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Electroless deposition has been used to coat finely porous polyethylene terephthalate (PET) track-etched
membranes with silver, forming silver nanotubes within the pores with inner and outer diameters of 60 and 100 nm.
The sample’s X-ray diffraction pattern shows a face-centered cubic crystalline phase of silver with the lattice
constant 4.0838 nm. The average size of silver nanoclusters, as obtained from the scanning electron microscopy
analysis is about 30 nm which is consistent with the X-ray diffraction results. The temperature dependent catalytic
activity of prepared composites is demonstrated for two model reactions such as reduction of 4-nitrophenol (4-NP)
and decomposition of hydrogen peroxide. Apparent constant rates and activation energy as well as reusability of
catalysts were determined. The developed composite catalyst could be used consecutively for several runs without
any damages for 4-NP reduction. For hydrogen peroxide reaction decomposition the reaction rate of the second
cycle is reduced 2.4 times. Moreover, the second reuse reduced conversion of H2O2 to 54.7% suggests removal of
active Ag centers during the first cycle of testing.
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1. Introduction

Due to their unique properties such as possibility to
control shape and size of pores, flexibility and high chemi-
cal resistance track-etched membranes (TeMS) are widely
used as a support template for electroless or electro-
chemical deposition of various materials [1]. After dis-
solving of the polymer matrix in an appropriate solvent,
the resulting highly ordered arrays of nanotubes (NTs)
or nanowires (NWs) find extensive application in vari-
ous fields of material science, including electrochemical
sensing [2] and biosensing [3], nanoelectronics [4] and
magnetic materials [5], medicine and biotechnology [6, 7].
“As-prepared” TeMs with the embedded metal nanopar-
ticles/NTs also could be applied as highly efficient het-
erogeneous catalysts for the reactions which occurred on
both the membrane surface and through them [8]. One of
the main advantages of TeMs-based composites as a cat-
alyst is a membrane geometry that allows to distribute
uniformly the catalytically active material over the entire
surface of the pores and carried out reactions without
separation of nanosized catalysts from the reaction mix-
ture after the reaction is completed. The polymer tem-
plate could be also easily removed and cleaned without
contaminating and morphologically changing the formed
nanostructures [9]. Recently there have been several re-
ports that demonstrated the catalytic activity of metal-
lic NTs embedded in porous TeMs: thus, the reduc-
tion of 4-NP as a benchmark model reaction was stud-
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ied for the Au/PET and Au/Ag/PET composites [10],
flow-through experiments were performed for silver and
gold [11], Ag–Pt [12], NTs membranes in polycarbonate
(PC) TeMs. The unsupported Pt NWs showed better
catalytic activity for methanol oxidation than those sup-
ported in the PC template [9], also Au NTs, loaded in
the same template was used as a membrane reactor for
CO oxidation [13].

However, most of the previous studies focused on
the improvement of synthesis strategy [14] or on simple
testing of catalytic activity in different model systems,
therefore the temperature dependent activity ion-track
membranes composites have not been studied yet.

In this paper, the fabrication of silver NTs of about
100 ± 5 nm in diameter and 12 µm long as well as eluci-
dation of their composition and structure were discussed.
Temperature dependent catalytic properties of the pre-
pared Ag/PET composite membranes were tested for re-
duction of 4-NP to 4-AP and at the first time as catalysts
for decomposition of hydrogen peroxide in the aqueous
media.

2. Experiment

2.1. Template preparation

The PET film (Hostaphan® RNK, Mitsubishi
Polyester Film, nominal thickness of 12 µm) was irra-
diated with 1.75 MeV/nucl Kr-ion beam with the ion
fluency of 1 × 109 cm−2 at the DC-60 cyclotron in As-
tana and etched in the 2.2 M sodium hydroxide solution
at 85 ◦C for 75 s that provides formation of 100 ± 5 nm
cylindrical pores. The effective pore sizes of parent tem-
plate as well as the inner diameter of NTs were estimated
by gas permeability using the equation
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Q =
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3l

√
2π

RTM
∆p, (1)

where Q is the molar flow rate of air through the pore,
R is the gas constant, M is the molecular weight, L is
the membrane thickness, ∆p is the applied pressure.

2.2. Electroless plating

The improved electroless deposition technique re-
ported by Muench [11] was used. Prior to electroless
plating the PET membrane was immersed into a solu-
tion of SnCl2 (25 g/L) and hydrochloric acid (60 g/L)
for 15 min to sensitize polymer surface and thoroughly
rinsed for 15 min under flowing water. Afterward the ac-
tivated templates were deposited in the aqueous plating
solutions containing AgNO3 (17 mM), potassium sodium
tartrate (120 mM) and pyridine (50 mM) as a complexing
agent. Deposition took place at 2–4 ◦C, after the desired
deposition time (1 h) Ag-plated composite membranes
were washed in water and ethanol and dried in air.

2.3. Characterisation

Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDAX) were performed
using a JEOL-7500F (JEOL, Japan) equipped with iXRF
EDS -2000 (Oxford Instruments). Prior to the measure-
ment, the PET template was removed with 1,1,1,3,3,3-
hexafluoro-2-propanol and template-free Ag NTs were
collected on the carbon tape and sputter-coated with
gold.

The X-ray diffraction (XRD) pattern was obtained on
a D8 Advance (Bruker, Germany) to study the crystalline
structure of the sample with a fixed anode Cu source. X-
ray was generated at 40 mA and 40 kV, and the scanning
position ranged from 20−150◦2(θ). The crystal silver
grain size was calculated from the diffractogram peak
shape using the Scherrer equation

τ =
kλ

β cos θ
, (2)

where the shape factor k = 0.9, λ is 1.54 Å, β — the full
width half maximum (FWHM) and θ — the Bragg angle.

2.4. Catalysis

The catalytic activity of “as-prepared” Ag/PET mem-
branes was determined by reduction of 4-NP to 4-
AP by NaBH4 according to the experimental proce-
dure described in [15]. Afterwards the sample of
Ag/PET composites (size about 5 × 5 cm2) was im-
mersed in a beaker and catalytic activity was moni-
tored by every 5 min absorbance measurements using
the Specord-250 spectrophotometer (Jena Analytic, Ger-
many) recording the absorption spectra in the range 200–
600 nm. After the reaction, the Ag/PET membrane
was thoroughly rinsed with deionized water and used in
the next 4 cycles without any additional pretreatment.

The catalytic decomposition of H2O2 was made in a
250 mL round-bottomed flask immersed in a water bath
at 25–45 ◦C. For each test, 5.75×4.25 cm2 of the Ag/PET

catalyst was used. The reaction time was recorded after
the addition of 50 mL (1.02 wt% H2O2) solution pre-
heated at the same operating temperature. The stan-
dard H2O2 solution was prepared by dilution and its con-
centration was standardized by a potassium dichromate
solution. A graduated glass burette was used to mea-
sure the O2 volume. After complete decomposition of
H2O2, the catalysts were thoroughly rinsed with deion-
ized water.

3. Discussion

XRD analysis was used to characterize chemical com-
position and crystal structure of the silver NTs array.
The typical XRD pattern and corresponding intensity of
the major peaks of Ag NTs are shown in Fig. 1a.

Fig. 1. (a) XRD pattern of Ag nanotubes separated
from a PET template. The bottom red vertical lines
show the peak positions and relative intensities of pure
powder Ag (JCPDS 4-0783). (b) EDX spectra of
Ag NTs after removal of the polymer template. (c–
d) SEM images of composites surface and (e) Ag NTS
arrays without the template.

As follows from the XRD spectra, the isolated Ag NTs
exhibited diffraction peaks at 2θ values: 38.16◦, 44.35◦,
64.53◦, 77.48◦, 81.55◦, 110.58◦ and 115.01◦ correspond-
ing to (111), (200), (220), (311), (222), (331), and (420)
planes of silver, respectively [16]. Thus the XRD spec-
trum confirmed the crystalline structure of silver NTs.
All the peaks in the XRD pattern can be readily indexed
to a face-centered cubic structure of silver as reported
in the available literature (JCPDS 4-0783). The lattice
constant calculated from this pattern was found to be a
= 4.0838 ± 0.035 nm, which is consistent with the stan-
dard value a = 0.4086 nm. The average crystallite size
was estimated from the diffracting planes along the di-
rection normal to the (hkl) plane applying the Scherrer
formula (2) and was 24.57 ± 4 nm.

The elemental analysis of sample has been performed
using the EDX spectroscopy. Figure 1b shows the EDX



Temperature Dependent Catalytic Activity. . . 873

spectrum of template-free silver NTs. The peaks ob-
served at 3.0, 3.2, and 3.4 keV correspond to the bind-
ing energies of Ag Lα, Ag Lβ , and Ag Lβ2, respectively.
The gold peaks correspond to the gold sputtered on sam-
ple holder before the SEM analysis. The obtained nano-
structures have a tubular morphology and are uniform in
terms of their length (12 µm). The effective thickness of
silver nanotube walls was determined with Eq. (1) to be
about 40 ± 4.2 nm.

Figure 1c–e depicts the SEM images of the sur-
face Ag/PET composite membranes and free standing
Ag NTs. As it was determined from Fig. 1c, the average
size of Ag nanoclusters on the surface is ≈30 ± 3 nm,
which is consistent with the XRD results.

Fig. 2. (a) Effect of reaction temperature on the re-
duction of 4-NP over Ag/PET composite. (b) UV-Vis
spectra of the studied model reaction under the running
temperature of 35 ◦C and (c) correlation of apparent
rate constant and reaction temperature. (d) Catalytic
decomposition of H2O2 over the Ag/PET composite:
evolving of oxygen as a function of time. (e) Variation
of rate constant values at reaction temperatures.

In order to investigate the effect of temperature on
the reduction of 4-NP in the aqueos solution catalyzed
by PET/Ag membrane composites, the experiments with
different temperatures (15–45 ◦C) were set up. Figure 2a
shows that 4-NP reduction efficiencies increased gradu-
ally with the temperature rise from 15 to 45 ◦C. It was
also observed that at lower temperatures, the required
time was very long. A typical UV–V is absorption
change of a solution containing 4-NP and NaBH4 is
shown in Fig. 2b. Because the reaction is the pseudo-
first order in the presence of excess of reducing agent
(NaBH4) [17], the apparent rate constant (min−1) was
calculated from the slope of a plot of the natural log of
the absorbance at 400 nm yields (A/A0). Figure 2c shows

that kapp increased rapidly from 0.0093 to 0.0866 min−1

when the temperature increased from 15 to 45 ◦C. The 4-
NP conversion degree was increased from 66.1% (15 ◦C)
to 88.6% (45 ◦C). By testing the catalytic activity at dif-
ferent temperatures the apparent activation energy (EA)
was calculated via the Arrhenius plot of the kapp =
f(1/T ) and it was found to be EA = 51.19 kJ mol−1.

Although direct comparison with similar results, pub-
lished in other reports dealing with silver as a nanosized
catalyst for reduction of 4-NP is difficult due to inconsis-
tent reaction conditions such as concentration of initial
chemicals, type and size of silver catalyst (i.e. nanoparti-
cles, NWs, NTs, temperature). Thus, for silver nanopar-
ticles with diameter of 7–15 nm [17] an activation en-
ergy was found to be EA = 41 kJ mol−1, while for
Ag supported nanoclusters EA = 55.6 kJ mol−1 [18],
for 10 nm silver nanoparticles deposited on polyaniline
bridged silica networks the activation energy was claimed
to be EA = 192 kJ mol−1 [19].

Also Ag/PET membrane composites were tested for
H2O2 decomposition. Hydrogen peroxide is a versatile
oxidizing reagent thanks to its excellent properties in-
cluding safety, high efficiency, and low pollution [20].
It could be applied for water pollutant decomposition
and for green oxidation processes [21]. The kinetics of
the catalytic decomposition of hydrogen peroxide was
conducted at 25, 30, 35, 40 and 45 ◦C. The analysis
of the experimental data was made on the assumption
that decomposition of H2O2 is the first order process.
The volume of the evolved oxygen was plotted as a func-
tion of time (Fig. 2d). From the slope of the straight lines,
the apparent rate constants k were obtained. The depen-
dence of apparent constant rate on temperature is shown
in Fig. 2e. The apparent activation energy (EA) was eval-
uated as described below and was EA = 34.35 kJ mol−1.

TABLE

Reusability of the Ag/PET catalyst in the studied
reactions.

Apparent constant rate Conversion
Cycle [k × 10−3 min−1] of initial reagent

4-NP→4-AP
H2O2

decomp.
4-NP→4-AP

H2O2

decomp.
fresh run 85.0 16.5 89.8% 73.53%
2nd run 69.3 7.0 87.1% 54.7%
3rd run 66.5 – 80.3% –

The reusability of the catalyst is an important fac-
tor from the economical and environmental points of
views and has attracted much attention in recent years.
The reusability of the prepared Ag/PET composites was
examined three times at 40 ◦C for both studied reactions.
As shown in the Table in the case of applying Ag/PET
composite membranes for reduction of 4-NP, the con-
stant rate slowly decreases, the composite surface does
not damage during this reaction [22]. For decomposi-
tion of hydrogen peroxide reaction, the reaction rate of
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the second cycle is decreased 2.4 times as well as sec-
ond reuse reduce conversion of H2O2 to 54.7% suggest-
ing removal of active Ag with the smallest diameter from
the surface of the composite membrane since reaction
is carried out under vigorous release of oxygen during
the first cycle of testing. In order to confirm Ag nanopar-
ticles removal and aggregation after first run, the XRD
analysis was carried out immediately after 1st cycle of
testing in H2O2 decomposition reaction was done. As it
was determined from the Scherrer equation, Ag crystal-
lite sizes were slightly increased, thus after first run test-
ing at 40 ◦C, d = 14.54 nm, after second run diameter of
crystallites was increased up to 18.52 nm.

Thus, excellent reusability of the catalytic activity for
the studied composites was observed only for the reac-
tion of the reduction of p-nitrophenol. Decomposition
reaction of hydrogen peroxide under Ag/PET composite
membrane probably requires additional binding of silver
nanoparticles with the membrane’s surface.

4. Conclusions

In this paper structurally well-defined silver NTs with
the inner and outer diameters of 60 and 100 nm and
length of ca. 12 µm were prepared via the polymer
template-synthesis method by electroless deposition of
silver within the pores of a track-etched PET membrane.
The catalyst stability in reduction of 4-NP has also been
demonstrated convincingly by conducting three succes-
sive runs without a significant drop in the reaction rate.
For hydrogen peroxide reaction decomposition, the reac-
tion rate of the second cycle at 40 ◦C decreased 2.4 times
due to removal of active Ag centers during the first cycle
of testing. Further extension of the Ag/PET composites
catalytic system to another key application is currently
being explored.
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