of the two samples were measured at
room temperature. The saturated magnetizations
(Ms) of the Ni/rGO were determined to be 4.8 emu/
g and that of Ni/rGO@Au was 3.7 emu/g. Despite
the lower Ms of Ni/rGO@Au, it is enough to recycle
the catalyst from liquid reaction system by an exter-
nal magnetic field as shown in the inset of Fig. 5. The
lower Ms should be the result of a decrease in Ni
relative content on the surface of rGO after Au
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Figure 3 Images of Ni/
rGO@Au nanocatalyst: a,

b TEM Images, c HRTEM
image, d EDS and e elemental
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Figure 4 XPS spectra of Ni/rGO@Au nanocatalyst, a full survey, b C 1s, ¢ Au4f.
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Figure 5 Magnetization curves of Ni/rGO@Au and Ni/rGO, the
inset is a photograph of the Ni/rGO@Au sample before and after
being separated by an external magnetic field.

loading. Moreover, the nearly zero remanence or
coercivity of Ni/rGO@Au suggests a quasi-super-
paramagnetic nature [28-30], which is favorable for
its dispersion in liquid medium.

Figure 6 shows the catalytic performance of Ni/
rGO@Au and Ni/rGO toward the reduction of 4-NP
in the presence of NaBH,. In Fig. 6a, the absorbance
band of 4-nitrophenolate at 400 nm generated due to
the addition of NaBH, significantly decreases under
the catalysis of Ni/rGO@Au nanocomposite (3 mg/
mL, 30 pL) and almost disappears in 450 s [28, 29], in
the meantime, a new peak with the center at 295 nm
that is ascribed to 4-AP increases quickly, indicating a
fast conversion of 4-NP into 4-AP. By contrast, the
catalytic conversion of 4-NP by NaBH, in the

presence of Ni/rGO is much slow. However, it is still
much faster than that reported in Ref. [3, 13]. This
demonstrates that the catalytic activity of Ni/rGO
nanocomposite toward the reduction of 4-NP is
improved greatly in comparison with that described
in Ref. [3, 13]. Linear relationship between In(C;/Co)
and the reaction time for the reduction of 4-NP are
shown in Fig. 6b and Fig. 6d, respectively. The
results indicate that the conversion of 4-NP into 4-AP
by NaBH, in the presence of Ni/rGO@Au and Ni/
rGO in the present study matches well with the first-
order reaction kinetics [29, 31], and the correspond-
ing rate constant k is calculated to be 8.73 x 107> s~
for Ni/rGO@Au and 0.067 x 10~° min~" for Ni/
rGO@Au, respectively.

To further investigate the stability of the Ni/
rGO@Au nanocomposite for the reduction of 4-NP,
the nanocomposite was reused for several times and
the result are shown in Fig. 7. It can be seen that the
conversion of 4-NP by NaBH, in the Ni/rGO@Au
catalyst only has a slight decrease after eight con-
secutive cycles, with a 95% conversion at the 8th
cycle. ICP data demonstrates a very slight decrease in
the amount of Ni and Au on the surface of rGO after
eight consecutive cycles for reducing 4-NP (Table S1).
Because trace amount of solids was noticed in
supernatant during separation by an external mag-
netic field, the slight decrease in the conversion of
4-NP during consecutive cycles is very possibly the
result of the loss of trace amount of Ni/rGO@Au
rather than the deactivation of the catalyst, demon-
strating a better stability of Ni/rGO@Au catalyst or
better resistance to deactivation.
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Figure 6 UV-Vis absorption spectra of 4-AP and 4-NP before and after adding NaBH,, as well as C;/C, and In(C,/C,) versus reaction
time for the reduction of 4-NP by NaBH, in the presence of a, b Ni/rfGO@Au and ¢, d Ni/rGO.

As the rate constant k is generally determined by
the preparation methods, support materials, the
amount of catalyst and so on [3, 28, 32], activity
parameter x that is defined as the ratio of rate con-
stant (k) to the loading amounts of catalyst [28, 33, 34]
is also calculated in the present study in order to
evaluate the catalytic activity of catalyst more rea-
sonably. The activity parameter k for Ni/rGO@Au
and Ni/rGO is 9.7 x 1072 and 1.1 x 107°s™' mg ™/,
respectively. Obviously, the catalytic activity of Ni/
rGO@Au is much higher than that of the Ni/rGO,
almost four orders of magnitude higher than that of
Ni/rGO. In addition, we noticed that the rate con-
stant k of Ni/rGO@Au in the present study is slightly
lower than that reported in the Ref. [15], which is also
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the best result on monometallic Au nanocatalyst
supported on graphene for catalytic conversion of
4-NP to 4-AP. In the study by Ma et al. [15] the
4-aminothiophenol was used to modify the graphene
before Au loading, and the rate constant k of the
resultant Au nanocatalyst toward the reduction of
4-NP to 4-AP is 9.39 x 107> s~ ". In the present study,
the surface of the Ni-decorated rGO was reacted with
APTES before Au loading. As a result, the rate con-
stant k of the resultant Au nanocatalyst toward the
reduction of 4-NP to 4-AP is 8.73 x 107> s~". We
infer the difference in rate constant is related to the
different functional groups on support surface, -SH
and -NH,, which leads to different particle size of Au
NPs and different catalytic activity. It is well known



100 4

80 1

60

40 4

Conversion (%)

20 1

Cycles

Figure 7 The reusability of Ni/rGO@Au catalyst for the reduc-
tion of 4-NP by NaBH,.

that -SH groups has higher affinity to Au than -NH,
and -COOH groups. The binding strength varies in
the order of Au-S > Au-NH, > Au-COOH [35, 36].
So, it is rational to get Au nanoparticles with smaller
particle size on -SH-modified graphene than on —
NH,- or -COOH-modified graphene due to the dif-
ferent affinity between Au and functional groups on
graphene. Here, we mainly modified Ni/rGO with
APTES before Au loading, expecting a more homo-
geneous dispersion of Au NPs with smaller particle
size to be formed on Ni/rGO. Fig. S4 clearly shows
that the particle size of Au nanoparticles formed on
graphene oxide became smaller after the graphene
was modified with APTES. However, the particle size
is still bigger than that reported by Ma et al. [15].
Then, why does the Ni/rGO@Au catalyst have a
similar rate constant to that with smaller Au NPs on
graphene [15]? We infer that the better catalytic
activity of the as-prepared Ni/rGO@Au nanocatalyst
in the present study has a close relationship with the
perfect dispersion of Ni and Au NPs on the surface of
rGO as well as their synergetic catalysis toward the
reduction of 4-NP. Both Au and Ni NPs have the
ability to catalyze the reduction of 4-NP into 4-AP in
the presence of NaBH,, and the better dispersion of
Ni and Au NPs on graphene can ensure that there are
more catalytic active sites to be exposed to reactant.
In the meantime, the synergetic catalysis of Ni and
Au NPs provides Ni/rGO@Au catalyst with better
stability together with their better dispersion on
graphene oxide.

] Mater Sci (2018) 53:4874-4883

4881

Conclusions

In summary, loading Au nanoparticles on Ni-deco-
rated rGO is satisfying in getting a highly efficient
Ni/rGO@Au catalyst for the reduction of 4-NP. First,
Ni-decorated rGO was prepared using in situ thermal
decomposition and reduction in 5% H,/N, flow at
600 °C by using GO and NiCl, as raw materials.
Highly dispersed Ni NPs were formed on the surface
of rGO, and the time for the conversion of 4-NP by
NaBH, in the presence of the as-prepared Ni/rGO is
greatly shortened. Second, Au nanoparticles with
high distribution were in situ anchored to amino-
modified Ni/rGO using NaBH, as reducing agent,
and the activity parameter k of the Ni/rGO@Au
catalyst is almost four orders of magnitude higher
than that of Ni/rGO. Third, the as-prepared Ni/
rGO/Au nanocatalyst with the characteristic of easy
separation has better stability or better resistance to
catalyst deactivation and therefore can be reused for
many times without obvious decrease in the conver-
sion of 4-NP into 4-AP.
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