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STUDY OF KINETICS OF COPPER OXIDATION BY ELECTROLYSIS UNDER
NON-STATIONARY CONDITIONS

Abstract. Data on the study of the kinetics and mechanism of copper electro-oxidation -reduction
processes in alkaline and neutral solutions were obtained in this work. Patterns of the electrochemical
oxidation of copper using alternating current were established. Based on the data of polarisation
measurements kinetic parameters were calculated: the heterogeneous rate constant, the effective activation
energy of copper electro-oxidation, which allow to establish the course of the metal oxidation process in
alkaline and neutral environments and its characteristics. Potentiodynamic measurements in alkaline
solutions at a copper anode indicate the formation of Cu20O, CuO u Cu(OH):. Anodic dissolution of copper in
neutral salt solutions includes two main stages: the formation of Cu(I) and Cu(Il) ions. It was found that the
product of oxidation at high potentials is the Cu(Il) ion. The nature of the anion electrolyte affects the rate
of copper anodic oxidation, while the process occurs more efficiently in solutions of sulfate and sodium
chloride and is accompanied by significant p olarisation. Based on the study o f kinetics the p ossibility of
obtaining powders of metal oxide was shown, which further allowed to determine the parameters of the
electrolysis process in non-stationary conditions in order to obtain highly dispersed materials based on

copper oxides with specific physico-chemical properties.
Key words: copper electro-oxidation, copper (I) oxide, copper (II) oxide, unsteady electrolysis,

electrolyte, polarisation curves.

Introduction.

In recent years increasing attention has been
drawn to studies on the synthesis of ultrafine metal
powders with given structure and dispersion, due
to which they can be used to create new effective
materials of various purposes. A large number of
works is focused on the study of electrochemical
methods of production of finely dispersed metal
powders at direct current, requiring the use of
additional equipment for rectifying alternating
current, the need to use chemically resistant electrodes
in various environments, and in some cases, use of
membranes to separate the electrode spaces, thereby
complicating the process [1-3]. Current method is also
distinguished by a complex electrolyte composition,
which contains salts of metals under consideration,
various additives, including organic compounds
[4-6]. It should be noted that increased current
intensity leads to passivation of the anodes and
formation of impurities in the main product.
Replacing direct current allows synthesising various
compounds through the use of soluble electrodes.

The research to date states that the transition from
direct current to alternating current of various forms

(pulsating, asymmetric, pulsed), including those
with an adjustable component, favourably affects the
synthesis of new compounds [7-10].

When selecting the optimal conditions, the
following advantages of alternating current can be
highlighted: firstly, the synthesis of compounds that
cannot be obtained with a stationary current, secondly,
high productivity of installations, and thirdly, a
relatively low power consumption. However, the
advantages of non-stationary electrolysis are not
fully utilized both due to insufficient knowledge and
the need to replace the direct current source with
special electronic equipment [11-13].

Principles of the processes conducted using
alternating current require further study. Use of
non-stationary modes expands the possibilities of
studying electrode processes, as well as inquiries of
an applied nature.

Using alternating current for electrochemical
processes presents a unique opportunity for the
synthesis of nanodispersed materials based on
metal oxides. Given that, there is no information in
literature on the production of such materials by this
method; therefore, further research in the field of
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electrochemical synthesis of copper oxide using an
alternating current of industrial frequency appears to
be relevant.

The aim of this work is to study the kinetic
principles of copper electro-oxidation-reduction in
alkaline and neutral solutions.

Materials and methods.

The electrochemical oxidation-reduction of
copper in neutral aqueous solutions was studied by
plotting potentiodynamic polarisation curves and
electrolysis under galvanostatic conditions.

Potentiodynamic polarisation curves were
recorded on an SVA-1BM potentiostat using a three-
electrode thermostated glass cell YaES—2.

Thermostatting was conducted with an ITZh-0-03
thermostat. Current-potential curves were registered
with an H307/1 flatbed two-coordinate recorder at
a potential sweep rate of 5-100 mV/s. A copper rod
(S=0.5 cm?) was used as a working electrode. A silver
chloride electrode and a platinum electrode were used
as a reference and auxiliary electrodes, respectively.
All values of the working electrode potential were
given in relation to the silver chloride electrode (EO

= «plus» 0.222V).
To characterise the mechanics of the electro-
oxidation - reduction process of copper, the

following kinetic parameters were calculated: charge
transfer coefficients (o), diffusion coefficients (D),
heterogeneous rate constants of the electrode process
(k) and the effective activation energy of the process
(E) [14,15].

Results and discussions.

Kinetics of the electrode processes of copper
oxidation-reduction in alkaline solutions were
investigated in the potentiodynamic conditions.
Anode-cathodic  and  cathode-anodic  cyclic
polarisation curves were recorded to establish the
mechanism of electrode processes occurring on a
copper electrode during polarisation with alternating
current.

Polarisation measurements on a copper electrode
were taken in sodium hydroxide electrolyte solutions
in the concentration range of 0.4-4 mol/l, at
temperatures of 20-50°C and potential sweep rates
of 5-100 mV/s.

Two anodic and corresponding cathodic peaks
were observed on the cyclic voltammogram (figure
1), which indicate the formation and reduction of
Cu20 and Cu(OH): or CuO.

Potentiodynamic measurements in alkaline
solutions on a copper anode indicate the formation of
Cu20, CuO and Cu(OH)a. It is likely that copper (1)
oxide first forms on the copper anode, in accordance
with the general reaction:

2Cu + 20H- = Cu20 + H20 + 2¢-E = -0.358 V
(D
According to the data in the studied literature,
copper(Il) oxide CuO and bivalent copper hydroxide
Cu(OH): form during anodic oxidation, on the other
hand, a number of publications [16-18] confirm the

anodic oxidation of copper electrodes, commencing
with initial oxidation, namely, the formation of Cuz0.

Formation of Cu20 in an aqueous solution of
sodium hydroxide can be governed both by the
above electrochemical reaction (1) and the chemical
reaction given in (2):

2Cu++20H-=Cu:0 +H:0 )

0.6

A
-0.6 \ f\\j
/

-10-05 0 -0,5

1,0 05 0 05 E,B

v=50mV/c, t=20°C
Figure 1 — Cyclic voltammogram on a copper
electrode in 0.4 mol/l sodium hydroxide solution

Monovalent copper(I) hydroxide formed by
reaction (3) with further dehydration can also be
considered as a product of anodic oxidation along
with the formed copper(I) oxide:

Cu + H20 — CuOH + H" + e-
2CuOH — Cu20 +H20

3)
“4)

The electrochemical behaviour of a copper

electrode in solutions of neutral sodium salts -
Na2S0s4, NaNOs and NaCl in the concentration range
of 0.4-4 mol/l, at temperatures 20-50°C and potential
sweep rates of 5-100 mV/s was investigated.
At 25°C cyclic voltammograms present curves with
two clearly pronounced current maximums (figure 2),
which is indicative of a two-step copper ionisation-
discharge process, schematically given as:

Cuxt+e-=Cu+ E=-0.1--0.2B
Cut+e-=Cuo E=-0.3+-0.5B

)
(6)

9, A

04 02 9 62 04 06 07 Es

v=50mV/c, t=20°C
Figure 1 — Cyclic voltammogram on a copper
electrode in 0.4 mol/l sodium hydroxide solution
In order to study the nature of the electrolyte
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anion, anodic potentiodynamic curves were recorded
in solutions of 0.4 mol/l of Na2SO4, NaNOs and NaCl.

Anodic process of copper dissolution in a neutral
solution shown in Figure 3 can be explained as
follows: at the initial stage of dissolution Cuz0 is
formed on the electrode surface, and then, with an
increase in the applied potential Cu+ ions are oxidised
to Cuzt ions, which subsequently accumulate near
the electrode surface.

0,7 =
0,6+

0.5+

i/ Acm™

T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8

1 - Na:SO4, 2 — NaCl, 3 - NaNOs
Figure 3 - Polarisation curves of a copper electrode
in neutral salt solutions with a concentration
of 0.4 mol/l and a sweep rate of 10 mV/s

Anodic dissolution of copper in neutral salt
solutions includes two main stages: formation of
Cu(l) and Cu(Il). It is generally recognised that the
product of oxidation at high potentials is Cu(Il). The
rate of anodic oxidation of copper is affected by the
nature of the electrolyte, while the process is more
efficient in sulfate and sodium chloride solutions,
accompanied by significant polarisation.

Values of the potentials were converted from the
silver chloride electrode to the standard hydrogen
scale for interpreting the polarisation measurements.
Current density values were plotted on a logarithmic
scale in order to construct polarisation curves in Tafel
coordinates (E, mV - log [i|) as shown in Figure 4.

The curves show the sections corresponding to
the Tafel equation [19]:

n=a+tb-lgi (7)
where: n — electrochemical overvoltage; au b —
coefficient of the Tafel equation; i — current density.

| & 0.6 M Na, SO,
ER . 0.2 M Na SO, + 0.3 M M S0, =
E 1ec 0.5MH,SO, =
6 .24
a | E,
ey N N\ .
o 41 -- p . U
° | : \yf
e \/ §
] fa bl'c
84 v ' v 2 : e ’ S—
0.4 0.2 0.0 02 0.4 0.6
E/Vvs SCE

1- Nast4, 2— NaCl, 3 - NaNO:s
Figure 4 - Tafel curves of a copper electrode in
neutral salt solutions with a concentration of 0.4

mol/l and a sweep rate of 10mV/s

Ions transport and diffusion coefficients and
heterogeneous rate constants of electrochemical
processes were determined from the polarisation
curves. Using the Matsuda and Ayabe equation the
values of the electron transfer coefficients (o) for
anodic processes were calculated from the difference
between the peak and half-peak voltammograms
(Table 1).

Table 1 - Kinetic parameters of metallic copper

oxidation
Environment | o | D, cma/s | ks, cm/s
Cuo -e- — Cu+ (first stage)
alkaline 0.34 1.53.10-4 |3.02.10-3
neutral 0.37 1.38.10-4 |3.84.10-3
Cut+ -e- — Cuxt (second stage)
alkaline 0.25 1.27.10-4 |2.71.10-3
neutral 0.28 1.19.10-4 |3.36.10-3

The value of the effective activation energy Ea
calculated from the temperature-kinetic relations for
the process in an alkaline environment, in the range
of 20-60°C, for the first and second stages of copper
discharge-ionisation were equal to 17.56 kJ/mol and
19.44 kJ/mol, respectively. In a neutral environment
for the first and second stages of copper oxidation
were 23.31 kJ/mol and 26.89 kJ/mol, respectively.
Obtained activation energy values are indicative
of diffusion controlled electrochemical process,
suggesting that the second stage of copper(I) ions
oxidation to copper(Il) ions is rate-limiting.

Conclusion. Kinetics of electrode processes
of copper oxidation-reduction in alkaline solutions
were investigated in the potentiodynamic mode.

Electrochemical behaviour of a copper electrode
in neutral sodium salts - Na2SO4, NaNOs and NaCl
was investigated in the concentration range of 0.4-
4 mol/L, at temperatures of 20-500C and potential
sweep rates of 5-100 mV/s. It was established that
during anodic copper oxidation Cu20 is the primary
product of the electrode reaction.

Based on the data of polarisation measurements
kinetic parameters were calculated: the heterogeneous
rate constant (k ), effective activation energy (Asd)
of copper and zinc electro-oxidation process in
alkaline and neutral environments, which allow to
define the course of oxidation of metals in alkaline
and neutral environments and its characteristics. It
was demonstrated that powders of metal oxides (zinc
and copper) could be obtained by electrolysis in non-
stationary conditions.

Based on the reaction kinetics the possibility of
obtaining zinc and copper oxides was shown, from
which the required parameters of the electrolysis
process were determined, in order to obtain dispersed
materials based on metal oxides with specified
physicochemical properties.
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CTAIIMOHAPIBIK EMEC JKAFJIANJIAPIA JIEKTPOJIM3EEH MBICTHIH,
TOTbBIT'YBIHBIH KHHETUKAJIBIK 3AHJABIJIBIKTAPBIH 3EPTTEY

AnHoramus. JKymbicTa CinTiUTiK JkoHe OedTapam epiTiHAIIEpAe MBICTBIH  OJIEKTP TOTBIFY-
TOTBIKCHI3IaHY/IbIH KHHETHKA MEH MEXaHH3Mi OOWBIHIIIA 3ePTTEY HOTHXKeJepi alblHFaH. ANHBIMAIbI TOKTHI
naianany Ke3iHJie MbICTBIH DJICKTPOXUMHUSIIBIK TOTBIFY 3aHIbUILIKTAPhl aHBIKTAIIBI. MBICTBIH JJICKTp
TOTBIFY-TOTBIKCHI3/IaHY TPOIECIHIH MEXaHW3MIH CHIIATTAy YIIIH KelieCl KHHETHUKAJIBIK Mapamerpiiep
ecemnTeNe/i: 3apsAATHIH TackiMaimuay kodpdumuentrepi, mupdysus kodpdunueHTTepi, IIEKTPOATHI
MPOIIECIHIH TEeTePOreH I KbIIIAMIBIK KOHCTAHTAIAPhl MOHE MPOLECTIH THUIMII AKTUBTEHY DHEPTHSICHI.
[loTeHnmoaHAMUKAIIBIK OJIIIEYIIEp MBIC aHOABIH 1A cinTimi epitiHainepae Cu20, CuO xone Cu(OH): Ty3inyin
Kkepcereni. MBICTBIH OeliTapar Ty3 epiTiHIIepiHIe aHOATHIH epyi eki Heri3ri ke3eHai kamTuasl: Cu (1) xone
Cu(Il) nornmaperabiy TY311yi. XKoFapsl noTeHnuanaapaars! ToTeiry oHiMi Cu (I1) HOHBI eKeH/TITi aHBIKTAMJIBI.
DNEKTPOUT aHUOHBIHBIH TAOWFAThl MBICTBIH AHOJTHI TOTBIFY JKbIIIAMJBIFBIHA OCEp €Te/l, al Mporecc
HaTpui Cynb(]aTel MEH HATPHUHA XJIOPHII EPITIHAUIepiHAe THIMIIPEK JKOHE alTapibIKTal MOIspu3ausIMeH
xypeni. KnHeTHKabIK 3aHIBUIBIKTAPIbI 3€PTTEY HETi3iH/Ie MBIC OKCHUATEPIH ally MYMKIHJIT] JQJIeNAeH]I,
Oyu1 OepinreH (hM3UKa-XUMHUSIIBIK KACHETTEPiHE Ne METaJll OKCUATEPi HeTi31HAe AUCIIEPCTI MaTepruasiap ainy
YIIIiH 3JIEKTPOJIH3 MPOIIECiHIH apaMeTpiIepiH aHbIKTayFa MYMKIHIIK Oep/Ii.

Tyiiin ce3mep: MBICTBIH 271eKTp TOTHIFYBI, MbIC (I) okcumi, mpic (II) okcumi, cranmnoHApIBIK eMec
AJIEKTPOJIN3, SJICKTPOJIHT, MOJIIPU3ALHUSIIBIK KUCHIKTAPHI.
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UCCJEIOBAHUE KHHETUYECKHUX 3AKOHOMEPHOCTEN OKUCJEHUS MEJIHA
AJIIEKTPOJIN30M B HECTAIMOHAPHBIX YCJIOBUAX

AHHoTauus. B pabote nomyueHsl JaHHBIE 110 UCCIACAOBAHNIO KHHETHKU M MEXaHU3Ma ICKTPOOKUCIICHHS-
BOCCTAHOBJICHUSI MeOW B IMIEJOYHBIX M HEHTPAIbHBIX pPACTBOpax. BBIICHEHB 3aKOHOMEPHOCTH
NEKTPOXUMUYECKOTO OKUCIICHHUS MEH C UCIIOIb30BaHUEM IIEPEMEHHOT0 ToKa. [ 1o TaHHBIM OJIsIpu3aiMOHHbBIX
N3MEpPEHUH PAaCCUUTAaHbl KMHETHYECKHE IapaMeTpbl: TeTepOreHHas KOHCTaHTa CKOPOCTH, 3(PQeKTuBHas
SHEPrusl AKTUBALUK IPOLIECCa MIEKTPOOKUCIICHUS MEH, TO3BOJISIONINE YCTAHOBUTD IPOTEKaHUE Mpolecca
OKHCJICHHUS] METaJUla B ILEJIOYHOI M HEHTpaIIbHOU cpelax M ero XapakTepucTuky. [loreHnnonnHaMmuueckne
M3MEPEHHs B IUEJIOYHBIX PACTBOPAX HAa MEIHOM aHOJE CBHAETENLCTBYIOT 00 oOpasoanun Cu,0, CuO n
Cu(OH),. AHOIHOE PACTBOPEHHE MEIM B HEUTPAIBHBIX PACTBOPAX COJIEH BKIIKOYAET JIBE OCHOBHBIE CTA IUM:
obpazoBanue noHoB Cu (I) u Cu (II). YcraHoBieHO, YTO MPOAYKTOM OKHCIICHUS IPH BHICOKMX TOTEHIIMAIAX
spisiercst noH Cu (II). [Ipupona aHmoHa 37eKTpoNINTa BIMSET HA CKOPOCTh AHOAHOTO OKHUCICHHS MEIH, a
nporecc nporekaet 3(hheKTUBHEE B PACTBOPAX Cylbdara 1 XJI0pHUJa HAaTPHS U COIIPOBOXKIACTCS 3HAYUTEIbHON
nojsipuzanmedi. Ha ocHOBaHMM HM3y4eHHS KHMHETHUECKHMX 3aKOHOMEPHOCTEH IIOKa3aHa BO3MOKHOCTh
MOJTY4EHHS! TOPOIIKOB OKCHIOB METAJUIOB, YTO MO3BOJIMIIO ONPEAEIUTh ITapaMeTphl IPOBeIeHHs Ipolecca
3NIEKTPOJIM3a B HECTAIIMOHAPHBIX YJIOBHAX C LEJIBIO MOTY4YEHHsI BHICOKOAUCIIEPCHBIX MAaTepHaloB HA OCHOBE
OKCHJIOB MEIU C 33JJaHHBIMU (PU3UKO-XHUMHUYECKUMHU CBOMCTBAMH.
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