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a  b  s  t  r  a  c  t

Here  we  report  a  facile,  surfactant-free  and  template-free  synthesis  process  of  highly  uniform  dendritic
silver  nanostructures  with  high  catalytic  activity  for  the  reduction  of  p-nitrophenol.  By  controlling  the
concentration  of  AgNO3 aqueous  solution  and  the  reaction  time,  various  shapes  of  silver  nanodendrites
(SNDs)  could  be obtained  easily.  The  effects  of  different  parameters  such  as concentrations  of the  reagents
and  reaction  time  on  the  morphology  and  structure  of  as-prepared  tree-like  nanostructures  have  also
been investigated  by  X-ray  diffraction  (XRD),  field-emission  scanning  electron  microscopy  (FESEM)  and
transmission  electron  microscopy  (TEM).  Also,  the  X-ray  photoelectron  spectroscopy  (XPS)  has  been
used  to  identify  the  oxidation  state  of  SNDs.  In  addition,  the  catalytic  activity  of  the  as-prepared  SNDs
samples  at  200  mM  AgNO3 aqueous  solution  was  evaluated  by  a redox  reaction  of  p-nitrophenol  in  the
presence  of  an  excess  amount  of  NaBH4. It was  found  that  the highly  symmetrical  SNDs  with  roughly
60–120  nm  in  stem  and  branch  diameter  and  3–12  �m in  length  obtained  after  120  s  reaction  time  do

have  higher  catalytic  activity  than  other  SNDs  prepared  at different  reaction  time,  several  times  stronger
catalytic  activity  in  the  sodium  borohydride  reduction  of p-nitrophenol  to p-aminophenol,  compared
to  some  other  silver  nanoparticles  reported  in literature.  The  crystallinity  provided  by  X-ray  diffraction
(XRD)  analysis  indicates  that  the  improvement  of the  crystallinity  is  also  very  crucial  for  SNDs’  catalytic
activities.  The  SNDs  are  very  promising  catalytic  candidates  for the  reduction  of  p-nitrophenol  because
of easily  simple  preparation  route  and  high  catalytic  activity.
. Introduction

Nitroaromatics are widely used as synthetic intermediates
n the manufacture of pharmaceuticals, dyes, plasticizers, pesti-
ides, fungicides, and explosives. Among the mono-nitrophenols,
-nitrophenol (Nip) is probably the most important in terms of
he quantities, Meanwhile, p-nitrophenol possesses good chem-
cal, biological stability and difficult to be removed by natural
egradation, which has been listed as “priority pollutant” by
S Environmental Protection Agency (EPA). Therefore, the p-
itrophenol in the waste water of chemicals, petrochemicals, and
harmaceuticals industries should be treated effectively and rea-
onably before discharged into the environment.

Many processes have been reported for oxidative or reduc-
ive degradation of nitrophenol compounds, such as catalytic wet

eroxide oxidation [1],  microwave assisted catalytic oxidation [2]
iodegradation [3],  photocatalytic degradation [4],  electro-fenton
ethod [5],  electrochemical treatment [6],  catalytic reduction [7,8]
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and so on. Among above methods, nanocatalysts in the facile reduc-
tion process of pollutants like p-nitrophenol has gained much
attention, due to the greater accessibility to surface atoms and low
coordination number. Metallic nanoparticles have been reported
as catalysts for reduction of p-nitrophenol in many papers [9–12].
Taking the cost and the complicated synthesis process for such
catalysts into account, we still need to find appropriate nanostruc-
tures for obtaining better catalytic activity. Recently, noble metal
nanostructures, whose properties markedly differ from that of the
respective bulk metals [13], are of considerable interest because of
their importance in a wide range of applications including cataly-
sis, photography, optics, electronics, optoelectronics, sensors, and
surface-enhanced Raman scattering (SERS) [14–18].  Especially, sil-
ver nanodendrites (SNDs) have attracted rising interest due to their
high specific surface area along with numerous active sites and
sharp edges, which would provide a strong catalytic activity for
facile reduction of p-nitrophenols.

The diversity of the technological applications of silver den-

drites drives the search for facile routes to produce silver dendrites
in high yields. Recent research for synthesis of such mate-
rials involved either chemical or electrochemical approaches,
such as ultrasonically assisted template synthesis [19], ultraviolet

dx.doi.org/10.1016/j.jhazmat.2012.01.056
http://www.sciencedirect.com/science/journal/03043894
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rradiation photoreduction [20], plating [21], �-irradiation route
22], and pulsed sonoelectrochemical method [23], Huang et al.
ynthesized Ag dendrites with an apparatus similarly used for elec-
rodeposition with some modifications [24]. These approaches are
omplicated for synthesis or need water soluble polymers as pro-
ecting reagents or templates.

In recent years, galvanic replacement reaction (GRR) has been
xtensively used as a basic and simple way to synthesize nanos-
rucutured materials in a number of different systems [25–27].
oncentrating specifically on the template- and surfactant-free
ynthesis of Ag nanodendrites, Fang et al. reported a GRR pro-
ess to synthesize SNDs using zinc plate as a sacrificial template
28]. Wen  et al. synthesized silver nanodendrites by a simple
urfactant-free method using a suspension of zinc microparticles
s a heterogeneous reducing agent [29]. However, there is still
ome inconvenience in this synthesis process. Because the standard
eduction potential of zinc (−0.7628 V) is much lower than that of
ilver (0.7996 V), resulting in the relatively fast speed of GRR pro-
ess, which is not conducive to precisely control the morphology
f SNDs.

More recently, Xie et al. successfully synthesized silver dendrite
rystals by using an aqueous solution of silver ion and a Cu foil,
ssisted by sulfate ion, and found that the growth rate of Ag den-
rites is much accelerated for a solution of Ag+ with SO4

2−, but the
oncentration of the silver ion is only 5 mM [30].

Nonetheless, a well-controlled large scale production proto-
ol for silver nanodendrites is still in great demand and thus we
mbarked on research involving silver nanodendrites synthesis
ith a particular emphasis on high silver ion concentration and

asy procedure. Consequently, our work provides a methodology
hat can be potentially scaled up in directly synthesizing silver
anodendrites, in which only copper reacts with AgNO3 aqueous
olution at room temperature to produce highly branched nan-
dendrites in seconds to a few minutes. No additional solvents,
educing agents or capping agents are necessary, making this syn-
hetic protocol particularly attractive for studies into the formation
f highly branched silver nanodendrites, which showed to be a
ovel catalyst for the reduction of p-nitrophenol.

. Experimental

.1. Materials

Silver nitrate (AgNO3, 99.9%), sodium borohydride (NaBH4)
nd p-nitrophenol (4-C6H5NO3) were purchased from Sinopharm
hemical Reagent Co., Ltd. (SCRC). Copper foil (99.9%) was obtained
rom Hubei Xinyin Noble Metal Co., Ltd. All reagents were of analyt-
cal grade and used without further purification. All solutions were
repared using double distilled water.

.2. Synthesis of SNDs

In a typical synthesis of Ag dendrites, copper foils were cut
nto 2 × 2 cm2 and treated by dilute hydrochloric acid solution to
emove oxide and contamination, then, rinsed with distilled water.
fter rinsing in water, the copper foils were immediately immersed

n a 200 mM AgNO3 aqueous solution. After some time, the copper
oils were taken out the AgNO3 aqueous solution and immediately
mmersed in distilled water; SNDs were detached from the cop-
er foils by rinsing in water and then filtered and dried in air, by
djusting reaction time, different morphologies of silver nanostruc-

ures were obtained. Finally, as-prepared SNDs were redispersed in
thanol for further characterization. Similar sets of reactions were
lso carried out at varying AgNO3 concentration; i.e., 100 mM and
00 mM.
aterials 217– 218 (2012) 36– 42 37

2.3. Characterization and catalytic reduction of p-nitrophenol

The morphologies of the samples were investigated by FESEM
(Sirion200, FEI Company, Holland) at 10 kV and TEM (Tecnai G220,
FEI Company, Holland) at 120 kV. The oxidation state of SNDs
was  verified by X-ray photoelectron spectroscopy (XPS; VG Mul-
tilab 2000, Thermo Electron Corporation, US) with a microspot
monochromatized Al K� source, both survey and high-resolution
spectra were acquired in fixed analyzer transmission mode with
a pass energy of 100 and 25 eV, respectively. The phase struc-
tures were determined by using X-ray diffraction (XRD; X’Pert PRO
(PANalytical B.V., Holland)) on a Scintag diffractometer with Cu K˛1
radiation (� = 1.54060 Å) at a scanning rate of 0.017◦ s−1 in the 2�
range from 10◦ to 90◦. BET surface area measurements were carried
out in a gas adsorption analyzer (Tristar 3000, Micromeritics Com-
pany, US). In each experiment, a weight of approximately 0.1 g of
sample was  used. The adsorptive gas was  nitrogen (N2) and the
adsorption was  carried out at the boiling temperature of liquid
nitrogen.

In a typical run for the reduction of p-nitrophenol by NaBH4,
0.1 ml  of freshly prepared aqueous solution of NaBH4 (3 × 10−1 M)
was  introduced to 3 ml  of p-nitrophenol (1.03 × 10−4 M)  solution.
Next, 2 mg  of SNDs was added to the above solution, and time-
dependent absorption spectra were recorded. From changes in the
absorption of p-nitrophenolate ion at 400 nm as a function of time,
the rate constants were calculated. The UV–vis absorption spec-
tra were recorded in a Shimadzu UV-2550 spectrophotometer. The
experiment was  carried out at 20 ◦C.

3. Results and discussion

Galvanic replacement reaction has been demonstrated as a type
of general and effective means for preparing metallic nanostruc-
tures by consuming the more reactive component [31]. Copper has
a relatively higher standard reduction potential (0.3402 V) than
zinc, which makes the GRR mild and easy to control. In addition,
no copper oxides exist in the final product, which was verified by
the result of X-ray diffraction analysis in our experiment. Since the
standard reduction potential of Ag+/Ag pair (0.7996 V vs SHE) is
higher than that of the Cu2+/Cu pair (0.34 V vs SHE), copper under-
goes a GRR with Ag+ ions when copper foil is immersed in AgNO3
solution according to the following equation:

Cu(s) + 2Ag+(aq) → 2Ag(s) + Cu2+(aq) (1)

Fig. 1 shows a TEM image of SNDs prepared at 200 mM AgNO3
aqueous solution after 120 s reaction time, where the insets are
selected-area electron diffraction (SAED) patterns from the area
indicated by red circle in Fig. 1. The large surface area suggests
these dendrites as promising catalysts, as they also present a high
concentration of edges and terraces, features that are believed to
provide stronger signal for SERS [32]. Meanwhile, the SAED con-
firms that the crystallinity of the silver nanodendrite is perfect. As
shown in this image, the electron beam is perpendicular to the flat
surface of the nanodendrite lying on the TEM grid which displays
regular lattices characteristic of the cubic Ag, it was  proved that the
silver nanodendrite is a single crystal. The electron beam also illus-
trates that the growth of SND is along two  specific crystal planes
alternately. By analyzing this term of beam, we found that SAED
patterns are indexed as {2 2 0} and formally forbidden 1/3 {4 2 2}
Bragg reflections, which is similar to the previous reports [33].

Furthermore, the surface elemental composition of the as-

prepared SNDs at 200 mM AgNO3 aqueous solution after 120 s
reaction time was  studied by means of XPS. A typical wide-scan
spectrum is shown in Fig. 2(a), Ag signals, such as the Ag3d dou-
blet, and a number of secondary photoemission and Ag Auger
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Fig. 1. TEM image with SAED pattern (inset) of a typical silver nanodendrite
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repared at 200 mM AgNO3 aqueous solution after 120 s reaction time. (For inter-
retation of the references to color in this text, the reader is referred to the web
ersion of the article.)

eaks (Ag4d, Ag4p, Ag4s, Ag3p, Ag3s) are clearly seen in the wide-
can spectrum. Although the carbon and oxygen signals are also
etected, they exhibit lower concentrations. Fig. 2(b) shows the
igh resolution XPS of Ag3d peaks with binding energies of 368.0 eV

or Ag3d5/2 and 374.1 eV for Ag3d3/2, indicating that the SNDs are
ainly elemental Ag [30].

.1. Effects of AgNO3 concentration on the morphology of SNDs

The AgNO3 concentration has important influences on the size
nd morphology of the products during the replacement reac-
ion, the higher Ag+ concentration enhances the reaction rate
reatly, thereby leading to changes in the morphology of SNDs.
igs. 3 and 4(a) demonstrate the transition from half baked to den-
ritic growth of silver aggregates at silver ion concentration of 100,
00 mM and 200 mM after 10 s reaction time under room temper-
ture. As shown in Figs. 3 and 4(a), at the same reaction time,
ppropriate concentration would synthesize expected nanoden-
rites in a short time, while low concentration led to incomplete
orphologies (Fig. 3(a)). On the contrary, higher concentration will

ot help the controllable formation of nanodendritic silver struc-
ures due to too fast reaction (Fig. 3(b)). This experiment indicates
hat, by controlling the silver ion concentration in the solution,

 silver dendrite with well-defined morphology could be realized
Fig. 4(a)).

.2. Morphological evolution and crystallinity of SNDs with time

To better understand how these SNDs form with time, we
ontrolled the reaction time to explore the nano/microstructure
volution of silver. FESEM images of SNDs were obtained for dif-
erent reaction time. Fig. 4 shows FESEM images of the dendrites
ynthesized at 200 mM AgNO3 aqueous solution with different
eaction time: 10 s, 60 s, and 120 s, which were denoted as Ag1,
g2 and Ag3, respectively. As Fig. 4(a) reveals, the dendritic nano-

tructure had been synthesized during 10 s of reaction. Next, as the
eaction proceeded to 60 s, additional precursor reduction occurred
n which silver atoms were added to the bulbous ends of the branch,
he two-terminal dendritic nanostructures become thicker and
Fig. 2. Typical X-ray photoelectron spectroscopy wide-scan spectrum (a) and high
resolution XPS Ag3d peaks of SNDs (b) prepared at 200 mM AgNO3 aqueous solution
after  120 s reaction time.

more complete, at the same time, a few Ag particles adhere to the
branches to form the third class structures (Fig. 4(b)). After 120 s,
mature SNDs with symmetrical tertiary structures like a pine tree
with roughly 60–120 nm in stem and branch diameter and 3–12 �m
in length were formed (Fig. 4(c)).

The diffusion-limited aggregation (DLA) model and the
anisotropic crystal growth can also be used to interpret the evo-
lution of SNDs [34]. In the case of dendritic nanostructures, the
thermodynamic factors and the inherent crystal structure of the
material are two major factors, which dominate the ensuing mor-
phology during the GRR process. At the beginning of this reaction,
the preferred growth on certain planes becomes energetically
favorable when the surface tensions of these planes are elevated
and the bulk energy of the total system tends to decline [35]. The
result is that silver particles aggregate dendritic rather than a ther-
modynamically stable hexagonal structure. It is well established
that fractal aggregation arises in situations far from thermody-

namic equilibrium where high driving forces lead to the generation
of dendrites and random self-assembly [36].

Fine crystallinity and big surface area usually result in pro-
nounced catalytic activity. Fig. 5 shows XRD patterns of the three
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Fig. 4. FESEM images of as-prepared SNDs in the 200 mM AgNO3 aqueous solution
ig. 3. FESEM images of as-prepared SNDs at different concentration of AgNO3

queous solution for 10 s (a) 100 mM,  (b) 300 mM.

amples Ag1, Ag2 and Ag3. All the diffraction peaks observed
an be indexed to the cubic (FCC) Ag with a unit cell parame-
er a = b = c = 4.0816 Å (4.0862 Å, from JCPDS 04-0783). No copper
r copper oxide peak is observed, indicating a useful method
o synthesize high-purity Ag nanodendrites. Furthermore, the
rystallinity is different for the three samples. The order of the
rystallinity of the three SNDs is: Ag3 > Ag2 > Ag1.

.3. Catalytic activities of SNDs in the sodium borohydride
eduction of p-nitrophenol

One of the important applications of metal nanoparticles is to
ctivate/catalyze some reactions that are otherwise unfeasible. It is
ell-known that the catalytic activity of nanoparticles is strongly
ependent on its composition, size, and shape. Typically, a bigger
urface-to-volume ratio tends to show a higher catalytic activity
37,38]. To this end, the reduction of p-nitrophenol (Nip) to p-
minophenol (Amp) by NaBH4 was chosen to evaluate the catalytic
ctivity of SNDs (Ag1, Ag2 and Ag3, respectively). The reaction was
onitored visually as well as spectrophotometrically by measur-

ng the disappearance of Nip, which shows a distinct spectral profile
ith an absorption maximum at 317 nm in water, upon the addition

f NaBH4, the mixture solution shows a bright yellow color and with
 shift to 400 nm due to the formation of the p-nitrophenolate ion
39,40], it also shows that no conversion from p-nitrophenol to p-

minophenol was observed without the addition of SNDs catalyst.
his observation indicates that the reduction reaction was unable
o occur by itself under the experimental conditions without the
ddition of catalysts.
for reaction time of (a) 10 s (Ag1), (b) 60 s (Ag2), and (c) 120 s (Ag3).

However, after the addition of a small amount of SNDs (Ag1) to
this solution at room temperature (20 ◦C), the color of the mixture
solution is fading and ultimate bleaching in quick succession, the
peak at 400 nm gradually drops in intensity which accompanied by
a concomitant development of a new peak at 295 nm correspond-
ing to the formation of p-aminophenol (Fig. 6(a)). Similar spectral
changes of p-nitrophenol during its reduction are also observed

with addition of other two  samples Ag2 and Ag3 (Fig. 6(b) and (c)).
These results indicate that SNDs are an effective catalyst in this
reaction.
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Fig. 5. XRD patterns of Ag nanodendrites synthesized with different reaction time.
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ig. 6. (a–c) Successive UV–vis absorption spectra of p-nitrophenol reduction by NaBH4 ca
20 ◦C). In all the cases, the quantity of the SNDs was  0.0185 mmol. (d) Plots of lnA vs time f
20 ◦C).
aterials 217– 218 (2012) 36– 42

As shown in Fig. 6, Ag3 shows the shortest time for p-nitrophenol
to convert to p-aminophenol completely, in comparison with other
two  samples Ag1 and Ag2. The order of the catalytic activity for the
three samples is Ag3 > Ag2 > Ag1. This trend is in accordance with
the crystallinity of the samples.

Since the concentration of NaBH4 greatly exceeded that of p-
nitrophenol and the SNDs catalysts, the rates of the reduction
are assumed to be only dependent of the concentration of p-
nitrophenol (cNip). Therefore, the rate is assumed to follow first
order kinetics [12]. Hence, the apparent rate constant (kapp) can be
defined through

dcNip

dt
= −kappcNip (2)

As the result, it allows us to use Kapp to compare the catalytic
activity of different kinds of nanoparticles. We  calculated the values
of Kapp of SNDs defined through Eq. (2), which is obtained from the
fit linear of lnA (A = absorbance at 400 nm of p-nitrophenolate ion,
Fig. 6(a–c)) vs time (Fig. 6(d)). Because of the induction time at the
beginning (will be discussed in the following part), all the data of

Fig. 6(d) are selected from the second peak of absorbance at 400 nm
in each UV–vis spectroscopy. The Kapp of Ag3 is 5.63 × 10−3 s−1

which is ten times bigger than that of silver nanoparticles reported
in a recent paper, whose Kapp is 4.73 × 10−4 s−1 [41]. Furthermore,

talyzed by different samples of SNDs: (a) Ag1, (b) Ag2, (c) Ag3 at room temperature
or the Ag1, Ag2, and Ag3 catalytic reduction of p-nitrophenol at room temperatures
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Table  1
Summary of the catalytic activity for the reduction of p-nitrophenol by NaBH4 which
was catalyzed by different SNDs at room temperatures (20 ◦C).

Sample ID SNDs used (mmol) Kapp (s−1) Knor (mmol−1 s−1)

Ag1 0.0185 2.48 × 10−3 0.134
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Ag2 0.0185 2.74 × 10−3 0.148
Ag3 0.0185 5.63 × 10−3 0.304

o compare the catalytic activity of the as-prepared SNDs with that
f other nanoparticles reported in the literatures [42–44],  we  cal-
ulated the normalized rate constant (Knor) which are obtained by
ormalizing the Kapp values with respect to the amount of cata-

ysts used (summarized in Table 1). As shown in Table 1, we can
nd that the Knor of Ag3 is 0.304 mmol−1 s−1 (20 ◦C), which is larger
han that of many catalysts reported previously [42,45,46],  0.069,
.140 and 0.00037 mmol−1 s−1 respectively. And the Kapp of sam-
le Ag3 is just a little smaller than that of an Au–Ag bimetallic
endritic nanostructure [24]. This is especially striking when the
acile template-free synthesis and relatively cheap price of silver
re taken into account. Combined with the amount of catalysts used
n this reduction is a little; we can predict a wide application of SNDs
n catalytic fields in the future.

Usually, the catalytic activity is positively related with the sur-
ace area of catalysts. However, in this work, higher surface areas
f the catalysts did not result in higher catalytic performance. The
ET surface areas of the as-prepared Ag1, Ag2 and Ag3 are 1.2602,
.3901 and 0.3895 m2/g, respectively. There was  no correlation
etween the BET surface areas and the catalytic activities, demon-
trating there is another more important factor that governs the
atalytic activity, which is the crystallinity of the SNDs. The order
f the crystallinity of the three SNDs is: Ag3 > Ag2 > Ag1.The result
ndicates that there is a compromise between the improvement of
he crystallinity and the decrease of the surface area.

Another interesting observation is that there is an induction
eriod for all the reactions after the adding of SNDs, due to the
dsorption of p-nitrophenol on the surface of SNDs [47]. As can
e seen from Fig. 6(a–c), the dropping value of the spectral peak
t 400 nm during the first 50 s is smaller than that of successive
ime period, after this special stage, the speed of the value drop-

ing at 400 nm is almost the constant, and the Ag3 still shows
he shortest induction time compared to other samples. Because
f the best catalytic activity of Ag3, we investigate the interac-
ion of p-nitrophenol with the SNDs directly to see if Ag3 also

ig. 7. UV–vis spectra of p-nitrophenol solution. (a) In absence of NaBH4 and SNDs,
b–d) absence of NaBH4 but adding 0.0185 mmol  of three different types of SNDs,
espectively: (b) Ag1, (c) Ag2, (d) Ag3.
aterials 217– 218 (2012) 36– 42 41

perform better than other two  SNDs. The UV–vis absorption spectra
of p-nitrophenol solution were recorded after the addition of three
types of SNDs respectively in absence of the reducing agent NaBH4.
As shown in Fig. 7, after the addition of SNDs, the characteristic
absorption peak at 317 nm exhibits different levels of decrease. At
the same time, a shoulder peak arises around 400 nm,  which was
related to the absorption spectra of intermediate of p-nitrophenol
with SNDs. Among the three catalysts, Ag3 shows the most efficient
effort for the absorption peak drops at 317 nm with a strongest
shoulder peak around 400 nm.  Ag2 shows a little stronger effort
than Ag1. Though many papers have explained the mechanism of
this catalytic reaction through models of Laugmuir–Hinshelwood
or Eley-Rideal mechanism [48], the accurate reaction mechanism
has not been distinguished. This result may be provided a hint for
the further study.

4. Conclusions

In conclusion, a facile and efficient method has been successfully
developed for the synthesis of silver nanodendrites by a galvanic
replacement reaction (GRR) technique using copper foil as a sacri-
ficial template. The catalytic activities of the hierarchical dendritic
microstructures prepared under different conditions have been
investigated carefully for the reduction of p-nitrophenol by NaBH4.
We have also demonstrated that mature and higher crystallinity of
dendritic nanostructure shows better catalytic activity than imma-
ture samples. Given the facile synthesis, high catalytic activity and
relatively low cost, the SNDs might be able to find wide application
for the catalytic reduction of nitrophenol compounds.
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