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COPPER NANOPARTICLES IN THE ELECTROCATALYTIC
HYDROGENATION OF ACETOPHENONE

Abstract. Copper nanoparticles were obtained by chemical reduction sodium boro-
hydride and hydrazine hydrate at present and without the addition of water-soluble poly-
mers (PVA, PVP and TWEEN 80) as stabilizers. Their structure and morphological featu-
res have been studied by X-ray phase analysis and electron microscopy. Obtained copper
nanoparticles have been used to activate a cathode in the electrohydrogenation of ace-
tophenone in an aqueous- alcohol-alkaline catholyte medium. A higher electrocatalytic
activity of copper nanoparticles prepared using sodium borohydride was established,
which is insignificantly higher than that of copper nanoparticles produced by the method
of electric explosion of a wire and noticeably higher than that of electrochemical copper
powder.

Keywords: copper nanoparticles, copper (I1) chloride, polymer stabilizers, electroca-
talytic hydrogenation, acetophenone.

Introduction. Nanosize materials based on copper has attracted a significant
interest due to the wide perspectives of their application in science and techno-
logy. More attention is paid to obtaining and studying the physicochemical pro-
perties of copper nanoparticles, which are in demand in catalysis, optical, sensory
and electronic devices [1-3]. In addition, copper has bactericidal and antimicrobial
properties, which allows to use these materials based on it in medicine [4, 5].
Advances in the production and use of copper nanoparticles depend on whether
the chosen method allows obtaining stable nanoparticles of a given size, which
can maintain a high chemical activity for a long time.

At present various methods of obtaining copper nanoparticles are well-
known, including thermal reduction [6], polyol method [7], chemical reduction
[8], vacuum vapor deposition [9], electrical explosion of conductors [10], micro-
emulsion methods [11] et al. The methods of chemical reduction of copper salts in
aqueous solutions are considered more frequently use and promising. The me-
thods are simple in the technical design and allow to control the process and
prepare particles with specified parameters. Despite of the simplicity, there are
some difficulties associated with the high chemical activity of the obtaining
particles, as a result of which they are enlarged and/or oxidized by atmospheric
oxygen. To prevent from, it is necessary to solve the problem of the selection of
synthesis conditions, to choice the reagents, as well as the use of various stabi-
lizers. As reducing agents the following reagents are often used: gases (H,, CO,
etc.) under increased pressure, more active metals, organic and inorganic com-
pounds [12]. Reduction can occur in various environments, for example, in
aqueous, organic, water-oil-polymer, water-oil-surfactant systems and others. In
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the work [8], the factors affecting to the size, morphology, stability and other
characteristics of the obtaining copper nanoparticles were described in detail. In
the work [7], the effect of temperature, amount of reducing agent and rate of
precursor addition on the particle size of copper prepared by polyol method using
polyvinylpyrrolidone, sodium phosphinate and copper sulfate was investigated.
Nanosize copper powder with a diameter of 20-100 nm was obtained using a
reducing agent of sodium borohydride and polyvinylpyrrolidone as a stabilizer
[13]. The influence of synthesis conditions on the properties of copper nanopar-
ticles formed during the reduction of copper sulfate with sodium borohydride and
hydrazine hydrate in the presence of polyethylene glycol was studied, and it was
shown that in the two-stage reduction the more sized copper nanoparticles with a
diameter from 19.9 to 56.4 nm are formed compared to borohydride reduction
[14, 15].

In order to increase the stability of the nanoscale state in chemical methods, a
stabilizer is introduced into the reaction medium, whose role is to interact with the
surface atoms of the nanoparticle leading to a decrease in excess surface energy.
Various substances are used as stabilizers, among which polymers comprise a
large group [16-19].

In this work, the main attention pays to the production micro- and nanopar-
ticles of copper by chemical reduction from its salt at the presence and without
polymer stabilizers, and the study of their electrocatalytic activity in the process
of electrohydrogenation of acetophenone (APh). For comparison of electroca-
talytic properties of the synthesized copper particles, the experiments on electro-
catalytic hydrogenation of APh were performed using copper particles obtained in
the electrochemical system (Cugch), as well as those produced by the electric wire
explosion method (EWE) («Tomsk Nanopowders» LLC).

EXPERIMENTAL PART

Copper micro- and nanoparticles were produced in an agueous-ethanolic
medium using the reducing agents sodium borohydride (NaBH,;), a strong
reducing agent, and hydrazine hydrate (N,H;-H,0O), a relatively slow reducing
agent, without and at the presence of addition water-soluble polymers. Polyvinyl
alcohol (PVA), polyvinylpyrrolidone (PVP) and polyoxyethylenesorbitanmono-
oleate (TWEEN 80) were used as polymer additives. The reaction equations for
the reduction of copper cations Cu®* with the reducing agents can be written as
follows:

CuCl, + 2NaBH, + 6H,0—Cu°| + 2H3BO; + 2NaCl + 7H,1,
2CuCl, + NoH, +4NaOH— 2Cu°| + N,1 +4NaCl + 4H,0.

The chemical reduction of copper (Il) cations from its salt was carried out
according to the following basic method of synthesis:
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Copper chloride, CuCl,-2H,0, (0.054 mol) was dissolved in 50 ml of an
aqueous-ethanolic solution (with a ratio of 1:1 by volume) without and with
subsequent addition of 3% polymer aqueous solution. With vigorous stirring a
20% NaOH solution was added, raising the pH to 8 (using NaBH,) and to 10
(using N,H4H,0) and increasing the temperature of the reaction medium to
30 and 40°C, respectively. Stirring was continued for one hour. The precipitate
was centrifuged, washed with deionized water and ethyl alcohol. The nit was
dried at 60°C under 0.06 MPa.

The method of the synthesis of copper micro- and nanoparticles (Cugcp) in
an electrochemical system is described in [20].

In the method of electric wire explosion [10], nanosized copper powders
(Cuewe) were obtained by passing a high-density current impulse through a piece
of copper wire, which was destroyed in the smallest particles and pairs. Scattering
at high speed, the products of destruction cooled rapidly and as a result a highly
dispersed copper powder was formed.

The structure and phase constitution of the synthesized copper micro- and
nanoparticles were studied by X-ray diffraction (XRD)analysis on a DRON-2
diffractometer, the morphological features of the copper nanoparticles were
scannedon the TESCAN MIRA 3 LMU electron microscope.

The electrocatalytic activity of copper particles was studied in the process of
electrohydrogenation of acetophenone, the product of which is methylphenyl-
carbinol (MPhC), a known fragrant substance with a wide range of applications.
Experiments were carried out in a diaphragm electrochemical cell in alcohol-
aqueous-alkaline catholyte with a current of 1.5 A, and a temperature of 30°C.
The cathode was a copper plate that was closely contacted the bottom of the cell
and served as a substrate for the applied copper particle as a catalyst (by a weight
of 1 g), platinum gauze was used as an anode. The initial concentration of APh
was 0.198 M. The copper nanoparticles deposited on the cathode (without fixing)
were first saturated with hydrogen (stage 1). Then organic matter was introduced
into the catholyte and its electrocatalytic hydrogenation occurred (stage I1). The
amount of hydrogen absorbed V,, the hydrogenation rate W,the hydrogen utili-
zation coefficient »,and the conversion of the hydrogenated compound o were
calculated from the volumes of gases evolved (oxygen and hydrogen). The hydro-
genation products were extracted from the catholyte with chloroform, and the
extract was analyzed on a Kristall-5000.1 chromatograph.

RESULTS AND DISCUSSION

The phase constitution of the synthesized copper micro- and nanoparticles
were studied by XRD analysis before and after their use for cathode activation in
electrohydrogenation of APh. The X-ray diffraction patterns for the synthesized
copper nanoparticles obtaining by chemical reduction and for Cugwe nanoparticles
given in figures 1-3.

39



XUMWYECKHH )KYPHAJI KA3AXCTAHA

40

Figure 3 — XRD patterns of Cu particles synthesized by the EWE method

before (a) and after (b) electrocatalytic hydrogenation of APh
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Figure 1 — XRD patterns of Cu particles reduced by NaBH,
before (a) and after (b) electrocatalytic hydrogenation of APh
Figure 2 — XRD patterns of Cu particles reduced by N,H;-H,O
before (a) and after (b) electrocatalytic hydrogenation of APh
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From the X-ray patterns follows, the phase constitutions of copper particles
reduced byNaBH,; uN,H4-H,O and copper nanoparticles obtained by the EWE
method are almost identical after their use in the electrohydrogenation of APh
(figures 1b, 2b and 3b) They contain crystalline phases of metallic copper (Cu°)
with corresponding peaks of high intensity and Cu,O oxide in a relatively smaller
amount. Phase constitutions of copper particles before electrohydrogenation of
APh have some differences. If the constitutions of Cu(N,H,-H,0) particles and
Cu nanoparticles produced by the EWE methodcontain crystalline Cu® phases
with sharp peaks of high intensity (figures 2a and 3a), then the Cu(NaBH,)
sample contains little the crystalline phases of copper in zero-valence state (figu-
re 1a); there are a larger amount of monovalent copper oxide and also copper (1)
oxide. Monovalent copper oxide is also present in the composition of the initial
Cu(N;H4-H,0)and Cugwe particles, which may be due to their oxidation in air. It
should be noted that the degree of oxidation of copper particles and their sizes
decrease in their samples synthesized in the presence of PVP and PVA polymers.
It can be concluded that additional reduction of copper (Il, 1) cations from its
oxides to Cu® occurs in the electrochemical system, as evidenced by the increased
peak intensities for the crystalline Cu’phases at the XRD patterns for cupper
particles after their use in electrocatalytic hydrogenation of APh (figures 1b - 3b).

On the micrographs of Cu(N,H,-H,0) particles (figure 4) agglomerates of
bound together thin-plate formations of various sizes are visible. On a multi-layer
EDS (Energy Dispersive Spectroscopy) map of a selected area of particles, in
addition to Cu and O, such chemical elements as Na and Cl are present, which are
adsorbed (obviously, as NaOH or NaCl molecules)on the surface of copper
particles after reduction from CuCl; in an aqueous-alcohol-alkaline medium.

The Cu(NaBH,) particles (before hydrogenation) have a similar morphology
with the presence of Na, Cl and B on their surface (figure 5a). After electrohydro-
genation of APh nanosizedparticles are formed (from 50 nm and above) with a

Figure 4 — Micrograph and multilayer EDS map of Cu particlesreduced byN,H,-H,O
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Figure 5 — Micrographs of Cu (NaBHy) particles
before and after electrocatalytichydrogenation of APh

clearer rounded shape (figure 5b). The Cu nanoparticles produced by the EWE
method (figure 6) are coarse-grained particles closely adjacent to each other, and
covered with smaller rounded particles with a size distribution generally from 40
to 160 nm.

Figure 6 — Micrograph and histogram of the size distribution of Cu particlesproduced
by the EWE method

The synthesized copper micro- and nanoparticles were used as catalysts
when applied to the cathode surface in the process of electrohydrogenation of
APh. The main product of electrohydrogenation of APh is methylphenylcarbinol:

CsHs-C(0)-CHs + 2H" + 2¢'— CsHs-CH(OH)-CHs.

42



ISSN 1813-1107 M 4 2019

In table, the results of APh electrohydrogenation on coppernanoparticles
prepared without and in the presence of polymer-stabilizers, as well as by various
methods are given. For comparison, there are the results of the electrochemical
reduction of APh on the Cu cathode, which takes place with a relatively low pro-
cess rate and conversion of the hydrogenated substance, not exceeding 22.1%.

According to data of table, under application Cugc, powder to the Cu
cathode the electrohydrogenation of the APh is accelerated, and its conversion
increases compared with the electrochemical reduction on Cu cathode. This pro-
cess is even more noticeably accelerated by using Cugwe nanoparticles.

Electrocatalytic hydrogenation of acetophenone using copper micro- and nanoparticles

c icl Duration of stages, min W, mL Hy/min n % a,
opper particles I r (o= 0,25) (.= 0,25) %
Cu cathode 30 60 1,0 6,9 22,1
CuEICh 40 70 5,6 52,5 83,5
CUgwe 40 60 7,1 68,1 99,5
Sodium borohydride as a reducing agent
Cu 50 40 7,5 73,6 100,0
Cu + PVP 70 50 7,3 70,8 100,0
Cu +PVA 40 60 7,3 70,8 96,6
Cu + TWEEN 80 50 70 6,9 68,8 100,0
Hydrazine hydrate as a reducing agent
Cu 40 70 7,3 72,2 97,2
Cu + PVP 40 50 5,6 55,8 72,5
Cu+PVA 60 60 7,0 66,7 100,0
Cu + TWEEN 80 70 70 6,6 62,5 98,1

Electrocatalytic hydrogenation of APh is carried out most intensively and
with maximum conversion on Cu particles prepared by chemical reduction using
sodium borohydride. Stabilization of copper nanoparticles by polymers during the
reduction of its cations with sodium borohydride is also effective, especially since
the copper content in 1 g of such a sample taken to activate the cathode is less
than in samples of Cu particles synthesized without a polymer. It should be noted
that in the presence of PVP and PVA polymers the reduction of Cu®*cations is
accomplished by the formation of a stable suspension of ultrafine copper par-
ticles, which makes difficult to separate them, and obviously after washing, small
amounts of polymer remain in their composition.

On copper particles obtained using hydrazine hydrate without the addition of
a polymer and in the presence of PVA the electrocatalytic hydrogenation of APh
is also carried out at high rates, but slightly lower than when using NaBH,. The
rate of hydrogenation and APh conversion determine the duration of its electro-
catalytic hydrogenation, which varies from 40 to 70 minutes. The duration of
stage | (the saturation of copper particles with hydrogen), at which additional
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electrochemical reduction of copper cations from its oxides occurs, also varies in
this time range and is determined by the conditions of copper particles synthesis
and the initial content of copper oxides in them.

Conclusions. It was shown that using sodium borohydride to reduce copper
(1) cations from aqueous-ethanol solutions of its salt without and with the addi-
tion of PVP and PVA water-soluble polymers, the ultrafine copper particles with
higher electrocatalytic activity are formed, than in the case of hydrazine hydrate,
as well as the Cugch and Cugwe particles with additional reduction of copper (1, I1)
cations in the electrochemical system from its oxides present in their phase
constitutions. The hydrogenation rate of acetophenone increases by 5-7 times
compared to its electrochemical reduction at the copper cathode with its maxi-
mum conversion to methylphenylcarbinol — a well-known fragrance (hyacinth-
carbinol), which is confirmed by the chromatographic analyzes.
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Pe3rome
A. A. Bucypxanosa, H. M. Heanosa, E. A. Cobonesa, 3. M. Mynoaxmemog

MbIC HAHOBOJIIIEKTEPIHAE ALIETO®EHOH/IbI
SJIEKTPOKATAJIMTUKAIJIBIK TUAPUPJIEY IETT

Mpsic HaHOOONIIEKTEpi, TYPaKTaHABIPFBHII PETIHIAE CYyAa EPUTIH IONUMEpICpMEH
(ITBC, TIBII sxone TWEEN 80) KaThICBIHIA jKoHE OJIApIBIH KATHICHIHCHI3 HATPHUi GOPTHI-
PHUAIMEH THAPA3HHTUAPATIIEH XUMISUIBIK TOTBHIKCHI3IaHABIPY apKbUIbI anblHFaH. OaapIbH
KYPBUIBICEI MEH MOP(OJIOTHSIIBIK epeKIIeNiKTepi peHTreHo(ha3abIK Tajlaay KoHe JIeKT-
POHIBIK MHKPOCKOITHS 9MICTEPIMEH 3epPTTEIreH. AJIBIHFAH MbIC HAHOOOJIIICKTepl KaTo-
JIUTTIH CYJIBI-CIIUPTTI-CUITLTI OpTachiHAa aleTOo(EHOHIBI 3JICKTPOrHaApalusiayaa KaToa-
Thl OeJICeHAIpY YIUiH KojiaHburraH. Hartpuit GopruapuiniH KojdJaHyMEH NaibIHAAIFaH
MBIC HaHOOOJIIIEKTEPiHIH HEFYPIIBIM JKOFaphl 3JIEKTPOKATAINTHKAJIBIK OEJICEeHIUTIr OpHa-
TBUIFaH, OJ1 CHIMJIapAbIH MIEKTPIIIK >KapbLIybl 9/1iCIMEH JIBIHFaH MBIC HAHOOOIIIEKTepiHe
KaparaHaa eJieyci3 JKOFaphl JKOHE MBICTHIH JJIEKTPOXMMUSUIBIK YHTarblHa KaparaHzia
e/10yip JKOFaphI.

Tyiiin ce3mep: Mbic HaHOGOMmIEKTEPi, MBIC XJT0pHi (I1), TOMMMEpITIK TYpaKTaHIBIP-
FBILITAp, JJICKTPOKATAIUTHKAIBIK THIPUPIICY, AalleTOPEHOH.

Pe3rome
A. A. Bucypxanosa, H. M. Heanosa, E. A. Cobonesa, 3. M. Mynoaxmemog

HAHOYACTULIBI MEJIN B SJIEKTPOKATAJIMTUYECKOM
I'MAPUPOBAHNU ALTETO®PEHOHA

HaHouacTuisl MeIU TMOJTyYEHbl METOAOM XMMHYECKOIO BOCCTAHOBJIEHHsS OOpruj-
PUIOM HATPHs ¥ THAPA3HMHTHIAPATOM 0€3 M ¢ JOOaBIEHUEM BOJOPACTBOPUMBIX IMOJIMME-
pos (IIBC, IIBIT u TWEEN 80), kak crabunuzaropoB. Mx ctpoeHune u MOP(HOIOrHIecKre
OCODEHHOCTH HCCIIENOBAHBI METOJAMHM PEHTIeHO(A30BOrO aHalW3a W DIEKTPOHHOM
MUKPOCKOIINH. HOJ’Iy‘leHHbIe HaHOYACTUILIbI MCJIU NPUMCHCHBI JIA aKTUBallUMW KaTo/Jia B
DIIEKTPOTUIPUPOBAHUH aleTOPEHOHA B BOJHO-CIUPTOBO-LIEIOYHOM Cpejle KaToIHTa.
VcraHosiieHa 0ojiee BBICOKask DIICKTPOKATAIMTHYCCKAsE aKTHBHOCTh HAHOYACTHUI[ MEIIH,
MPUTOTOBJICHHBIX C MPUMEHEHNEM OOPTHIpPHIA HATPHUs, KOTOpas HE3HAYMTEIBHO BEHIIIE,
9YeM y HaHOYACTHI[ MEIH, MOTYUYEHHBIX METOMOM BJIEKTPUUECKOTO B3PHIBA TMPOBOJIOKH H
3aMETHO BBIIIIE, YUEM Y 3JIEKTPOXUMHUIECKOTO TIOPOIIKA MEIH.

KinoueBble cioBa: HaHo4acTHIbl Meau, xaopun Meau (I1), nomumepHbie crabuim-
3aTOPBI, JJIEKTPOKATAIMTHYECKOE THAPUPOBAHKE, ALETOPEHOH.
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