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In this work, a facile and environmentally friendly process was developed for synthesis of Ag/Ni(OH),
composites by only mixing an ethanol solution of AgNOs with Ni(OH), at room temperature. The
morphology and structure of the as-prepared Ag/Ni(OH), composites were investigated by X-ray
diffraction (XRD), field-emission scanning electron microscopy (FESEM), transmission electron
microscopy (TEM), high resolution TEM (HRTEM) and X-ray photoelectron spectroscopy (XPS). It was
found that the composites consist of ultrathin nickel hydroxide and silver nanoparticles (Ag NPs), the Ag
NPs with an average diameter of around 4.7 nm evenly dispersed on the surface of Ni(OH), nanosheets.
The catalytic properties of the obtained Ag/Ni(OH), composites were evaluated by the reduction of 4-
nitrophenol (4-NP) using NaBH, as a reducing agent. The results revealed that the obtained Ag/Ni(OH),
composites exhibited an outstanding catalytic activity. In addition, the formation mechanism of Ag NPs
was probed by ultraviolet-visible spectroscopy (UV-Vis). It was found that Ni(OH), as a substrate played
an important role in the formation of silver particles, which not only acted as a superior adsorbent of
silver ion but also a source of OH™ that was able to accelerate the reaction. Electrochemical impedance
spectroscopy (EIS) and fluorescence (FL) spectra were employed to indirectly elucidate the mechanism
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1. Introduction

Noble metal nanoparticles (Ag, Au, Pt, etc.) have been used in
many fields including electronics, energy, biotechnology and
catalysis.”™ Ag NPs have been of great interest during the past
decades because of their relatively inexpensive price and
excellent catalytic performance. Many reactions are catalyzed by
Ag NPs, whose properties are largely influenced by the size,
shape, and dispersion. In general, smaller particles more easily
aggregate due to their greater surface area and higher surface
energy, which will prevent them from large scale use.® So it is
common that some dispersants or protective agents are
employed to inhibit the aggregation of nanoparticles during the
preparation process. On the other hand, organic modifiers
would cap around the particles surface of catalysts and interact
with them, which will consequently lead to a distinct decrease
of catalytic activities.” Therefore, some improvements have
already been taken to solve the problem. One of applicable
strategies is to deposit Ag NPs on different supports to form
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various composites, such as Ag/carbon materials, Ag/metallic
oxide, Ag/nonmetallic oxide and Ag/metal hydroxide, which
have been successfully synthesized and attracted extensive
attention due to their superior performance as catalysts.*™*

Nickel hydroxide (Ni(OH),), one of the most important transi-
tion metal hydroxides, has been intensively studied and widely
used in storage batteries, electroplating and catalyst support.”*™*
Numerous methods like hydrothermal and solvothermal methods,
precipitation, sol-gel method have been employed for synthesis of
Ni(OH), with various shapes, such as nanosheets, nanoparticles,
nanoribbons, nanospheres, etc."® Zhen et al. had fabricated Pd,-
Pt; ,/Ni(OH), hybrids by mixing r-arginine modified Ni(OH),
nanosheets and PVP stabilized Pd,Pt; , nanoparticles for the
reduction of 4-NP.* And Chen et al had synthesized three-
dimensional (3D) Ag/B-Ni(OH), flower microspheres through
a hydrothermal method in the presence of t-arginine." As catalyst,
Ni(OH), was used for hydrogen production and degradation of
dyes.”® What is more, Ni(OH), has large surface areas and
showed excellent synergistic effects with other catalytically active
components according to previous reports.'® So it may be suitable
for loading noble metal nanoparticles for the aforementioned
reasons. To the best of our knowledge, the use of Ni(OH), for both
as a adsorbent and a support has been rarely studied.

In this paper, we reported the successful synthesis of Ag/
Ni(OH), composites via a very simple and convenient autocatalytic
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reduction method in ethanol system. Ni(OH), nanosheets intro-
duced as carrier and adsorbent were prepared by chemical
precipitation method. Ag/Ni(OH), composites were prepared by
mixing ethanol solution of AgNO; and Ni(OH), under magnetic
stirring at room temperature, without addition of any strong
reductant or surfactant. The catalytic properties of the obtained
Ag/Ni(OH), composites were investigated by employing the
reduction of 4-NP to 4-AP by NaBH, as a model reaction and the
Ag/Ni(OH), composites showed excellent catalytic activity. And the
formation mechanism of the obtained Ag/Ni(OH), composites
was discussed by several groups of comparative experiments.

2. Experimental
2.1 Materials

All the reagents used in this work were analytical grade and
used without further purification or treatment. Nickel nitrate
(Ni(NOs),-6H,0), potassium hydroxide (KOH), silver nitrate
(AgNO3; 99.8%), anhydrous ethanol, sodium borohydride
(NaBH,) and 4-nitrophenol (4-CcHsNO;) were all purchased
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Double-distilled water was used in all of the experiments.

2.2 Preparation of Ni(OH), nanosheets

The preparation of Ni(OH), nanosheets was performed by chem-
ical precipitation method. Typically, 1 mmol Ni(NOj;),-6H,0 was
dissolved in 20 mL deionized water (0.05 mol L") and then 50 mL
solution containing 0.142 g KOH was dropped at a certain speed.
After that the mixture was stirred for 2 h to get a greenish paste like
precipitate. The precipitate was allowed to settle for 12 h. Finally,
the sample was washed with deionized water for three times and
anhydrous ethanol for two times by repeated centrifugation until
the precipitate was free from alkali. The precipitate was then
redispersed in 20 mL anhydrous ethanol for later use.

2.3 Synthesis of Ag/Ni(OH), composites

0.095 g AgNO; was dissolved in 50 mL anhydrous ethanol by
ultrasound. A certain volume of AgNO; ethanol solution with
the concentration of 1.9 g L' was added to above Ni(OH),
ethanol solution to prepare Ag/Ni(OH), composites with various
theoretical Ag loadings (2, 5, 7, 10, 12, 15 wt%). The resulting
suspension was stirred for 2 h and the solution color changed
from light green to dark-brown (Fig. S1t). And the higher
volume of silver nitrate ethanol solution was added, the darker
the color of the solution was. At last the suspensions were
treated with high-speed centrifugation to separate the
composites out from ethanol solution and dried in a vacuum
oven at 35 °C for 12 h (Fig. S27). The products are denoted as
Ag(x)/Ni(OH),, where x represents theoretical Ag content (wt%)
in the Ag/Ni(OH), composites.

2.4 Characterization

Powder X-ray diffraction (XRD) patterns were obtained on a Philips
X'Pert PRO diffractometer (Cu K,, A = 1.5406 A) with an acceler-
ating voltage of 40 kv and applied current of 40 mA. UV-Vis
spectrum was recorded using a UV-2550 spectrophotometer
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(Shimadzu Co., Japan). The morphology and the size of the
composites were collected on a field emission scanning electron
microscope (FESEM, Sirion 450, FEI Company, Holland) equipped
with an X-ray energy dispersive spectrometer (EDS) at 20 kV. And
the Ag nanoparticles were investigated with an H-7000FA trans-
mission electron microscope (Hitachi) at an operating voltage of
75 kV. The XPS measurements were performed on a Kratos/Axis
Ultra DLD-600W spectrometer with Mg Ko source. The contents
of silver element in the composites were detected by an atomic
absorption spectroscopy (AAS) model iCE 3000 series (Thermo
Scientific). The samples were prepared by nitrating a certain
amount of the composites and then diluted to a certain concen-
tration. Fourier transform infrared (FT-IR) were obtained using
a FTIR spectrometer (Bruker VERTEX70). The room temperature
fluorescence (FL) spectra were recorded on a fluorescence spec-
trometer (RF-5301 PC, Japan) with excitation wavelength of
325 nm.

2.5 Catalytic reduction of 4-NP

The catalytic activities of the synthesized Ag/Ni(OH), compos-
ites were evaluated by the reduction of 4-NP to 4-AP using
NaBH, as reducing agent at 25 °C. In a typical run, 3.3 mL of
freshly prepared aqueous solution of NaBH, (0.3 M) was intro-
duced to 100 mL of 4-NP (0.1 mM) solution. The color of the
solution turned from light yellow to deep yellow immediately,
and then 4 mg of the Ag/Ni(OH), composites were added. About
3 mL of the mixture was filtered through a 0.45 ym membrane
filter every 2 minutes and measured with UV-Vis absorption
spectra in the range from 250 nm to 500 nm.

2.6 Electrochemical measurement

Electrochemical impedance spectroscopy (EIS) measurements
were tested using a CS350 electrochemical analyser (CorrTest,
China) with a single-compartment three-electrode glass cell.
The impedance spectra of the electrodes were recorded from 10
kHz to 10 mHz with an AC voltage magnitude of 10 mV. Plat-
inum foil and a saturated calomel electrode were used as
a counter electrode and a reference electrode, respectively. As-
prepared sample was used as working electrode. The working
electrode was prepared by mixing 0.05 g catalyst with 0.125 mL
water and 0.02 g polyethylene glycol (PEG, molecular weight:
20 000) and ground to obtain a slurry. Then the slurry was
coated on a FTO glass (2 cm x 1.5 cm) by doctor-blade method.
Finally, the glass electrode was calcined at 180 °C for 0.5 h.
0.1 M Na,SO, solution was used as the electrolyte solution. All
the measurements were carried out at room temperature.

3. Results and discussion

3.1 Synthesis and characterization of Ag/Ni(OH),
composites

The overall crystallinity and crystal structures of the synthesized
samples were examined by X-ray diffraction (XRD). Fig. 1 shows
XRD patterns of the obtained Ni(OH), nanosheets and the as-
prepared Ag/Ni(OH), composites with different Ag contents.
The broad diffraction peaks of the samples Ni(OH), and Ag/

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 XRD patterns of the Ni(OH), and Ag/Ni(OH), composites.

Ni(OH), suggest that the crystallite sizes are very small.*
Diffraction peaks of Ni(OH), observed at 26 values of 19.0°,
33.2°, 38.6°, 51.8°, 59.2°, 62.7°, 69.6°and 72.7° match well with
the hexagonal Ni(OH), phase (JCPDS 01-1047, 0117), and no
peaks from other phases are detected. The diffraction peak at 26
value of 33.2° is the strongest peak. But it can be observed that
the diffraction intensity of the peak at 33.2° becomes weaker
with the increase of Ag content for Ag/Ni(OH), composites. And
the strongest peak of the Ag/Ni(OH), composites changed from
33.2° to 38.6°. Although no distinct diffraction peaks of Ag were
observed, which may be due to the low content and high
dispersion of Ag NPs in the composites, the strongest peak of
the composites at 38.6° was in a similar position to the stron-
gest peak of the silver at 38.2° as shown in Fig. 1. According to
the variation of the intensity of the peaks, we may be able to
conclude the formation of Ag NPs.

UV-Vis spectra of the as-prepared Ag/Ni(OH), composite solu-
tions and Ni(OH), suspensions is shown in Fig. 2. The absorption
peak at about 409 nm is the characteristic peak of Ag NPs, indi-
cating the generation of Ag NPs in the solution. During the
synthesis, the silver ions were reduced to form silver nanoparticles
which dispersed on Ni(OH), nanosheets and the solution color
changed from light green to dark brown. The whole preparation
procedure of Ag(x)/Ni(OH), composites is monitored by recording
the absorption spectra of the reaction solution as a function of Ag

Ag(15)/Ni(OH),
Ag(12)/Ni(OH),
Ag(10)/Ni(OH),
Ag(T)/Ni(OH),
Ag(5)/Ni(OH),
Ag(2)/Ni(OH),
Ni(OH),

Absorbance (a.u.)

T T
300 400 500 600 700
‘Wavelength (nm)

Fig. 2 UV-Vis spectra of the as-prepared Ag/Ni(OH), composite
solutions.
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contents. With the increase of Ag contents, the absorbance
increased, indicating the continuous deposition of Ag atoms on
Ni(OH), nanosheets. However, the growth rate gradually slowed
down. In the end, the absorbance only has a small increase, which
may be due to the limited active sites on the surface of Ni(OH),
nanosheets. The peak becomes narrower with a decreased band
width and an increased band intensity with the increase of silver
content in the composites, so we can conclude the size of Ag NPs
increase according to an inverse linear relationship between the
full-width at half-maximum (FWHM) and the diameter of parti-
cles (D).

FWHM = 50 + 230/D (ref. 21)

The morphology and microstructure of the samples were
observed by SEM and TEM (Fig. 3). As shown in Fig. 3a, SEM
image shows that Ag(10)/Ni(OH), composites with a wide size
distribution of diameter ranging from tens of nanometers to
several microns have irregular shapes. EDS spectrum (Fig. 3b)

Ni
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| NiK 3698 1415
LAgK 131 152
[ PEM 403 046

1 2 3 4 5
Energy (KeV)

Fig. 3 (a) SEM images of the Ag(10)/Ni(OH), composites with low
magnification; (b) EDS spectrum of the Ag(10)/Ni(OH), composites; (c)
SEM images of the Ag(10)/Ni(OH), composites with high magnifica-
tion; (d) TEM images of the Ag(10)/Ni(OH), composites and the cor-
responding size distribution of Ag NPs; (e) HRTEM image of the Ag(10)/
Ni(OH), composites.
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exhibits the characteristic peaks of silver at ca. 3.0 keV, which
also confirms the presence of Ag in the composites. High-
magnification SEM image reveals that the composites are
sheets-like structure and a large sheet is composed of a serials
of smaller sheets (Fig. 3c), which were further confirmed by
TEM image in Fig. 3d. And it can be clearly seen that Ag NPs
with an average diameter of around 4.7 nm are evenly distrib-
uted on the surface of Ni(OH), nanosheets. There are no scat-
tered Ag NPs outside of Ni(OH), nanosheets surface. The
morphology of Ni(OH), nanosheets without Ag NPs is similar to
that of the composites (Fig. S31). The surface chemistry
homogeneity of Ag/Ni(OH), composites were characterized by
elemental mapping technology, shown in Fig. S4.7 It can be
seen that related elemental mapping of Ni, Ag, and O are well
distributed. Particularly, the element mapping of Ag indicates
that Ag NPs are uniformly distributed on Ni(OH), nanosheets.
Furthermore, the HRTEM image shown in Fig. 3e suggests that
the Ni(OH), nanosheets may consist of even smaller nano-
crystallites and the attached silver nanoparticle has a lattice
distance of 0.234 nm (as marked), corresponding to the (111)
crystal plane of metallic silver.'®**

In order to further confirm the deposition of Ag NPs on
Ni(OH), nanosheets surfaces, XPS characterization was per-
formed in the region of 0-1200 eV (Fig. 4). The wide scan
spectrum in Fig. 4a reveals the existence of oxygen, silver and
nickel elements, which is in good agreement with the EDS
analysis. Fig. 4b shows the high resolution XPS spectrum of Ag
3d. There are two peaks at 368.3 eV and 374.3 eV corresponding
to the binding energies of Ag 3ds/, and Ag 3d;,, respectively,
ascribed to the metal Ag. The value of Ag detected by the XPS
was 6.44%, which is lower than the silver content measured by

Ag3d,

Ni2p,,

Agld,,

O KLL
Ni2p,,

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

T T T T T T T T T T T T
1000 800 600 400 200 0 78 376 374 mn 370 368 366

Binding Energy (eV) Binding Energy (eV)

C Ni2py,

Ni2P,,
NiZP,,(5)

Intensity (a.u.)

T T T T T T T
89 885 880 875 870 865 860 855 850
Binding Energy(eV)

Fig. 4 (a) XPS spectra of Ag(10)/Ni(OH),; (b) high resolution spectrum
of Ag 3d; (c) high resolution spectrum of Ni 2p.
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AAS (8.37%). The reason is possible that only the elements
located on the surface of composites can be detected by XPS
survey. Fig. 4c shows the high resolution spectrum of Ni 2p, it is
observed that two characteristic peaks of Ni 2p3/, and Ni 2py,
are located at 855.4 and 873.1 eV, respectively, with a spin-
energy separation of 17.7 eV, which is characteristic of the
Ni(OH), phase. The binding energy 855.4 eV is lower than
previous reports (ca. 856 eV), indicating low valence of surface
nickel, which may be because of the partial reduction of nickel
ions.” In addition, some extra lines marked as satellite peaks
(879.2 eV, 861.4 eV) around the Ni 2p,,, and Ni 2p;, signals are
also observed.

3.2 Catalytic activity for reduction of 4-nitrophenol

4-NP is a well-known toxic pollutant and the product (4-AP) is an
important intermediate for the production of analgesic, anti-
pyretic drugs, photographic developer, corrosion inhibitor,
hair-dyeing agent and so on. The reduction of 4-NP to 4-AP by
NaBH, was chosen as a model reaction to evaluate the catalytic
properties of the as-prepared Ag/Ni(OH), composites. Typically,
the original absorption peak of 4-NP shifted from 317 nm to
400 nm due to the formation of 4-NP ions upon the addition of
freshly prepared NaBH, solution.* When adding Ni(OH),
nanosheets, there was little decrease in the absorbance of nitro
compound at 400 nm monitored by UV, suggesting the influ-
ence of adsorption could be ignored, Ni(OH), nanosheets
exhibited no hydrogenation activity (Fig. S51). Whereas the
absorption peak at 400 nm started to decrease when the
reduction proceeded after the addition of Ag/Ni(OH), compos-
ites (Fig. 5a). Since NaBH, was in large excess to 4-NP, its
concentration could be considered as a constant during the
reaction period. So the reduction rate can be evaluated by the
pseudo-first-order kinetics with respect to 4-NP. Fig. 5b shows
In(C,/Cy) versus reaction time ¢, apparently, they all display an
almost linear evolution, slopes of which give the rate constants
(k). In[C/Cy) = kt.

C; and C, correspond to the concentrations of 4-NP at time ¢
and 0, respectively.”® Ag(10)/Ni(OH), exhibited the highest
catalytic activity, and the rate constant k is calculated to be
0.282 min~'. Furthermore, the catalytic activity order of the

a Ag(10)/Ni(OH),

Reaction time

169 0 min

‘ 2 min 0.5
4 min
6 min -1.0
$min

10 min

Ni(OH),
AgRYNI(OH),
20| 4 AgEyNiOH),
Ag(T)NI(OH),
Ag(10)/NI(OH),
> AgI2)NI(OH),
+ Ag(ISYNI(OH),
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-
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Fig. 5 (a) UV-Vis spectra of the 4-NP solution after adding NaBH,4
solution using Ag(10)/Ni(OH); as a catalyst; (b) plots of In(C,/Cg) versus
time for catalytic reduction of 4-NP using composites with different
content of Ag NPs.
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Table 1 The rate constants k and K’ of different composites

Samples k (min™") K (min~'g™) R?

Ni(OH), 0.0099 2.4750 0.94655
Ag(2)/Ni(OH), 0.1173 29.325 0.99922
Ag(5)/Ni(OH), 0.1874 46.85 0.99651
Ag(7)/Ni(OH), 0.2202 55.05 0.99864
Ag(10)/Ni(OH), 0.2818 70.45 0.99728
Ag(12)/Ni(OH), 0.2623 65.58 0.99493
Ag(15)/Ni(OH), 0.2360 59 0.99985

catalysts was Ag(10)/Ni(OH), > Ag(12)/Ni(OH), > Ag(15)/Ni(OH),
> Ag(7)/Ni(OH), > Ag(5)/Ni(OH), > Ag(2)/Ni(OH), > Ag(0)/
Ni(OH),. The catalytic parameters for reduction of 4-nitro-
phenol are given in Table 1, K’ is defined as the activity factor k
over the weight of catalysts. Based on the weight of silver in the
composites Ag(10)/Ni(OH), (8.37%, measured by AAS), the
activity factor k over the weight of silver is calculated to be
841.61 min~" g~ ', which is much higher than that of Ag NPs
deposited on the surface of micron silica spheres by the
combination of surface functionalization deposition and seed-
mediated growth technique (37.16 min~" g~ ").1°

We have also investigated the cyclic stability of sample
Ag(10)/Ni(OH), by monitoring the catalytic activity during
successive cycles of the reduction reactions (Fig. 6). The
procedure was the same at the beginning, about 3 mL of the
mixture was taken after 10 min. After that, another 1 mL of the
solution of 4-NP (10 mM) and 1 mL of the solution of NaBH, (0.3
M) were added for another cycle. The result showed that Ag(10)/
Ni(OH), composites maintain a high catalytic activity after five
cycle times. Compared to fresh catalysts, some new peaks were
found in the FTIR spectrum of used Ag(10)/Ni(OH), after five
cycles (Fig. S67). The two weak peaks at 1465 cm ™' and 1449
cm ' correspond to the skeletal vibration peak of benzene ring,
and the peak located at 1272 em ™" is ascribed to the stretching
vibration of C-O from the radical cation intermediate (OHC-
H,NH,)".*® The results indicate that a small amount of 4-AP may
be adsorbed on the surface of catalysts. In addition, the
morphology of the catalysts after five cycles has almost no

60

40

Degradation (%)

20

0 T T Y T T

1 2 3 4 5
Cycles

Fig. 6 The reusability of Ag(10)/Ni(OH), as a catalyst for the reduction
of 4-NP with NaBH,.
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change (Fig. S71), compared with that of the original sample
(Fig. 3).

3.3 Mechanism for the formation of Ag/Ni(OH), composites

To better understand the formation mechanism of the Ag/
Ni(OH),, we carried out a batch of verification experiments
under different conditions as shown in Fig. 7. Fig. 7a shows the
UV-Vis absorbance spectra of the solutions under different
conditions. The ethanol solution of Ni(OH), and AgNO; was
stirred at room temperature for two hours in condition a, then
the other conditions, and so on. The color of the solution under
the condition of b was darker than that of the solution under
the condition of ¢, but the XRD patterns of the samples were
similar as shown in Fig. 7b. And there is no absorption peaks of
Ag NPs which indicated there is no formation of Ag NPs in the
solution. What is more, the pH value changed from 6.97 to 7.60
under the condition of ¢, which indicated that Ni(OH), could
produce small amount of OH . From the above experimental
results, we can conclude that the change of the solution color is
due to the formation of Ag,0 on the surface of Ni(OH), nano-
sheets. As for XRD patterns, it may be because of the low
content and the nanocrystal nature of Ag,O. It has been re-
ported that ethanol could reduce silver ion to silver atom under
heating condition.”” For comparison, we stirred an ethanol
silver nitrate solution (1.9 g L") without Ni(OH), nanosheets at
room temperature for 2 h in condition d. The UV-Vis spectrum
demonstrated that there is almost no reduction reaction
occurred in pure ethanol. So the reduction of silver ions by
ethanol at room temperature is negligible in the course of this
experiment. However, when we mixed Ni(OH), and 10 wt%
AgNO; in the ethanol solution for 2 hours, the color of the
solution changed from light green to dark-brown and the UV-
Vis spectrum indicated the generation of Ag NPs in the solu-
tion clearly. So we can conclude the ethanol acted as reducing
agent here. From what were mentioned above, Ni(OH),, AgNO;
and ethanol are the three indispensable components for the
synthesis of Ag/Ni(OH), composites.

absorption

Ni(OH), + Ag" Ag" /Ni(OH),

Ni(OH), <> Ni** + 20H"

a a.Ni(OH),+AgNO,+ethanol b
b.Ni(OH),+AgNO;+H,0

CNi(OH),*H,0

d.AgNO,+ethanol

cNi(OH),#H,0

Intensity (a.u.)

b.Ni(OH),+AgNO+H,0

Absorbance (a.u.)

W 40 50 60 0 s 10 20 30 40 50 6@ 0 8 %

Wavelength (nm) 20 (Degree)

Fig. 7 (a) UV-Vis absorbance spectra of the solutions under different
conditions; (b) XRD patterns.
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2Ag"/Ni(OH), + 20H~ < 2AgOH/Ni(OH), <
Ag>O/Ni(OH), + H,0

OH™

CH;CH,OH + Ag,0/Ni(OH), ——
2Ag/Ni(OH), + H,0 + CH;CHO

CH;CHO + Ag,O/Ni(OH), + OH™ —
CH;COO™ + 2Ag/Ni(OH), + 2Ag + H,O

The above-described reaction is similar to the previous re-
ported reaction of AgNO; and NaOH in ethanol system.” The
possible reaction mechanism which has been proposed and
demonstrated is that OH™ and Ag' reacted to form Ag,O parti-
cles firstly, then Ag,0 particles were reduced by ethanol mole-
cules in the presence of hydroxide ions. Taking into account
that the nickel hydroxide is a moderately strong bases and has
excellent adsorption abilities to heavy metal ions.” The as-
prepared Ni(OH), was used to adsorb silver ions and it had
a relatively large adsorption capacity of 37.5 mg g~ . Therefore,
we can conclude the formation mechanism of the Ag/Ni(OH),
composite is as follows. First, Ni(OH), adsorbed silver ions to
form Ag,O particles. And then Ag,O particles were reduced by
ethanol molecules to form Ag atoms. So Ni(OH), nanosheets is
a carrier and an adsorbent here. To gain further insight into the
detailed mechanism, however, more work is warranted.

3.4 Mechanism for reduction of 4-NP

The adsorption of 4-NP onto the catalyst and the electron
transfer are both important factors in determining the catalytic
performance for 4-NP reduction.”® And it is known that the
catalytic reduction of 4-NP to 4-AP is an electron transfer
process.” So EIS was carried out to investigate the electron-
transfer resistance of the catalyst to further study the reduc-
tion reaction of 4-NP to 4-AP. In Nyquist diagram, a smaller arc
radius means a more facile charge transfer process at the
interface of electrode.** As shown in Fig. 8a, the faradaic
impedance spectra of pure Ni(OH), and Ag(10)/Ni(OH), are
presented as Nyquist plots (—Z" versus Z'). It can be seen that
Ag(10)/Ni(OH), composite shows faster interfacial charge
transfer compared to the Ni(OH),, that means the presence of
Ag NPs can promote the transfer of interfacial electron, which is
beneficial for the reduction reaction of 4-NP to 4-AP.*' Fluo-
rescence spectra of pure Ni(OH), and Ag(10)/Ni(OH), are given
in Fig. 8b. Compared with pure Ni(OH),, the emission intensity
of Ag(10)/Ni(OH), is drastically quenched after loading with Ag
NPs due to the electron transfer from Ni(OH), to Ag NPs, which
indicates that Ag NPs are very efficient trap centres for charge
transfer between nickel hydroxide and Ag NPs.**** Therefore,
Ag(10)/Ni(OH), composite exhibits high catalytic activity.
According to the traditional theory about the catalytic
reduction of 4-NP and the above experimental results, a catalytic
mechanism about Ag/Ni(OH), composites was elucidated in
Fig. 8c. After the competitive adsorption of the donor BH,  and
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Fig. 8 (a) Nyquist plots for pure Ni(OH), and Ag(10)/Ni(OH),; (b)
fluorescence spectra for pure Ni(OH), and Ag(10)/Ni(OH),; (c) possible
mechanism for reduction of 4-NP by Ag/Ni(OH),.

acceptor nitrophenolate onto the surface of Ag/Ni(OH),
composites, electron transfer takes place between them during
the reduction of 4-NP. NaBH, with high electron injection
capability, could contact efficiently with highly dispersed Ag
NPs, which act as electron relay in the reaction. Then electrons
leave the Ag NPs from the depleted region near the interface of
Ag/Ni(OH), composite to the Ni(OH),, and end up with an
electron-enriched region according to Fermi level alignment.
After that the existence of the surplus electrons added inside the
Ni(OH), can facilitate the uptake of electrons by 4-NP mole-
cules, which adsorbed on surface of the composites. Thus the
nitro group can be reduced to the nitroso group, then turns into
hydroxylamine and further reduced to amino group at last.>*3*%*

4. Conclusions

In summary, a facile autocatalytic reduction method to deposit
Ag NPs with an average diameter of around 4.7 nm on Ni(OH),
nanosheets has been developed. The Ni(OH), nanosheets play
an important role in the formation of Ag/Ni(OH), composites in
ethanol at room temperature. The analytic data (UV-visible
spectra, TEM, XPS survey) proved the formation of Ag NPs on
the surface of Ni(OH), nanosheets. The obtained Ag(10)/
Ni(OH), composites show the highest catalytic activity for
reduction of 4-NP by NaBH,. These highly active Ag/Ni(OH),
composites can be promising materials for supercapacitor and
catalyst application.
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