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Abstract: This paper provides the calculation of the distribution of the concentrations of complex particles of the
Sn(II) - citrate - water system in the solution volume, on the surface of the electrode, and in the diffusion layer for
the tin citrate electrolyte containing an excess of the ligand. Based on the calculations for the electrodeposition of tin,
an electrolyte containing [SnCit]2− complex at pH 8.0 was chosen. The kinetic parameters of the discharge stage, the
diffusion coefficient of the electrochemical active ion, and the current efficiency of tin were determined by the methods
of stationary voltammetry and chronovoltamperometry. It is shown that the electroreduction of tin is governed by the
laws of mixed kinetics and the transfer stage of the second electron is the limiting one. The discharge mechanism and
the composition of the electroactive complex, which is [SnCit]2− , are proposed. The current density of the deposition
of tin coatings with different functional properties is determined as protective coatings and coatings of anodes of Li-ion
accumulators.
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1. Introduction
In modern science and technology, great efforts are made to develop high-density compact power sources for
portable electronics and electronic vehicles. The most promising of them are lithium-ion batteries, the efficiency
of which depends, among other factors, on the capacity of the anodic materials used.1 Some of the possible
candidates for the replacement of the existing graphite anodes are tin, thanks to its high theoretical specific
capacity (994 mAh g−1) , and tin-rich alloys, such as Sn-Ni, Sn-Cu, and Sn-Co. In theory, the capacity of a tin
anode is three times higher than that of commercial graphite anodes; however, tin loses most of its capacity
during cycling because of an increase in volume during lithium intercalation and coating structure disturbance,
i.e. surface failure and sputtering of the active substance.2 In a previous work,3 the electrodeposition and
properties of films deposited from tartrate, citrate, and citrate-trilonate electrolytes were investigated; it was
shown that the films electrodeposited from a citrate electrolyte had the best charge-discharge characteristics in
lithium power sources. The efficiency of citrate solutions was also shown during the electrodeposition of Sn-Cu
alloys, which have high corrosion resistance.4

The study of the electroreduction of Sn2+ citrate complexes in acid media is dealt with in a number of
papers.5−8 One such study reported a calculation of electrolyte components under equilibrium conditions and
on the electrode surface.7 The main object of investigation there was an acid electrolyte containing protonated
tin(II) and cobalt(II) complexes. The kinetics of [SnHCit]− reduction in an electrolyte containing no free citrate
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have been studied. It has been concluded that a low pH value and the absence of free ligand are necessary
conditions for the convergence of the potentials for the separation of Sn and Co, and for the deposition of
high-quality Sn-Co alloys from citrate electrolytes. The paper did not present a calculation of the distribution
of ligand species in the bulk electrolyte as a function of pH, which is necessary for the correct description of
the tin citrate electroreduction mechanism and for the explanation of the causes of adsorption and desorption
of species of a definite composition.

Another work presented distribution diagrams of ionic species of tin citrate and ligand as a function
of pH at different ligand excesses.8 The calculation involves no instability constant and hence no material
balance equation for the unprotonated ligand species and unprotonated tin citrate complex. In view of this,
the existence at neutral pH of two protonated ligand species and a protonated tin citrate species in the solution
under equilibrium conditions, and all the more so during electrolysis with alkalization of the near-electrode
layer, seems to be very doubtful.

Electrodeposition of metals from complex electrolytes is a complicated multistage process. The concen-
tration of complex particles of each species in the volume of the solution depends not only on the pH, but also
on the metal-ligand ratio. The presence of a free ligand ensures the complete binding of metal ions and thus
eliminates the parallel discharge on the cathode of solvated metal ions, which passes with much less overvoltage
than the discharge of a complex ion. A large overvoltage of the cathode reaction ensures the formation of finer
crystalline precipitates, and the predictability of the composition of the reacting particles makes it possible to
accurately control the coating quality and the stability of the electrolyte operation. Comparison of works known
from the literature does not give an accurate picture of the distribution of citrate complexes of tin and citrate
over a wide pH range and in the presence of an excess of ligand.

Thus, the concepts of the kinetics and discharge mechanism of Sn citrate complexes in neutral and slightly
alkaline media are debatable. Therefore, the aim of this work is to determine the laws governing the discharge
of [SnCit]2− complexes by modeling the volumetric and surface composition of a citrate electrolyte for Sn
deposition in conjunction with experimental data.

2. Results and discussion
2.1. State of ions in the bulk solution
To investigate the processes of deposition of metals from solutions of their complex compounds, information on
the distribution of different complexes and ligand species in the bulk solution is required in the first place.9

To determine the composition of ions in the bulk electrolyte, a closed system of equations was set up,
which reflects the laws of material balance, electroneutrality, and mass action:

Sn2+ + pCit4− + qH+ ⇔ SnCitpH
2+q−4p
q , (1)

where p and q are stoichiometric coefficients.

CSn2+ =
[
Sn2+

]
+

i=1∑
i=0

[SnCitHi]; (2)

CCit =

i=3∑
i=1

[SnCitHi] + 2 ·
[
SnCit2 (OH)

8−
2

]
+

i=4∑
i=0

[HiCit]. (3)
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The law of electroneutrality: ∑
zc = 0; (4)

and equations for complex ion formation constants:

β[SnCit2−] =

[
Cit4−

]
·
[
Sn2+

][
SnCit2−

] , (5)

β[SnCitH−] =

[
Cit4−

]
·
[
Sn2+

]
· [H+][

SnCitH−] . (6)

Formation constant values of corresponding tin complexes are lgβ [SnCitH] = 19.5 and lgβ [SnCit] = 15.35.10

The distribution of tin and citrate complex species as a function of pH is shown graphically in Figure 1.

Figure 1. Distribution of ionic species in the bulk solution as a function of pH for tin(II) complexes at the ratio of
[Sn2+ ] : [Cit4− ] = 1 : 5.

As seen from Figure 1, solvated tin(II) ions exist in the electrolyte only in the very acidic region in the
pH range of 0–2. The protonated tin citrate complex is in the bulk solution in the pH range of 1–5, and in
the acidic pH region it coexists with three protonated ligand species at the same time, the presence of which
greatly complicates the research and the interpretation of the obtained data. Besides, at pH 0–5, undissociated
citric acid is present in the solution. At pH 3, a normal tin citrate complex [SnCit2− ] is already formed, and
all tin exists in the solution as this complex. In the widest pH range, the existence of a protonated ligand is
discernible, a free unprotonated ligand being formed even in an alkaline medium and only at pH of >9.

As will be mentioned below, the protonated ligand species can also be electrochemically reduced at the
cathode, thereby increasing the current efficiency of hydrogen. The lower the pH value and the higher the
protonation degree of the ligand, the higher the rate of the secondary process of hydrogen electroreduction.
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Based on the above, a solution containing tin as the normal complex [SnCit2− ] and having a pH of 8.0 was
chosen for the study of the electroreduction of tin citrate. The electrolyte contains a protonated ligand species
[CitH3− ] and a small amount of [CitH2−

2 ] and [Cit4− ].

2.2. Mass transfer in the diffusion layer
When studying the electroreduction kinetic of metals, information on the concentration distribution of the
electrolyte components on the electrode surface and in the diffusion layer is required. Chemical interaction
between the solution complex nature of concentration profiles in the diffusion layer was measured. The
consequence of this are great differences in component distribution in the bulk solution and near the electrode
surface.

In the case of current flow under the conditions of the stationary state of the system and the absence of
specific adsorption, as well as slow chemical stages, the equation of total charge transfer for metal perpendicular
to the electrode surface is of the form:

jSn

2F
= DSn2+

∂[Sn2+]

∂x
+DSnCit2−

∂[SnCit2−]

∂x
+

F

RT

∂E

∂x

(
2DSn2+ [Sn2+]− 2DSnCit2− [SnCit2−]

)
, (7)

and the charge transfer for hydrogen:

jH
F = DH+

∂[H+]
∂x −DOH−

∂[OH−]
∂x +DHCit3−

∂[HCit3−]
∂x

+ F
RT

∂E
∂x

(
DH+ [H+]−DOH− [OH−]− 3DHCit3− [HCit3−]

) . (8)

For the ligand and supporting electrolyte ions (0.5 mol L−1 Na2SO4) that do not cross the electrode/electrolyte
interface, the mass transport phenomena caused by the diffusion and migration of ions in an electric field must
compensate one another, i.e. the diffusion and migration fluxes are equal and opposite in sign:

DHCit3−
∂[HCit3−]

∂x +DCit4−
∂[Cit4−]

∂x +DSnCit2−
∂[SnCit2−]

∂x +

+ F
RT

∂E
∂x (−3DHCit3− [HCit3−]− 4DCit4− [Cit4−]− 2DSnCit2− [SnCit2−]) = 0

, (9)

∂[Na+]

∂x
+

F

RT

∂E

∂x
[Na+] = 0, (10)

∂[SO2−
4 ]

∂x
− 2

F

RT

∂E

∂x
[SO2−

4 ] = 0. (11)

In these equations, D is the diffusion coefficient of the ith component, E(x) is electric potential, x is the
distance from the electrode surface, and jSn and jH are the electroreduction currents of tin and hydrogen ions,
respectively. The remaining symbols are generally accepted.

Eqs. (7)–(11), supplemented with appropriate equilibrium constant equations for electroneutrality con-
dition in the bulk solution, ∑

zici = 0, (12)

and the ionic product of water,
[H

+
][OH

−
] = Kw, (13)
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describe the concentration variation of all ionic species that are present in the alkaline citrate electrolyte for tin
plating. This system of equations has been numerically integrated by the Runge–Kutta method at the following
boundary conditions:

[ci]x=δ = [ci]0, (14)

[ci]x=0 = [ci]s, (15)

where [ci ]0 and [ci ]s are the concentrations of the ith component in the bulk electrolyte and on the electrode
surface, respectively.

The initial data for calculation at 25 °C are as follows: D+
H = 9.34 × 10−9 M2 s−1 ; D−

OH = 5.28 ×
10−9 M2 s−1 ; 11 Di = 4 × 10−10 M2 s−1 ; 12KW = 1.00 × 10−14 ; δ = 2.57 × 10−5 m; c2+Sn = 0.1 mol L−1 ;
cH4Cit = 0.5 mol L−1 and cNa2SO4 = 0.5 mol L−1 ; 0 ≤ jSn ≤ 4 mA cm−2 . Here, Di is the diffusion coefficient
of the tin citrate complexes (it was assumed that the diffusion coefficient of citric acid and its complexes must
not differ greatly).

In the integration it was taken into account that the diffusion layer thickness under natural convection
depends on current density:13

δ = δ0j
−0.2. (16)

The diffusion layer thickness was determined experimentally from the dependence of the limiting diffusion
current jd on the bulk concentration of ions being reduced:14

δ0 = nFDicSn2+/jd. (17)

The results of theoretical calculations are presented in Figure 2.

Figure 2. Dependence of the component concentration of a citrate electrolyte for tin plating on the cathode surface
and surface pH on polarizing current density.

The surface concentration of tin citrate decreases at a constant rate with increasing current density and
almost reaches zero at 4 mA cm−2 ; at this current density value the experimental voltammetric curve exhibits
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a limiting current plateau (Figure 2). The concentration of protonated ligand on the surface also decreases
owing to the electroreduction of these species with hydrogen evolution on the same level as water molecules.
Based on the shape of the curve and the rate of decrease in [HCit3− ] surface concentration, it can be concluded
that at high current densities, the concentration of protonated species decreases more slowly than in the current
density range of 0–1 mA cm−2 , so the discharge of water molecules makes a greater contribution to the hydrogen
evolution process. Because of the electroreduction of citrate complexes, the surface concentration of the free
ligand constantly increases with current density. The electroreduction of protonated ligand species and water
result in the fact that cathode surface pHs increases in the course of electrolysis. The dependence of pHs

on polarizing current density is shown in Figure 2. At current densities close to the density limit, a strong
alkalization of the cathode layer in comparison with the bulk electrolyte is observed for natural convection
conditions, but the rate of pHs change is already low.

To analyze the kinetics and mechanism of electroreduction of complexes, one must know not only surface
concentrations, but also the concentration distribution of the components over the diffusion layer thickness. The
result of this calculation is shown in Figures 3a and 3b. Under natural convection conditions, the concentration
of all electrolyte components varies linearly from the value in the bulk solution to the value on the surface in
Figure 3a.

Figure 3. (a) Distribution of the concentration of the components of a citrate electrolyte for tin plating and pH over
the diffusion layer thickness during electrolysis, (b) at two current densities: *– 1 mA cm−2 ; **– 3 mA cm−2 .

The pH charge profile is, on the contrary, nonlinear in nature and shows that the greatest charge in
acidity takes place in the first quarter of the diffusion layer as in Figure 3b.

Thus, for the first time we calculated the concentration of complex particles on the cathode surface and
in the near-electrode layer in a solution containing the unprotonated complex [SnCit]2− . The calculation shows
an increase in the pH of the cathode layer in the electrolysis process by more than 2.5 units, which indicates that
the composition of the particles in the solution volume and on the surface is significantly different, especially
for acid electrolytes as described in the literature. In such solutions, the discharge of hydrogen ions, protonated
citric acid ions, and protonated forms of tin citrate with evolution of hydrogen leads to strong alkalization
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and therefore to deprotonation of the tin electroactive complex, and when considering the mechanism of
electroreduction of a metal, this fact must be taken into account. That is, as obtained experimentally for
pH 4.6–5.6, voltammetric dependencies refer to unprotonated tin citrate.7 Calculation of the distribution of
complex particles in the diffusion layer and on the surface makes it possible to determine the composition of the
electroactive particle discharged at the electrode and shows the need to include the deprotonation stage in the
discharge mechanism as a precursor chemical stage. Therefore, we consider it necessary to clarify the discharge
mechanism for [HSnCit]3− indicated in the literature. The study of the kinetics of the cathodic reaction in a
solution containing only [SnCit]2− avoids the parallel discharge of other tin-containing particles, precludes the
possibility of the preceding chemical stage, and ensures that certain kinetic parameters belong to the category
of this complex.

2.3. Study of the kinetics of tin electroreduction

The electroreduction of a tin(II) citrate complex was studied by stationary and nonstationary voltammetry.
Since two parallel processes occur at the cathode, namely the formation of a metal and the evolution of H2 , in
order to determine the kinetic parameters and mechanism of tin electroreduction from citrate complexes it is
necessary to single out the partial dependence of each process. For this the current efficiency of tin deposited
and hydrogen evolved on the cathode from a citrate electrolyte at pH 8.0 and 25 °C has been determined. The
cathode current efficiency (CCE) was calculated according to Faraday’s law from the cathode weight gain:

CCE(Sn) =
m(g)

kSn(g/A · h) · I(A) · τ(h)
. (18)

The rest of the current is due to hydrogen reduction. The particular polarization curves of the parallel processes
of metal and hydrogen evolution were calculated from the dependence at each particular point:

ji = j∑ · fCCEi(j∑), (19)

where j i is the partial current of tin or hydrogen; f CCE (jΣ) is the current output function of the polarizing
current density.

The dependence of the current efficiency of tin on polarizing current density is shown in Figure 4a. As
seen from Figure 4a, the current efficiency of tin decreases only slightly with increasing current density, i.e. when
the current density increases to 5.0 mA cm−2 , the current efficiency of the desired metal decreases by only 6%.
The current efficiency of hydrogen increases in proportion to this. Using this information, the experimental
stationary polarization curve was divided into partial curves as shown in Figure 4b.

The experimental polarization curve exhibits an initial deceleration portion and then a rise to a limiting
current plateau, the vague shape of which and the further rise of the curve are both due to the hydrogen
evolution process.

The partial polarization curve of tin reduction coincides at the initial stage with the overall experimental
curve and then rises to a well-defined limiting current plateau. The partial curve for hydrogen rises smoothly
on potential shifts with more negative values by the exponential law in accordance with the equation of delayed
discharge.

Figure 5 shows the morphology of the surface of electrolytic tin deposited at a current density of 7.5 mA
cm−2 and a temperature of 20 °C, i.e. in the region of diffusion control of the process.
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Figure 4. Dependence of the CCE of tin and hydrogen on polarizing current density (a); division of the overall
voltammetric curve into partial curves and Tafel plot (b).

Figure 5. SEM image of the surface of the tin coating.

It can be seen that under such an electrolysis regime that a coating of spherulitic morphology with a
developed surface is formed, which is a prerequisite for the effective operation of tin coatings as the anodes of
Li-ion batteries.

To determine the kinetic parameters of the process of tin deposition from the citrate electrolyte, the
partial polarization curve for tin was represented with allowance for diffusion in the ∆E − lg(j × jd/(jd − j ))
coordinates. In that case, the slope was 40 mV, and the exchange current density was j0 = 3.35 × 10−9 mA
cm−2 , where jd is the density of the limiting diffusion current.

Analogous calculations for the anodic branch of the polarization curve give a Tafel slope value of 120
mV. Based on all said above, it can be concluded that the electroreduction of tin(II) citrate complex involves a
slow second-electron transfer step.14

To correctly describe the electroreduction mechanism of the complexes, information on the order of
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Figure 6. Dependence of exchange current on the citrate concentration in the electrolyte.

reactions is required. Figure 6 shows a plot of exchange currents of a cathode reaction against the citrate
concentration in the electrolyte. As seen from the figure, this plot is rectilinear in nature, and its slope is 0.5.

The overall electrode reaction in this case is of the following from:

[SnCit]2− + 2e ⇔ Sn+ Cit4−. (20)

At the values of the stoichiometric coefficient found from the overall electrode reaction (νSnCit = 1 , νCit = −1 ,
νSn = −1 , n = 2 , z = 2), and from the data presented in Figure 6, in accordance with Eq. (21), described in
a previous work,15 we obtain the order of electrochemical reaction for citrate ions, zCit = 0.

zCit =
∂ lg j0
∂ lgC + (1− α) νk · z

n
(21)

The results of chronovoltammetric studies are presented in Figure 7. The plot of peak current against
√
υ

(Figure 7a) is a straight line passing through the origin of coordinates, which makes it possible, in accordance
with Eq. (22) in a previous work,16 to calculate the diffusion coefficient of the ions being discharged.

jp = 3 · 105n (αnα)
1/2

AD1/2ν1/2C0 (22)

Thus, the experimentally determined diffusion coefficient of electroactive [SnCit]2− ions was D = 1.0 × 10−6

cm2 S−1 .
The potential shift yielding more negative values upon increase in scan rate and the linear dependence of

peak potential on the logarithm of potential scan rate indicate that an irreversible process occurs at the cathode
(Figure 7b).

Based on the values of the kinetic parameters and the nature of the rate-determining step, a tin(II) citrate
electroreduction mechanism can be proposed:

[SnCit]2− + e ⇔ [SnCit]3−, (23)
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Figure 7. Dependence of current (a) and peak potential (b) on potential scan rate.

[SnCit]3− + e → [SnCit]4−, (24)

[SnCit]4− → Sn0 + [Cit]4−s , (25)

where the [SnCit]2− species is actually electroactive. In a previous work7 it was suggested that [SnCit]2− can
be an electroactive complex along with [HSnCit]− , but on the basis of our calculations it was proved that the
unprotonated citrate complex is an electroactive particle that discharges to form a metal.

The dependences calculated in our work allow us to determine the range of the operating current densities
for obtaining dense fine-crystalline coatings (the kinetic control region is up to 4 mA cm−2 on the polarization
curve) and for obtaining larger crystalline coatings having pores and surface defects (the diffusion control region
is more than 6 mA cm−2 on the polarization curve), ideally suited for the lithium intercalation process when
anodes work in Li-ion batteries.

2.4. Conclusions
The kinetic parameters of the cathodic process and the reaction order for ligand ions have been determined by
stationary voltammetry and chronovoltammetry. Based on experimental data, a mechanism of electroreduction
of the electroactive complex [SnCit]2− , which involves a slow second-electron transfer step, has been proposed.

It has been shown that the current efficiency of tin in the proposed citrate electrolyte is 52%–57%. The
diffusion coefficient of the ion being discharged has been determined to be D = 1.0 × 10−6 cm2 s−1 .

The working current densities are determined, allowing for the deposition of functional tin coatings: fine-
crystalline up to 4 mA cm−2 for protection from corrosion and decorative finish and large-crystal above 6 mA
cm−2 for anode coatings of Li-ion batteries.
It is shown that an electrolyte containing an excess of a ligand makes it possible to completely bind metal
ions to a complex, and the stronger the complex, such as [SnCit]2− , the greater the initial deceleration on the
current-voltage curve and the more negative the potential for the beginning of the release of the metal. This
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makes it possible to bring together the potentials of electroreduction with, for example, copper to form an
electrolytic alloy.

3. Experimental

The research was carried out in solutions containing 0.1 mol L−1 SnSO4·5H2O and 0.5 mol L−1 Na3Cit,
while 0.5 mol L−1 Na2SO4 was used as the supporting electrolyte. Analytically pure salts were used to
prepare solutions. A platinum plate was used as the working electrode, whose surface was coated before each
experiment with a 10-µm copper layer from an acid sulfate electrolyte and then with a tin layer from the working
electrolyte in order to eliminate crystallization overpotential. The auxiliary electrode was a platinum wire, and
the reference electrode was a saturated silver-silver chloride electrode. All experiments were performed in a
thermostated cell at a temperature of 20 °C, which was controlled with an accuracy of ±0.1 °C. To take j-E
curves, a PI-50-1.1 potentiostat with PR-8 programmer and LKD4-003 X-Y recorder was used. The stationary
voltammetric curves were recorded under potentiodynamic conditions at a potential scan rate of 2 mV s−1 .
The chronovoltammetric investigations were carried out in a potential scan rate range of 5–100 mV s−1 .
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