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EFFECT OF THE POLYMER TEMPLATE MODIFICATION
ON THE STUCTURE AND PROPERTIES
OF THE COPPER NANOTUBES EMBEDDED
IN COMPOSITE TRACK-ETCHED MEMBRANES

Abstract. This paper is devoted to the study of the preliminary oxidative modifica-
tion effects as well as activation and sensitization conditions of PET track etched mem-
branes (TeMs) on the structure of copper nanotubes (NTs) synthesized by the electroless
deposition approach. The structure and composition of the synthesized composite mem-
branes was studied by advanced methods such as: UV-Vis spectroscopy, energy disper-
sive analysis, scanning electron microscopy, X-ray diffraction and gas permeability.

The catalytic activity of Cu/PET TeM catalysts obtained under various deposition
regimes has been studied using the benchmark reaction of the p-nitrophenol (p-NP)
reduction in the presence of the sodium borohydride. It was shown that the highest value
of the constant rate of the p-NP reduction reaction was determined for the composites
prepared in the modified and double activated PET TeMs.

In the temperature range of 16-35 °C, the effect of temperature on the rate of the
p-NP dehydrogenation reaction in the presence of composite catalysts based on copper
NTs was studiedand the activation energy values were calculated. the lowest values of Ea
were determined for samples synthesized in a matrix of unmodified and simple activated
PET TeMs.

Keywords: copper nanotubes, electroless template synthesis, oxidation pretreatment,
track-etched composite membranes, p-nitrophenol reduction

Introduction. Composite track-etched membranes (TeMs) with deposited
nanotubes (NTs), nanowires (NWSs) or nanoparticles (NP) form a new class of
composite nanomaterials and are subject of investigation in various fields of
membrane materials science. Literature data analysis shows that such composite
membranes are a promising material for the development of lead-acid batteries,
nanosized energy generators, high-sensitivity electrodes, elements of nano- and
microelectronics, nanosensorics and photovoltaics, and magnetic devices [1-5].
Composite materials based on TeM s and NTs, NWs or NPs deposited by various
methods have a large catalytically active specific surface, high mechanical
strength, which allows them to be used for several consecutive reaction cycles
without purification and activation. In most of the previously published works
devoted to the study of the catalytic properties of the composite membranes a
reduction reaction of p-nitrophenol (p-NF) is used [6,7]. The catalytic properties
of monocomponent composites based on TeMs and gold NTs [8], AgNTs [9],
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Pt NTs [10], Au [11] and Pd [12], composites of mixed composition of Ni-Co Ni-Co
[13], Ag/Au [14]. Moreover, in a number of works the authors managed to
achieve an increase in the activity of composite materials by carrying out a preli-
minary modification of the polymeric template [11,15]. However, despite the
diversity of the types of studied composite membranes, a limited amount of data
on the reduction ability of copper NTs in composites has been found in the
literature, although a number of review articles [16,17] indicate a significant
potential for using nanosized copper and its compounds in organic synthesis as
effective catalysts. In addition, nanostructures (NSs) based on copper and its
oxide forms are objects of close study due to their surprising properties in the
nanoscale state[18].

The purpose of this work is to study the effect of a preliminary oxidative
modification of the activation conditions and sensitization of PET TM on the
structure of copper NTs obtained by chemical deposition. It is of interest to con-
sider the change in the catalytic properties of Cu/PET TeMs composite catalysts
obtained under different deposition regimes.

EXPERIMENTAL

Chemicals. Copper (Il) sulfate pentahydrate, sodium potassium tartrate,
sodium hydroxide, palladium chloride, p-nitrophenol (4-NP) and sodium
borohydride (Sigma) and all the other chemicals were of the analytical or reagent
grade and were used without further purification.

Oxidation pretreatment of PET template. PET TeM samples were oxi-
dized in H,0,/UV system. Details of the method were described elsewhere [3].
Membranes were immersed in 300 mM H,O, water solution at pH=3 (HCI) for
180 min under UV irradiation at 254 nm. After oxidation the samples were
washed twice in deionized water, dried in air at room temperature for 5 h.

Determination of change in carboxyl groups on the surface of PET TeMs
before and after oxidation was made according to the procedure were described
elsewhere [4] using toluidine blue dye. The calculation is based on the assumption
that 1 M of dye complexed with 1 M of carboxyl groups.

Electroless template synthesis of copper NTs. TeMs were prepared from
12.0 um PET film by irradiation with***Kr®* ions (energy = 1.75 MeV per nuc-
leon, fluence = 4.10" ions/cm?) at the DC-60 heavy ion accelerator in Astana,
Kazakhstan. Subsequently, the irradiated film was etched 4.0 min in 2.2 M NaOH
solution at 85 + 1°C. The pore size did not exceed 3955 nm.

Prior to electroless deposition (ELD) of copper, the PET template was
exposed to activation and sensitization procedures [38]. On the first stage a
sample of PET TeM was immersed in a solution containing 50 g/l of SnCl, and 60
ml/l of 37% HCI for 6 minutes, afterword it was thoroughly rinsed for 10 min
under flowing warm water. At the next activation stage, the sensitized membrane
was immersed for 6 min into solution of 0.1g/l of PdCl, and 10 ml/lI of HCI to
provide formation of the thin layer of Pd nuclei and finally dried on the air [32].
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To study the effect of activation treatment on the copper NTs deposition process,
sensitization and activation stages were repeated twice for a series of sample.

Deposition was carried out at the temperature of 10°C. The activated
polymer matrix was immersed in a thermostated deposition solution
(KNaC4H;04-4H,0 - 18 g/l, CuSO4-5H,0 - 5 g/l, NaOH - 7 g/l) and carefully fi-
xed to avoid its expulsion by bubbles of evolved hydrogen. The desired pH = 12.45
was adjusted by the addition of sulfuric acid. The copper deposition process
started immediately after the addition of 0.13M formaldehyde, for all the regimes,
the deposition time did not exceed 40 min. At the end of the ELD, the samples
were washed in a 96% ethanol solution and in deionized water and dried in an
inert atmosphere.

Characterization. The structure of the copper NTs deposited in PET TeMs
was investigated using a scanning electron microscope (SEM) JEOL JFC-7500F.
Hitachi TeM3030 SEM equipped with a BrukerXFlash MIN SVE microanalysis
system was used to elucidate the chemical composition of the resulting NTSs.
X-ray diffraction (XRD) measurements of the “as-prepared” composite membrane
samples were obtained on a D8 Advance (Bruker, Germany). X-ray was gene-
rated at 40 mA and 40 kV and the scanning position ranged from 15-90° 2(0). The
crystal grain sizes were calculated using Scherrer equation.

Catalysis. A sample of Cu NTs composite membrane of size 2x2 cm was
immersed into the stirred reaction mixture of 10 ml of 7.82:10° M 4-NP and the
7.82:10° M NaBH, aqueous solution [5]. The reaction was monitored at a
temperature of 25+0.1 °C every 5-7 minutes using UV-Vis spectrophotometer in
the wavelength range 200-600 nm. All samples were tested 3 times. Pseudo-first
order reaction rate constants were calculated by plotting In(A/Ao) versus time
(A and Ay is absorbance at A = 400 at time t and in t=0). The slope of the line of
best fit in the plot gives the pseudo-first order rate constant.

RESULTS AND DISCUSSION

In this study, copper NTs deposition was carried out in etched (Etch-PET
TM) as well as oxidized (OX-PET TeMs). Previously [21] was found that the
treatment of PET TeMs in oxidation systems based on hydrogen peroxide allows
to significant increase the concentration of terminal carboxyl groups. Within this
study we have obtained modified PET templates with a concentration of termi-
nal carboxyl groups on the surface and in channels of the membrane equal to
14.9 + 0.8 nM/cm? (for only etched PET TM this value is 6.0 + 0.1 nM/cm?).

Determination of the synthesis optimal conditions is the quietly important
issue due its impact not only on the structure of nanomaterials but also on pro-
perties. Thus, sensitization stage the adsorption of Sn®* ions occurs on the surface
and in the pore channels of the PETTeMs (figure 1).

Further on the activation stage, Sn?* acts as the reductant of Pd** ions after-
ward the formation of dense layer of nanosizedPdnanoparticles as a catalytic
nuclei was observed.
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Figure 1 — General scheme of copper electroless deposition in the PET template

The formation of palladium nanoparticles at the activation stage (figure 2)
was confirmed by X-ray diffraction (JCPDS 05-0681). And the dimension of
nanoparticles (6.7+£0.05) nm remains practically unchanged with several repeated
procedures. Visual observation of the activated samples showed that multiple
stages of sensitization and activation provide a denser layer of catalytic nucleation
centers for palladium throughout the entire volume of the template.

ol PET

(200)

Figure 2 — XRD patterns of the PET TeM after single and double activation treatment

The energy-dispersive analysis was carried out to determine the chemical
composition of copper NTs immediately after plating. It was found that the
synthesized Cu NTs consist entirely of copper; the minor peak at 1.5 keV corres-
ponds to SEM sample holder, peaks related to the carbon and oxygen are belong
to the PET.

According to the XRD analysis data, all synthesized samples of the Cu NTs
has afcclattice of copper and XRD pattern contained the(111), (200), (220) u
(311), peaks related to the Cu’. XRD data as well as copper deposition rate (R)
and the structural parameters of final copper NTs are presented in the table 1. It’s
should be noted that samples deposited in modified template possess a higher
crystallinity.
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Table 1 — Structural parameters of the copper NTs

Structural parameters
Number L a, | Crystal- R, of NTs
Ne|  Template of Nm A linity, |mg/cm®h| wall Inner
activation % thickness, | diameter,
nm nm
1 |Etch-PET TeMs 1 18,0+2,7 | 3,602 43,8 5,72 73,7 249
2 |Etch- PET TeMs 2 19,9+2,9 | 3,594 52,5 5,632 88,15 203,3
3 | Ox- PET TeMs 1 15,0+2,8 | 3,604 42,8 5,448 64,0 268,2
4 | Ox- PET TeMs 2 21,443,2 | 3,597 53,1 5,748 79,5 237,3

SEMimages of the composites surface after copper deposition in the Etch-
PET TeMa and Ox-PET TeMs samples after single and double activation treat-
ment are presented on the figure 3. The sample code is given in accordance with
table 2.

Figure 3 — SEM front side images of the Cu NTs composite membranes
and magnified images of the released Cu NTs

As could be seen from SEM images of Cu-2 and Cu-4 a double repeated
activation of the oxidized template surface provides the formation a copper layer
consisting of more coarse-grained NPs, the wall thickness is almost 20% larger
than in samples deposited in Etch-PET TeM templates.

Starting from Pradhan [28] reduction of 4-NP by sodium borohydride
reaction has been used as a benchmark reaction for the evaluation of catalytic
ability of nanosized catalysts [22].This reaction could be easily monitored by
UV-vis spectroscopy: 4-NP shows a characteristic absorption peak at 400 nm in
water solution from another hand the product, p-aminophenol (4-AP), exhibits a
weak absorption peak at around 299 nm.The studied reaction has the pseudo-first
order in the presence of excess of NaBH4, that allows to study the kinetics of the
reaction to change the amount of the starting reagent 4-NP (figure 4).

As can be seen from the presented data, the preliminary oxidative modifi-
cation of the PET template facilitates an increase in the catalytic activity of the
composite membrane. In addition, for the OX-PET TeM sample (double activa-
ted) the of p-NPconstant rate increases by more than 40% compared to the sample
prepared according to a standard procedure (Etch-PET TM, single activated).

102



ISSN 1813-1107 M3 2018

o k, 102, mir-
m Ea, kdimol

1 2 3 4
CuNTS/PET T::Ms

Figure 4 — The changes of constant rate and activation energy of the 4-NP reduction reaction
in the presence of the composite membranes with embedded copper nanotubes

The impact of testing temperature on the catalyticability of the synthesized
composite membranes were studied in the temperature range of 16-35 °C and the
activation energy was calculated based on the Arrhenius plot (also presented in
the figure 4).

The increased value of Ea for sample Ne 4 is caused by bigger size of copper
crystallites than in other studied samples.

It is very difficult to carry out a comparative analysis of the Ea data obtained
with the earlier studies of the temperature dependence of the catalytic activity of
copper nanostructures, since the different shape of the copper tested NSs, their
dimensionality, the type of substrate, the fixing method and test conditions may
differ. Thus, for a hybrid microgel based on nanosized copper and a copolymer of
N-isopropylacrylamide and acrylic acid, the Ea value in the reduction reaction of
p-NP was claimed to be 0.8 kJ/mol [22], for an analogous reaction in the presence
of nanosized copper stabilized with polyvinipyrrolidone, Ea equal to 45.76 and
82.96 kJ/mol for NPs with size of 9 and 11 nm respectively [23].

The main conclusions that can be drawn from thepresented above results are:

— A preliminary oxidative modification of the PET TeMs template allows a
significant increase in the concentration of terminal carbonyl groups and, cor-
respondingly, an increase in the amount of palladium NPs as active nuclei of the
copper NTs growth.

— The highest value of the p-NP reduction reaction rate constant was deter-
mined for samples of composites synthesized in modified and double activated
PET TeMs. However, the largest value of Ea was also calculated for this sample.
We assume that main reason isa sharp increase of the reaction rate: with an
increase in temperature from 16 to 35 ° C, the reaction rate increases by 9 times
for sample Nel, but for samples with a minimal Ea value this parameter increases
only by 1.75 times in the same temperature range.
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A. A. Mawenyesa, K. O. Typanbaii, A. M. Temip, A. JI. Koznosckuii,
A. P. Kpexewesa, A. C. Ceiimbaes, /[. T. Hypneticosa

BJIMSIHAE MOJNOUKALINA ITOJIMMEPHOI'O TEMIUIATA
HA CTPYKTYPY U CBOUCTBA HAHOTPYBOK MEJIN
B COCTABE KOMITIO3UTHBIX TPEKOBbIX MEMBPAH

PaboTa mocesimeHa M3y4EHHWIO BIMSHHUS MPEABAPUTEIHLHON OKHMCINTEIBHOW MOIH-
(ukaruu 1 ycnoBuii aktuBanun U ceacnomnm3anmuu [19T® TM nHa crpykrypy HT menn,
MOTy4EHHBIX METOAOM XMMHUUYECKOTo ocaxaeHusl. CTPyKTypa U cOCTaB CHHTE3UPOBAHHBIX
KOMITO3UTHBIX MeMOpaH Obula mM3ydeHa merogamu: Y D-CIEKTPOCKOMHS, SHEProAUCIep-
CHOHHBIM aHaJW3, PacTpoBas DJIEKTPOHHAS MHKPOCKONWS, PEHTITCHOBCKas IH(PAKTO-
METpHS U METOJ Ia30IPOHUIIAEMOCTH.

Ha mpumepe KiaccH4ecKoil peakIMd BOCCTaHOBIEHHMsS M-HUTpo(enona (m-HD) B
MIPUCYTCTBUHM OOpruipuna HaTpus ObUla M3ydeHA KaTAINTHYECKash aKTUBHOCTH KaTallu-
3aTopoB CU/TIDT® TM, mosydeHHbIX MPU PasIHYHBIX PEKUMaxX ocaxiaeHus. [lokazaHo,
YTO HauboJblIee 3HAYCHUE KOHCTaHThl CKOPOCTH peakiy BoccTaHoBieHus n-HD 6bu1o
oTpeneneHo sl 00pasoB KOMIIO3UTOB, MOMYYEHHBIX B MOAU(UIIMPOBAHHBIX U JBAaXK/IBI
aktuBHpoBaHHEIX [[DT® TM.

B unTepBane temnepatyp 16-35 °C Obuto mccienoBaHO BIUSHHE TEMIEpaTyphl Ha
CKOpOCTb PEAKLUH JeruapupoBanus N-H® B NpuCyTCTBUM KOMIIO3UTHBIX KaTaJlIn3aTOPOB
Ha ocHoBe HT Menm, Ha OCHOBaHMM IOIYYEHHBIX JAHHBIX ObUIM PAcCUNTAHbl 3HAUCHHS
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sHepruu aktuBauuu. HanMenbiee 3HaueHne Ea Obuto paccunTtano st o0pas3noB, CUHTE-
3MPOBAHHBIX B MaTpuIle He MoauduitupoBarnoi [I19TD TM.

KiroueBble c1oBa: MeqHble HAHOTPYOKM, CHHTE3 HEOPTaHWYECKUX MATpHI, Tpel-
BapuTeIbHAs 00pab0OTKa OKHCICHUEM, KOMIIO3UITHOHHBIE MEMOPaHBI ¢ TPEK-TPABICHUEM,
CHIDKEHHE M-HUTPOEHOIA

Pe3iome

A. A. Mawenyesa, K. ©. Typanbaii, ©. M. Temip, A. JI. Koznoeckuil,
A. P. Kpexewesa, A. C. Cetimbaes, /{. T. Hypneiicosa

KOMIIO3UTTI TPEKTI MEMBPAHAJIAP K¥PAMbBIH/IAFBI
MbIC HAHOTYTIKIIEJIEPIHIH K¥PAMbBI MEH K¥PbIJIBICBIHA
TYPJIEHT'EH TEMIUVIAHTTBI ITOJIMMEPIIH, ©CEPI

XUMUSIIBIK TYHABIPY 9JIiciMeH anbiaFaH MbicHaHOTYTiKIIenepai (HT) ToTeiry Momu-
(UKaIMSCHIMEH XMMUSUIBIK JKaybIH IIAIIBIH apKbUIbl aJbIHATHIH KypbUIbIMbIHA [IDT®
TpekTik MemOpaHatapubiH ([I3TOTM) GenceHmipyaiH KoHe CCHCUOMIM3AIMAHBIH oCepiH
3eprreyre apHajraH. CHHTE31€NIreH KOMIIO3UTTIK MeMOpaHalap/AblH KypaMmbIMeH Kypa-
MBI YK-CIIeKTpOoCKONH s, SHEPTEeTHKAIIBIK TUCIIEPCTI Tajllay, CKaHepAEH OTETiH JICKTPOH-
IBIK MHUKPOCKONFSI, PEHTTCHAIK AU(PAKTOMETPHUS JKOHE Tra3 OTKI3TIMITIrI omicTepiMeH
3epTTEeNi.

Typni TyHABIPY pexumaepinge ambiaran Cu/TM TIDT® karamus3aTopiapbIHBIH
KaTaJIUTUKANIBIK OeJICeHALTIrl HaTpuil OOp THIPUAIHIH KATBICYbIMEH H-HUTPOGEHOIIbI
(m-H®) azaiiTy yuriH KIACCHKANBIK PEAKIMSIHBI KOJJAHy apKpuisl 3eprreimi. m-HD
TOMEHJIETY PEaKLUSCHIHBIH JKbUIJAMIBIK TYPaKThl KOHCTAHTACHIHBIH MOHIHIH €H KOFaphbl
MOHI MOIUGUKAIMJIAHFaH XoHE eKi ece akTuB TeHaipuiren TMIIDT® ansiHFaH KOMIIO-
3WT YITUIepi YIIiH aHBIKTaJFaH.

16-35°C Temneparypana mpic HT HeriznmenreH KOMIO3WIMSUIBIK KaTaianzaTopiap-
IbIH KaTbicybIMeH N-H® pernapupreHreH peakuusChIHBIH JKbIIIaM/IBIFBIHA TEeMITEpaTy-
PaHBIH acepi 3epTTeN/i XKoHe AJIBIHFAaH MOHAEP HETi3iHJe aKTUBTEHIIPY SHEPrusi MoHAEPi
ecenrenred. Cunresnenrer yiruiep ymin TMIIDT® moanpuumpiaeHren eMec Marpuua-
CHIHIA eH TeMeHTi Ea MoHepi ecenTenreH.

Tyiiin ce3aep: OeiffopraHUKaIbIK MaTPUIAHBIH CHHTE31, TOTBHIFY/IBIH JJIBIH ala eM-
Ieyl, TpeK-oHAeNTeH KOMIO3HIHSITBIK MeMOpaHaap, p-HUTPO(EHOI B a3anTy.
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