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Tin-cobalt alloy coatings with a tin content of 5-85 wt.% were synthesized from a poly-
ligand citrate-chloride electrolyte. The surface morphology and composition of tin-cobalt al-
loy coatings depending on the conditions of their production were studied using EDS and
XRD methods. The dynamics of changes in the parameters of the equivalent impedance cir-
cuit on tin-cobalt alloy coatings in 0.1 mol-1" KOH solution is determined by the process of
formation of a cobalt (II) hydroxide layer on the coating surface. The parameters of corrosion
resistance and electrocatalytic activity of the coatings in the reaction of hydrogen evolution
were calculated from the stationary voltammetry dependences. The corrosion currents on
tin-cobalt alloy coatings with a tin content of 33-85 wt.% are about 10°-10® A-cm™ An in-
verse dependence of the hydrogen evolution overvoltage on tin-cobalt alloy coatings on the
corrosion current was established.

Key words: electrodeposition, tin-cobalt alloy, citrate-chloride electrolyte, corrosion re-
sistance, electrocatalytic activity.

INTRODUCTION. Electrolytic coatings of
tin-cobalt alloy are promising anode materi-
als for lithium-ion batteries (LIB) due to their
high specific capacity and stability during cy-
cling [1-3]. Cobalt serves as a kind of buffer,
contributing to an increase in the mechanical
strength of tin during cycling in LIB. In ad-
dition, tin-based alloy coatings are currently
being studied as electrocatalysts for reactions
of hydrogen ion [4-7] and nitrate ion [8, 9]
reduction, oxygen evolution [7], and selective

reduction of carbon dioxide to formate ions
[10, 11].

One of the most effective and controlled
methods of applying coatings with metals and
alloys, allowing to influence their morpho-
logy, structure and functional properties, is
electrolytic deposition from aqueous solutions
of complex compounds. Correctly selected li-
gands allow to influence purposefully the in-
hibition of the electrode process, the compo-
sition of electrochemically active complexes
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(EAC), the mechanism of the process, and,
consequently, the morphology, structure and
functional properties of the resulting coatings
with metals and alloys [12-14].

For deposition of tin-cobalt alloy coatings,
we selected a polyligand citrate-chloride elect-
rolyte, in which the formation of electrochemi-
cally active complexes (EAC) and deposition of
tin (II) into the alloy is limited by the dissocia-
tion of electrochemically inactive complexes
(EIC) [SncitCl ]*, and this allows us to control
the chemical composition of the alloy by select-
ing the ratio of the electrolyte components and
the deposition conditions. In a polyligand cit-
rate-chloride electrolyte at pH 4-6, tin (II) ions,
in contrast to the citrate electrolyte, exist in the
form of the EIC of the composition [SncitCL]*-
[15], while cobalt (IT) ions exist in the form of
the EAC of the composition [CoH cit]* and
[CoHcit] [14]. Precipitation of tin (II) and co-
balt (II) ions from the monoligand citrate elec-
trolyte in this pH region is limited by mixed
kinetics [16]. The precipitation of tin(II) ions
into a tin-cobalt alloy from a polyligand cit-
rate-chloride electrolyte at pH 4-6, in contrast
to a citrate electrolyte, is limited not by mixed
kinetics, but by a preceding chemical reaction
of dissociation of polyligand electrochemically
inactive complexes [SncitCL]*:

[SncitCL]*" & [Sncit]- +2CI". (1)

The presence of electrochemically inactive
[SncitCL]* complexes in the citrate-chloride
electrolyte is an additional factor that allows
us to influence the composition, morpholo-
gy, structure and functional properties of the
resulting tin-cobalt alloy coatings, primarily
their porosity and corrosion resistance. The
presence of citric acid in the proposed cit-

rate-chloride electrolyte allows increasing the
buffer capacity and stability of the electrolyte
during its long-term operation. This work is
devoted to the development of a process for
applying functional tin-cobalt alloy coatings
from a complex citrate-chloride electrolyte for
various functional purposes, as well as studying
their morphology, phase, chemical composi-
tion, corrosion resistance and electrocatalytic
activity in the reaction of hydrogen evolution
in an alkaline medium.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. Tin-cobalt alloy coatings
were applied to copper foil (S = 2 cm?) from
a citrate-chloride electrolyte of the follow-
ing composition, mol-I": SnCl-2H,0 - 0.05;
CoSO,7HO - 0.10; NaCHO, - 030
CH,0-HO - 0.05 NaSO,10HO - 0.50;
pH 4.6 in a thermostatic cell at a direct current
density of 1-30 mA-cm™ and a temperature of
40 °C. A platinum plate (S = 12 cm?*) was used
as the anode. Analytical grade reagents were
used to prepare the electrolyte. The surface of
the copper substrate was pre-degreased with
Vienna lime and activated according to the
method [17]. The electrolysis parameters were
set using a PI-50-1 potentiostat and a PR-8
programmer. To obtain good quality coatings,
the citrate-chloride electrolyte was pre-treated
at a current density 0.5 mA-cm™ for 4 hours.

The structural characteristics of the coat-
ings were studied by X-ray phase analysis us-
ing a DRON-2UM setup with CuKa radiation
in the angle range from 10 to 85 degrees with
a recording step of 0.04 degrees at an exposure
time of 3 sec. The chemical composition of the
tin-cobalt alloy coatings was determined using
the atomic absorption method. The corrosion
properties of the tin-cobalt alloy coatings were
studied in a 0.1 mol-I"' KOH solution at 20 °C.
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The electrochemical impedance spectra and
current-voltage dependencies were obtained
using the AUTOLAB system with GPES4.7
software in the frequency range from 0.1 Hz
to 100 kHz and voltage amplitude of 10 mV.
A saturated silver chloride electrode was used
as a reference electrode. Platinum served as an
auxiliary electrode. The value of the active re-
sistance of the coatings R was calculated using
the built-in program “Find circle”. The parame-
ters of the electrocatalytic activity of tin-cobalt
alloy coatings in the of hydrogen evolution
reaction were calculated from the linear sec-
tions of the lg j — # dependences. The polari-
zation value was calculated relative to the hy-
drogen electrode based on the potential of the
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2H*/H, pair, which in a 0.1 mol-I'* KOH solu-
tion is 0.75 V (pH = 12.7).

Micrographs of the surface of tin-cobalt al-
loy coatings obtained from a citrate-chloride
electrolyte are shown in Fig. 1. At a current
density of up to 3.0 mA-cm™, as can be seen
from Fig. 1a, fine-crystalline coatings are de-
posited that are well bonded to the substrate.
The tin-cobalt alloys coatings are well formed,
densely packed, fairly uniform, and are close
in appearance to smooth coatings. With an in-
crease in current density, a scaly structure of
the deposit is observed, and at higher current
densities (from 20 mA-cm™ and higher), crys-
talline coatings are deposited, consisting of
spherulites with particle sizes 1-5 um.

20.0kv  X1,000

Fig. 1. Microstructure of the surface of tin-cobalt alloy coatings obtained from citrate-chloride elec-
trolyte at a current density, mA-cm™ 3.0 (a); 12.0 (b); 30.0 (c), temperature of 40 °C, stirring speed of

400 rpm, electrolysis time of 20 min.

The tin content in tin-cobalt alloy coatings
obtained from citrate-chloride electrolyte de-
pends on the parameters of their deposition
and varies in the range of 5-85%. The X-ray
diffraction pattern of the tin-cobalt alloy coat-
ing (Fig. 2) contains several diffraction peaks. It
should be noted that the number of peaks and
their position in the X-ray diffraction pattern
does not depend on the conditions of coating
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production. Electrolysis parameters affect only
the magnitude of the diffraction peaks and
the properties of the resulting coatings. Peaks
characteristic of the tin-cobalt alloy are ob-
served at 20 deviation angles of 32 and 45 de-
grees. These peaks indicate the presence of an
amorphous or incompletely formed crystalline
phase in the tin-cobalt alloy and do not allow
one to determine a specific phase. In addition
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to the peaks corresponding to the tin-cobalt al-
loy, there are peaks that, by their position, can
be attributed to metallic tin. The presence of a
peak corresponding to metallic copper is due
to its use as a substrate when applying coatings
with a tin-cobalt alloy from a citrate-chloride
electrolyte.
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Fig. 2. X-ray diffraction pattern of a tin-cobalt
alloy coating obtained from a citrate-chloride elec-
trolyte at a current density of 4.0 mA cm, 40 °C
and an electrolysis duration of 60 min.
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According to the phase diagram [18, 19], tin
forms intermetallic compounds with cobalt of
the following composition: CoSn, Co,Sn and
Co,Sn,. The Co,Sn, compound consists of two
phases Co,Sn + a-CoSn or Co,Sn + f-CoSn.
It should be noted that tin-cobalt alloy coat-
ings, which are a single-phase intermetallic
compound of the CoSn composition, can only
be obtained by the electrolytic method from
complex electrolytes. According to the results
of chemical analysis of the obtained coatings,
with an increase in the current density, the ra-
tio of cobalt to tin in the alloy changes from
1:2 to 2:1, which may indicate a change in the
composition of the intermetallic compounds of
the alloy from CoSn, to CoSn, Co,Sn, and fur-
ther to Co,Sn, which is consistent with the data
of [2, 20]. The impedance spectra of tin-cobalt
alloy coatings with a content of 66.7 at. % tin,
obtained from a citrate-chloride electrolyte
at a current density of 3.0 mA-cm™, from the
holding time in a 0.1 mol-I'' KOH solution, are
shown in Fig. 3.

200 ¢
L b ut
*
150 b .al’l
md
gk
B o
R
100 b 2 & o
L ..o l=‘
50 % . S
4 E:.ﬂ
_"'t::mmnnmp'._:_. .
1 u..In.ihl. 1I 1 1 1 ]
2,0 3,0 4.0 5,0 6,0
log (1)

Fig. 3. Nyquist (a) and Bode (b) plots for tin-cobalt alloy samples containing 66.7 at.% tin versus hold-
ing time, min.: 20 (1), 40 (2) and 60 (3) in 0.1 mol-1"' KOH solution.
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When comparing the obtained dependencies
with the diagnostic ones shown in Fig. 4 [21, 22],
it can be concluded that an oxide-hydroxide lay-
er of cobalt (IT) has formed on the film surface.

oot

After a sufficiently long holding time (60 min.)
of the sample in a 0.1 mol-I"' KOH solution the
electrical parameters of the coating (resistance
and capacity) remain constant.

e K e

| ‘ '

b

Fig. 4. Equivalent impedance circuits of tin-cobalt alloy coatings and Nyquist and Bode diagnostic
dependences when the coatings are kept in a 0.1 mol I KOH solution for 20 (a) and 60 (b) min.

On samples of tin-cobalt alloy with a tin
content of 33.3 at. %, obtained at a deposition
current density of 7.5 mA-cm?, the Nyquist and
Bode dependences have a similar character.
In this case, only the numerical values of the
parameters of the equivalent impedance cir-
cuit change: the contribution of the hydroxide
layer resistance to the total corrosion resistance
of such films is insignificant (< 5%). Based on
the equality of the values of the stationary elec-
trode potentials of reactions (2) and (3), we
can write the reactions:

Sn=Sn* +e,

E2 =-0.136 + 0.029llg [Sn*], 2)
Co=Co* +¢,
E,=-0.277 +0.0291lg [Co>],  (3)

which can occur on the surface of a tin-cobalt
alloy in a 0.1 mol-L"' KOH solution (pH 12.7),
it can be shown that under these conditions,
corrosion of the tin-cobalt alloy coating occurs
due to the dissolution of cobalt, since the value
of Ig ([Sn**]/[Co**]) is equal to —4.85, that is, in
the studied solution the concentration of ions
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[Co*] >> [Sn*]. According to the Pourbaix
diagram of the cobalt — water and tin — water
systems [23], in the range of values of statio-
nary electrode potentials E, and E,, equal to,
depending on the tin content in the tin-cobalt
alloy, —0.02 —0.08 V and —-0.23 -0.34 V (tab-
le) in a 0.1 mol-1"' KOH solution (pH 12.7), a
stable hydroxide film consisting of cobalt hy-
droxide Co(OH), is formed on the surface of
the coatings. The dissolution of cobalt with the
formation of hydroxide Co(OH), most likely
occurs by an electrochemical mechanism ac-
cording to the reaction:

Co +2H,0 = Co(OH), + 2H" + 2e7,

E,= 0.095 - 0.0581pH (4)

The steady-state electrode potential of re-
action (4) under these conditions (pH 12.7)
is —0.643 V. The formation of a poorly soluble
compound of hydroxide Co(OH), (SE(solubi-
lity equilibrium) =2.510"%) on the surface of the
tin-cobalt alloy leads to passivation of the coat-
ing surface and, consequently, to stabilization
of the steady-state potential of the electrode.
Tin in the tin-cobalt alloy in 0.1 mol-l" KOH
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solution (pH 12.7) is practically insoluble. The
resulting hydrogen ions are then reduced on
tin. It can be assumed that the processes of for-
mation and growth over time of the hydroxide
layer of cobalt (II) on the alloy surface are ac-
companied by changes in other characteris-
tics of the coatings, such as, the resistance of
the coating, the capacity of the double electric
layer and the value of the specific surface. The
dependence of the coating resistance measu-
red by impedance spectroscopy on the cur-
rent density of its production and the holding
time in a 0.1 mol-I" KOH solution is shown in
Fig. 5a, from which it is evident that the coating
corrosion resistance decreases with increasing
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current density and depends insignificantly on
the holding time of the sample in the solution.
At the same time, the coating corrosion resis-
tance R increases with increasing tin content in
the alloy (Fig. 5b) and is practically independ-
ent of the holding time in a 0.1 moll" KOH
solution. Obviously, such a dependence of the
coating corrosion resistance R on the current
density is due to a decrease in the tin content
in the coating with increasing current density.

Holding tin-cobalt alloy coatings in an al-
kaline electrolyte leads to an increase in the
corrosion resistance of the electrode. This is
accompanied by a shift in the steady-state po-
tential to more positive values.
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Fig. 5. Dependence of corrosion resistance of tin-cobalt alloy coatings on current density (a)
and tin content in the alloy (b); holding time in 0.1 mol-1"' KOH solution, min.: 20 (1), 40 (2).

Table 1.
Electrocatalytic and corrosion characteristics of tin-cobalt alloys.
Sn, at.% E .,V Mi100 YV R,, kOhm lgj.., A-cm?
66.7 -0.34 1.4 150 -7.35
40.0 -0.36 0.8 71 -6.15
333 -0.23 0.6 46 -5.78
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The corrosion current of tin-cobalt alloy co-
atings decreases from 1.6-10° to 4.5-10® A-cm™
as the tin content increases, while the overvol-
tage of hydrogen ion reduction increases. Thus,
an increase in the cobalt content leads to an in-
crease in the electrocatalytic properties of the
alloy in the hydrogen evolution reaction, and
an increase in the tin content leads to an im-
provement in the corrosion properties of the
alloy.

CONCLUSIONS. Tin-cobalt alloy coat-
ings were synthesized from a polyligand cit-
rate-chloride electrolyte with a tin content of
5-85 wt. Since the deposition of tin (II) into a
tin-cobalt alloy from a citrate-chloride elec-
trolyte is limited by the preceding chemical
reaction of dissociation of polyligand electro-
chemically inactive complexes [SncitCL]*,
which makes it possible to influence the chemi-
cal composition and functional properties of
the resulting coatings by selecting the ratio of
the electrolyte components and the deposition
conditions. The surface morphology was stu-
died using EDS and XRD methods, and the
phase composition of the tin-cobalt alloy coa-
tings was determined depending on the condi-
tions of their preparation. It was found that with
an increase in current density, the phase com-
position of the coating’s changes. An increase
in the tin content in the alloy improves the
quality of the coatings, increases their corro-
sion resistance and reduces the electrocatalytic
activity in the reaction of hydrogen ion reduc-
tion in an alkaline medium. The dynamics of
the change in the parameters of the equivalent
impedance circuit on tin-cobalt alloy coatings
in 0.1 mol I KOH solution was studied, which
is associated with the formation of a hydrox-
ide layer on the coating surface. The corrosion
current decreases with increasing tin content
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in the alloy. It was found that the overvoltage
of hydrogen evolution is lower, the higher the
corrosion current, which can be a criterion for
assessing the catalytic activity of the electrode.
= This work was performed with the fi-
Sg) nancial support from the National
Academy of Sciences of Ukraine with-
in the state budget theme “Finishing of
materials in order to give them unique
functional properties” 0123U100650.
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CHHTe30BaHO NMOKPUTTA CIIaBy ONOBO —
KOOAbT 13 MOMMiraHAHOTO IUTPATHO-XIIO-
PUIHOTO €/IeKTPOIiTy. BMiCT 0/10Ba B IOKPUT-
TSIX CIUIaBY OJI0BO — KOOAJIBT 3a/IeKUTh Bif Ima-
paMeTpiB IXHbOI'O OCA/KEHHA 1 3MIHIOETbCA B
mpoKoMy paianasoi Big 5.0 go 85.0 mac. %.
Ocamxennsa onosa (II) y crmaB onoBo - Ko-
6a7bT i3 UTPATHO-XTIOPUTHOTO €IeKTPOITy
JMITYETHCA MONEPENHbOI0 XIMIYHOK peaKIli-
€10 VICONiallil IIO/ITiraHIHUX e7IEKTPOXIMIYHO
HeaKTUBHMX KoMIutekciB [SncitCl ]*~, mo mos-
BOJISIE LIJIIXOM BUOOPY CITiBBiTHOIIEHHS KOM-
IIOHEHTIB €JIEKTPOMITy Ta YMOB OCaJPKEHHHA
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BIUIMBATY Ha XIMiYHWII CKIaf i PyHKI[iOHATb-
Hi B/IaCTMBOCTI OflepXKyBaHMX IIOKPUTTIB. Me-
togamu EDS i XRD nocnifkeHo MOpGoorito
IIOBEPXHi, BCTAHOBJ/IEHO XiMiyHMIT Ta pasoBmit
CKJIaJ] IOKPUTTIB O/I0OBO — KOOAJIBT 3aJIe)KHO
Bifl YMOB IXHBOTO OTpMMaHHA. 30iNbLIeHHSA
BMICTY 0JI0Ba B CIIIaBi IOKpallly€e AKICTb I10-
KPUTTIB, MiBUILYE IXHII KOPO3IIHMIA OIp i
3MEHIIYE e/IeKTPOKATaIiTUYHy aKTUBHICTb y
peakuyii BiTHOB/IEHHSA iOHIB BOJHIO B JIy)KHOMY
cepefoBUIIi.

BuByeHo [uHaMiKy 3MiHM TIapaMeTpiB
€KBIBaJIECHTHOI CXeMM IMIIEJaHCy Ha IOKPUT-
TSIX CIUIABOM OJIOBO — KOOabT 3i BMicToM 33.3,
40.0 1 66.7 aT. % onosa B 0.1 Monb-T' po34MHi
KOH. IlokasaHo, mo AuHaMiKa 3yMOBJI€Ha
YTBOPEHHSAM Ti[pOKCHIHOrO LIapy KoOambTy
(II) Ha moBepxHi MOKpPUTTIB. MeToxOM iMITe-
JAHCHOI CIIEKTPOCKOIII IifATBEPIKEHO YTBO-
PEHHA TiIPOKCUIHOrO 1apy Ha IOBEPXHI I10-
KPUTTIB y Ty>KHOMY cepefoBuli. Buxogsaun 3
PIBHOCTI 3Ha4€Hb CTAHJAPTHUX €IEKTPOSHUX
norenuianis onosa (II) Ta kobanery (II) y
BOJHUX PO34YMHAX, ITOKA3aHO, L]0 3a X YMOB
KOpO3isl MOKPUTTA CIUIABY ONOBO — KOOAIbT
BiflbyBa€eThCsl BHACTITOK PO34YMHEHH KOOAIb-
Ty 3 YTBOPE€HHAM Ha IIOBEPXHI CIIJIaBy CTilIKOI
Bk Tigpokcupy kobanpry Co(OH),. Is
BOJIBT-aMIIEPHUX 3a/IEKHOCTEN PO3PaXOBaHO
ITOKAa3HMKM KOPO3iTHOI CTiMIKOCTi Ta e1eKTPO-
KaTa/JIiTUYHOI aKTUBHOCTI IIOKPUTTIB y peak-
Uil BiTHOB/IEHHA 10HIB BOJHIO B Iy>KHOMY Ce-
pemoBui. ITokasano, 1[0 BUTpUMKA IIOKPUT-
TiB y 0.1 Momb-1! posunnai KOH npussoguts
110 30i/1bIIIeHHS IXHBOTO KOPO3ilIHOTO OIIOpY i
3MEHIIEHHA CTpyMy Koposii. [Ipu migsnmenni
BMICTY 0J10Ba B CI/IaBi CTPYM KOPO3il 3MeHIITy-
eTbcs Big 3-10° mo 1-10® A-cm?. Ilepenamnpyra
peakuii BUiJIEeHHsA BOJHIO IIPU CTPYMi peaxiiil
10 MA-cM? 3pocCTae 3 MiIBUILIEHHAM BMICTY

10

osnoBa B civtaBi Bijg 0.6 B no 1.4 B. Bcranosne-
HO aHTMOATHY 3a/IeXKHICTD IIepeHAPyTy BUJi-
JIEHHA BOJHIO Ha IOKPUTTAX CIIaBy OJIOBO —
KobOanbT Bifi cTpyMmy koposii. Ilepenampyra
TVYIM MEHIIIQ, [0 O/IbIINII CTPYyM KOpO3il.

KnrouoBi crioBa: enekTpoocapyKeHHs, 0JI0-
BO-KOOQ/IbTOBUII CIUIaB, ILUTPATHO-XIOPUJ-
HUI €JIEKTPOJIT, KOPO3iliHa CTINIKICTh, e/eK-
TPOKATa/lIiTV4YHA aKTUBHICTb.
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