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Abstract

Imitation gold electroplating of a citric acid system was studied using citric acid as the main complexing agent, copper sul-
phate and sodium stannate as the main salts and NaOH as the buffering agent in the electroplating solution. The effects of
different electroplating solutions on the microtopography, composition, phase structure and colour of the electroplated layer
were evaluated by SEM, EDS, XRD and photo analysis. Different electroplating solutions were analysed and compared by
electrochemical analysis, UV—-Vis, FTIR and NMR spectroscopy to analyse the mechanism of the electrochemical reaction.
The results showed that at pH 9.5, copper and tin ions exist in the form of Cu,Cit,H ,*~ and Sn(OH),>", respectively, in the
solution. The cathode had only a single deposition peak at — 1.3 V vs. HglHgO. Therefore, the above two complex ions can
be reduced and codeposited at the same voltage to form Cu, [Cu, Sn], CugSns, Cu,,Sn; and Cu,O; phases. A gold-coloured,
dense, low-Sn binary Cu—Sn alloy coating containing 13.72% Sn was finally obtained. These results provide a theoretical
basis for the electrodeposition of Cu—Sn alloys.
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1 Introduction

Cu-Sn plating will appear in silver-white, gold, copper
and black tones and is used for surface finishing of orna-
ments. Amongst them, the imitation gold plating Cu—Sn
alloy is mainly decorated in gold colour. Imitation gold
plating is the most widely used method in the industry for
electroplating copper—tin (Cu—Sn) alloys, and its cyanide
electroplating system was the earliest to be industrialised
[1]. The plating solution is stable and easy to maintain.
However, toxic cyanide can pollute the environment and
harm operators. As people’s environmental awareness
has gradually increased, electroplated Cu—Sn alloys have
gradually turned to a non-cyanide era. In recent years,
the non-cyanide electroplating system in the industry has
mainly included phosphate [2], gluconate [3], 1-hydrox-
yethylidene-1,1-diphosphonic acid [4], EDTA [5], sorbi-
tol [6, 7], the mesylate system [8] and the citrate system
[9]. The characteristics of each system are as follows: in
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a pyrophosphate solution [10] system, Meng et al. depos-
ited a Cu-Sn alloy coating from a pyrophosphate-based
electrolyte by electrodeposition methods of DC, PC and
PRC. The frequency and duty cycle remarkably affected
the hydrogen permeation behaviour during electrodepo-
sition, and the degree of hydrogen permeation increased
as the average deposition current density of the electro-
deposition process increased. In a gluconate solution sys-
tem, Survila et al. [3] explained the reaction mechanism
of the complexing agent and the metal ion and analysed
the mechanism and kinetics of the cathodic reaction pro-
cess by electrochemical testing of the plating solution.
Barbano et al. [5] studied the process conditions for an
EDTA system to achieve Cu—Sn codeposition under acidic
conditions. Electrochemical analysis and other methods
were used to compare the effects of different halogens on
the reduction of metal ions; Cu—Sn deposits with different
metal contents were obtained. Almeida et al. [11] studied
the electroplating alloy of a sorbitol system and found that
the colour of the coating was affected by changing the
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proportion of the main salt and the content of the complex-
ing agent. Volov et al. [12] studied the electrodeposition
of Cu-Sn alloy thin films in acidic copper sulphate and
tin sulphate electrolytes. The content of Sn in the Cu—Sn
coating was found to be a function of the applied current
density, rotational speed and Sn ion concentration.

The citric acid system is the most environmentally
friendly plating solution, and its cost is low. The plating
solution in the citric acid system is simple, stable and easy
to maintain. The drug is not toxic, and the process is simple
[13, 14]. Therefore, in imitation gold plating, the citric acid
system has broad application prospects [15, 16]. Heidari
et al. [17] found that Cu and Sn ions formed complexes with
citric acid at different pH values, and Cu—Sn alloy codeposi-
tion was achieved using boric acid and hexadecyltrimethyl-
ammonium bromide as additives. Gougaud et al. [18] com-
pared sodium citrate and tartaric acid as complexing agents
to electroplate low-tin copper—zinc—tin alloys in weakly
acidic systems. Meudre et al. [19] found that in acid Cu—Sn
electrolytes, the presence of gelatine affected the crystal size
and morphology of the Cu—Sn deposits. The codeposition of
Cu and Sn was facilitated by the closer deposition potentials
of Cu and Sn in the presence of gelatine on bare Pt with an
improved morphology, specifically exhibiting far less den-
dritic growth.

Until now, although many different cyanide-free plat-
ing systems and their improvement measures have been
reported, only the effects are explained. The mechanism of
action has not been elaborated, which restricts the further
development of imitation gold plating research. In this work,
the citric acid system was used to investigate the effects of
different electroplating solutions on the layer properties and
mechanism during the non-cyanide electroplating of Cu—Sn
alloy. The electrode reaction was studied by cyclic voltam-
metry (CV). The structure and surface morphology of the
alloy layers were characterised by XRD, EDS and SEM.
The properties of the electroplating solution were analysed
by UV—Vis and IR spectroscopy. Finally, the mechanism of
each substance in the electroplating solution was analysed.
The results not only provide guidance on the electroplating
of Cu-Sn alloy in citric acid system but also provide refer-
ence for other electroplating alloy systems.

2 Experiment
2.1 Reagents

The order in which the substances are dissolved in the
electroplating solution is important. 17.5 g of CqHgO,-H,O
(>99.5%, Tianjin Zhiyuan Chemical Reagent Co.) was dis-
solved in 60 mL of deionized water, and after stirring and
dissolution, the solution showed no colour. C;HgO,-H,0O

(17.5 g) was dissolved in 60 mL of deionized water, and
the solution was observed to be colourless after thorough
stirring. After CuSO,-5H,0 (0.15 mol, >99.0%, Tian-
jin Zhiyuan Chemical Reagent Co.) was added thereto
and stirred until it was completely dissolved, the solu-
tion exhibited a light blue colour. Further, 10 g of NaOH
(=96.0%, Tianjin Beichen Fangzheng Reagent Factory)
was added to the solution, and the blue colour gradually
deepened as the amount of the added NaOH increased.
After complete dissolution and cooling, 0.3 mL of H;PO,
(>85%, Tianjin Beichen Fangzheng Reagent Factory) was
added, and the mixture was thoroughly stirred to form blue
solution A. Then, 0.08 mol of Na,Sn0;:3H,0 (=98%,
Tianjin Guangfu Fine Chemical Research Institute) was
added in 15 mL of deionized water until it was completely
dissolved. H,0, ((0.06 mL, >30%, Tianjin Beichen Fang-
zheng Reagent Factory) was added to form colourless
solution B. Solution B was slowly added to Solution A
until the mixed solution became clear and transparent
blue. The solution was added to nearly 100 mL, and the
pH of the solution was adjusted to 9.5 with solid NaOH.
Finally, the volume was increased to 100 mL to form dark
blue electroplating solution BR. Electroplating solution
BR was mainly composed of 0.15 mol L™! CuSO,-5H,0,
0.08 mol L™! Na,Sn05-3H,0, 0.83 mol L™! C;H0,-H,0,
3.0 mL L' H;PO,, 0.6 mL L~! H,0, and 2.5 mol L™!
NaOH. Na,Sn0O;-3H,0 was hardly soluble in water but was
easily soluble in alkaline solution; thus, it should be added
to alkaline solution when dissolved. Solution BR was very
stable and did not precipitate when left for half a month.
However, after an extended time, a few precipitates formed
at the bottom of the solution, and the layer obtained by
electroplating exhibited a black colour. Water was purified
using a water purification system (PALL Cascada II I 30,
USA). All reagents were of analytical grade.

2.2 Electrochemical tests

Electrochemical tests were conducted using PARSTAT
PMCI1000 electrochemical workstation. A three-elec-
trode system composed of the reference electrode, which
is a HglHgO electrode, the working electrode (WE)
(=10 mm, area=78.5 mmz), which is made of 304
stainless steel, and the counter electrode (CE) (¢ =10 mm,
area=78.5 mm?), which is made of Cng 499. The mate-
rial of WE and CE are commonly used in the electrocoat-
ing experiments. All the electrodes were finely polished
and washed [20, 21]. To prevent fluctuation of the elec-
trode area during testing, except for the effective area of
the electrode, the rest was sealed by an insulating poly-
mer. The scanning speed of the cyclic voltammetry was
50 mV/s.
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2.3 Electroplating experiment

The electrolysis system consisted of an electrocoating
bath, a cathode plate, and an anode plate. The electro-
coating bath’s effective volume was 100 mL. The cathode
was made of 304 stainless steel plates with dimensions
30 mm x 70 mm X 1.0 mm and whose single-side effective
area was 12.0 cm?. The anode was made of Cng g9 With
dimensions 30 mm X 70 mm X 1.0 mm and whose single-side
effective area was 12.0 cm?. During the electrodeposition
process, the temperature was maintained at 293-303 K; and
the cathodic current density and electrolysis time were 0.4
A-dm~2 and 5 min, respectively. Intelligent constant direct-
current power (WJY-30 V/10 A) was used as the power
source for electrolysis.

2.4 Characterisation

A HITACHI SU8010, field emission environmental
SEM-EDS was used for surface investigation and feature
detection. Images and spectra were collected at 20 kV
accelerating voltage. The phase analysis of the coatings was
carried out by Bruker D2 Phaser X-ray diffraction instru-
ment (XRD) (Rigaku, Japan). Ultraviolet visible (UV—-Vis)
spectroscopy was recorded on a TU-1901 UV-Vis spec-
trophotometer (Beijing Persee, China). Fourier transform
infrared spectroscopy (FTIR) was recorded using a Magna
55011 FTIR spectrometer (Nicolet, USA). Nuclear magnetic
resonance (NMR) was recorded with an Avance 111 400 M
(Bruker, Germany). The macroscopic morphology of the
coatings was recorded by an optical camera (Canon A590
IS).

3 Results and discussion

3.1 Effects of electroplating solutions
on the electrochemical reaction of the electrode

The effects of electroplating solutions on the electrode inter-
face were analysed through the cyclic voltammetry (CV)
curves in Fig. 1. In Fig. 1a, the black line was obtained from
low to high potential in the forward scanning, and the peak
B(0.6 V vs. HglHgO) means the dissolution of anode materi-
als. The red line was acquired from high to low potential in
the reserve scanning, and the peak A (— 1.3 V vs. HglHgO)
represents the deposition of the cathode materials. Thus this
curve shows that peak A attributed to the codeposition of Cu
and Sn [22-26].

Figure 1b shows the influence of Na,SnO;-3H,0 con-
centration on electrochemistry. With the increasing con-
centration of Na,Sn0O;-3H,0, the potential of the cath-
ode deposition peak A was basically unchanged and only
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the peak height changed. When the concentration of
Na,Sn0;-3H,0 was 0.08 mol L~!, the deposition peak
B reached the maximum, indicating that the amount of
cathode deposition material reached the maximum at this
time. In this process, the potential of the dissolution peak
B changed, and the peak value changed. It showed that the
concentration of Na,Sn0;-3H,0 affected the dissolution
of anode material.

Figure 1c shows the influence of CuSO,-5H,0 con-
centration on electrochemistry. With the increase of
CuSO,-5H,0 concentration, the height of cathodic depo-
sition peak A at — 1.3 V vs HglHgO gradually increased. It
shows that the CuSO,-5H,0 concentration increased, and
the amount of cathode deposition material increased. The
dissolution peak B gradually decreased as the concentra-
tion of CuSO,-5H,0 increased, and the peak gradually
increased, indicating that the greater the concentration of
CuSO,-5H,0, the greater the dissolution rate of the anode
material.

Figure 1d shows the influence of the content of com-
plexing agent C4HgO,-H,O on electrochemistry. As the
content of C¢gHgO,-H,O increased from 0.69 to 1.30 moL
L~!, the potential of the cathode deposition peak A did
not change, but the peak value gradually increased. This
shows that the concentration of C4HgO,-H,O had no effect
on the deposition reaction. Whilst the dissolution peak B
potential increased, the peak value gradually increased.

Figure le shows the influence of H;PO, content on
electrochemistry. With the increase of H;PO, content, the
peak value of deposition peak A and the potential basically
did not change. The potential of the dissolution peak B
increased, and the peak first increased and then decreased.
This shows that the concentration of H;PO, does not affect
the cathode deposition reaction.

Figure 1f shows the effect of H,0, content on electro-
chemistry. Increasing the content of H,0O,, the cathodic
deposition peak A potential and peak value had no change.
The peak shape of peak B changed, indicating that the
increase of H,0, content had an effect on the dissolution
of anode material.

Figure 1g shows the influence of different pH values
on electrochemistry. As the pH increases, the potential
and peak value of the cathode deposition peak A changed.
When the pH reached 13, a new cathodic peak C appeared
at — 1.3 V vs HglHgO, which indicated that the pH affects
the electrochemical reaction. Combining the analysis of
Fig. 3f and Reference S1, it can be seen that Cu,O5 was
produced in the coating at this time. When the pH con-
tinued to increase, the dissolution peak B potential first
increased and then decreased. This shows that pH not only
affected the dissolution of anode material but also affected
the deposition of cathode material.
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Fig.2 Effects of the substances on the SEM and EDS results.
a, a, and ay [Na,Sn0;3H,0]=0 mol L~\. b, b, and by
[CuSO,-5H,0]=0 mol L%, ¢;, ¢, and ¢5: [C4H0,-H,0]1=0.69 mol

3.2 Effects of different electroplating solutions
on the microtopography of the coating

The effects of each component on the plated sheet were ana-
lysed taking SEM images at different multiples on the coat-
ings (Fig. 2). When the electroplating solution did not con-
tain Na,SnO5;-3H,0 as the main salt, the coating consisted
of particles of varying sizes from 0.2 to 0.5 um with an
uneven surface (Fig. 2a). When the electroplating solution
did not contain CuSO,-5H,0, nearly no substance appeared
on the surface of the coating (Fig. 2b). When the electro-
plating solution contained only 0.69 mol L™! C(Hz0,-H,0
as the complexing agent, the coating was flat, and the crys-
tal was dense, but the local coating had a hollow structure
(Fig. 2c). When the electroplating solution did not contain
H,;PO,, the coating crystallised unevenly and locally had a
small amount of particles and pore structure (Fig. 2d). When
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L' d,, d, and dy: [H;PO,]=0 mol L. e, e, and e5: [H,0,]=0 mol
L' f,, f, and f;: pH 6.35. g, g, and g; pH 9.5(BR). hy, h, and h; pH
13.0

the electroplating solution did not contain H,0O,, the surface
of the coating consisted of a large amount of particles with
sizes in the range of 0.5-0.8 um and it was not flat (Fig. 2e).
The coating particles at pH 6.35 were significantly larger
than those at pH of 9.5 (Fig. 2f and g). When the pH was 9.5,
the coating was dense, and no large particles were attached
to the surface. When the pH was 13, the surface of the coat-
ing consisted of 0.2-0.4 pm particles, and the crystalline
particles were mostly rough with a spherical shape (Fig. 2h).

EDS analysis revealed the effect of different electroplating
solutions on the composition of the coating. Table 1 shows
that the coating consisted mainly of Cu, Sn, Fe, C, O, Si, Cr,
Ni and Mn, and the Fe, C, O, Si, Cr, Ni and Mn were mainly
derived from the composition of the substrate. To study the
ratio of Cu and Sn in the coating, the values of Cu/(Cu+ Sn)
and Sn/(Cu+ Sn) (wt%) are summarised in Table 1. When
the electroplating solution did not contain Na,SnO5-3H,0,
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Table 1 Effects of substances Sample  Cu(Wt%)  Sn(wt%)  Others (Fe+C+O0+Si+ Cu/(Cu+Sn)(%)  Sn/(Cu+Sn) (%)
on the coating composition Cr+Ni+Mn) (wt%)
determined by EDS

a 83.67 0 16.33 100 0

b 0 0 100 0 0

c 72.03 10.78 17.2 86.98 13.02

d 73.2 11.01 15.8 86.93 13.07

e 76.25 11.87 11.89 86.53 13.47

f 76.39 10.65 12.95 87.76 12.24

g 77.05 12.25 10.71 86.28 13.72

h 78.67 2.58 18.74 96.82 3.18

The above a-h conditions are the same as that in Fig. 2

the elements of the substrate were negligible, and the coat-
ing was mainly composed of 100.0% Cu/(Cu+ Sn). This
finding was consistent with the purple-red colour shown in
Fig. S1. When the electroplating solution did not contain
CuSO,-5H,0, deposition of Cu or Sn in the coating was not
detected; hence, the coating exhibited a ground colour of
the stainless steel substrate. When the electroplating solu-
tion contained only 0.69 mol L~! C(Hz0,-H,O and did not
contain H;PO, or H,0,, and the Cu/Sn ratio in the coating
was approximately 87/13. Given that the electroplating solu-
tions of ¢, d and e shown in Table 1 contain 0.15 mol L™
CuS0,-5H,0 and 0.08 mol L™! Na,Sn05-3H,0, the coat-
ings contain Cu and Sn, and the Cu/Sn ratio was almost the
same. This conclusion was consistent with the photographs
of the three groups, C;HzO,-H,0, H;PO, and H,0,, in the
supporting literature of Fig. S1. Figure S1 shows that the
amount of C(HgO,-H,O, H;PO, and H,O, has little effect
on the composition of the coating; hence, the colour of the
coating did not change much. When the pH changed from
6.35 to 13 in Table 1f, g and h, the Cu/Sn ratio in the coating
changed very significantly. When the pH was 9.5, the con-
tents of Cu and Sn in the coating were 86.28% and 13.72%,
respectively. Under this condition, the content of Sn was
the highest, and the colour of the coating should be golden
yellow. This result was consistent with the golden yellow
colour shown in Fig. S1.

3.3 Effects of electroplating solutions on the phase
structure of the coatings

Figure 3 shows the XRD patterns of the coatings obtained by
using different concentration of substances in the electroplat-
ing solutions. The results were compared with the expected
patterns provided by the Joint Committee on Powder Dif-
fraction Standards (JCPDS), which revealed the presence of
Cu (JCPDS 04-0836), [Cu, Sn] (JCPDS 44-1477), CusSns
(JCPDS 45-1488), Cu,;,Sny; (JCPDS 26-0564), Cu,04
(JCPDS 49-1380) and other crystal structures [26—-29].

When the concentration of Na,Sn0O;-3H,0 was 0 mol
L~!, only the absorption peak of Cu was contained in the
coating (Fig. 3a). This was consistent with the results of
supporting literature in Fig.S1, so the plating colour was
purple-red. As the concentration increased, the coating
contained the crystal forms of Cu, [Cu, Sn], CusSns and
Cu,,Sn;. The coating was mainly Cu phase, and the 20 posi-
tions of the diffraction peaks were 43.297° (111), 50.433°
(200), 74.130° (220) and 89.937° (311). It contained the
[Cu, Sn] phase, and the 26 positions of the [Cu, Sn] diffrac-
tion peaks were 43.472°, 50.077° (002), 73.195° (022) and
94.378°. The 26 positions of the CugSn; diffraction peak was
42.972° (132), 44.782° (024), 48.243° (133) and 74.381°
(—733). The 20 values of the Cu,,Sn; diffraction peak was
42.738° (300), 44.209° (212), 49.902° (220), 64.526° (115),
74.539° (323) and 81.253° (421). As the concentration of
Na,Sn05-3H,0 increased, the position of the diffraction
peaks did not change, but the intensity changed. Therefore,
as the concentration of Na,SnO5-3H,0 increased, the con-
tent of each component in the coating changed. Hence, as the
concentration of Na,SnO;-3H,0 increased, a golden yellow
colour appeared in Fig. S1.

When the concentration of CuSO,-5H,0 was 0 mol L™,
nearly no coating was observed on the surface of the sub-
strate (Fig. 3b). The diffraction peak of the stainless steel
substrate only was composed of Fe, and its diffraction peak
was obviously weak, in which the result was consistent with
that of Fig.S1. When the concentration was between 0.075
and 0.35 mol L', the coating contained diffraction peaks,
such as Cu;Sn, Cu, [Cu, Sn] and Cu,,Sn;. The intensity of
the diffraction peak changed, but the position of the diffrac-
tion peak did not change. Therefore, as the concentration
of CuSO,-5H,0 increased, the content of each component
in the coating changed. Thus, the conclusions drawn from
Fig. 3a and b explained why the colours of the previous
photographs in Fig. S1 have changed.

The effects of the concentration changes of C;HsO,-H,0,
H;PO, and H,O, in the electroplating solution on the coating
are revealed in Fig. 3c—e, respectively. As the concentration
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Fig.3 Effects of the concentration of the substances in electroplating solutions on the XRD results. a Na,SnO;-3H,0, b CuSO,-5H,0, ¢
C¢HgO4-H,0, d H;PO,, e H,0O, and f pH. Note: The substances not mentioned are the same as that in the electrolyte BR

changed, the shape and position of the diffraction peaks
remained basically unchanged. Thus, the composition of
the electroplated coating did not change much. Figure 3c—e
shows Cu, [Cu, Sn] and Cu¢Sns phases. These conclusions
can explain the cause of the coating colour change in Fig.
S1. However, with the increase of the concentration of
H;PO,, the Cu,(Sn; diffraction peak appeared in the coat-
ing, and the peak became increasingly obvious, indicating
that the composition of the alloy changed.

The peak shape of the diffraction peak changed obvi-
ously with the change in the pH of the electroplating solu-
tion (Fig. 3f). When the pH increased from 6.35 to 7.5, the
diffraction peaks of Cu, [Cu, Sn] and CusSns obviously
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increased in the coating. When the pH of the solution
increased to 13, the Cu,O; peak appeared in the diffraction
peak of the coating, and the 26 positions of the diffrac-
tion peaks were 36.342° (004), 43.960° (220) and 75.513°
(422). Hence, the composition of the alloy had changed.
These conclusions were consistent with the blackened pho-
tographs of the coatings.

The above conclusions combined with the results of the
electrochemical analysis in 3.1 can be drawn: the main salt,
complexing agent, H;PO, and H,0, components and their
concentrations only change the composition content of the
coating alloy. Only the change of pH value affected the
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electrode reaction, thereby generating new components in
the coating.

3.4 Effects of electroplating solutions on UV-Vis
and FTIR

To investigate the complexation reaction mechanism of each
component in the experiment, UV-Vis and FTIR analyses
were performed on the electroplating solutions of different
components. First, the effect of each component in the elec-
troplating solution on the UV-Vis spectra was studied. As
seen from Fig. 4a and c, the absorption peak for the elec-
troplating solution was at 194 nm when the solution did
not contain any main salt. When the electroplating solution
did not contain CuSO,-5H,0, the absorption peak was at
199 nm. When the solution did not contain Na,SnO;-3H,0,
the absorption peak was at 192 nm. Solution BR had an
absorption peak at 196 nm when it contained the above two
main salts. Therefore, Na,SnO;-3H,0 and CuSO,-5H,0
in the electroplating solution resulted in a redshift and a
blueshift, respectively, in the ultraviolet absorption peak.
In addition, as seen by comparing the results at different

= (1): BR without main salt
a 12k — = (2): BRwithout CuSO,«=5H,0
- - - - (3): BR without NaSnO,=3H,0|
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W

solution pH values of 6.35, 9.5 and 13.0, the absorption peak
redshifted with an increase in pH, and the redshift was the
most obvious when the pH reached 13.

Second, the effects of the concentration of each compo-
nent in the electroplating solution on the absorption peak
are analysed in Fig. 4b and d. Maximum concentrations of
CuSO,-5H,0, Na,Sn05-3H,0, C(Hz0,-H,0, H;PO, and
H,0, were added to plating solution BR. With the increase
in the concentrations of CuSO,-5H,0 and Na,Sn0O5-3H,0,
the absorption peak was blueshifted. No influence was
observed on the absorption peak when the concentration of
the complexing agent C;HgO,-H,0O was increased. When
the concentrations of H;PO, and H,0O, were increased, the
absorption peaks were all blueshifted to 195 nm with little
effect. In summary, the analysis shows that the UV absorp-
tion peak was affected mainly by the concentration of the
main salts and the pH.

According to the literature [30], the weak peak at
800 cm™! was caused by the in-plane bending vibration of
PO,*" (Fig. 5a). The peak at 850 cm™! was caused by the
deformation vibration of the C—H in the methylene group,
and the weak peak at 960 cm™! was caused by the symmetric

12
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Fig.4 Effects of electroplating solutions on UV-Vis. a and b UV of the electrolytes, ¢ and d wavelength shift of peaks for a and b, respectively.
b Effect of the concentration of each substance in the BR on the absorption peak when it is maximised
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Fig.5 Effects of electroplating solutions on FTIR. a FTIR of the
electrolyte with different main salts, and b FTIR at the maximum
concentration of each component in the BR. Their components are:

stretching vibration of PO,>~. When the content of H;PO,
was maximised, the peak intensity at 960 cm™! was signifi-
cantly increased (Fig. 5b). The absorption peak at 1150 cm™"
was caused by the stretching vibration of the C—O bond of
the carbon chain in citric acid and the —OH moiety of the
tertiary alcohol. When the composition of the solution was
different, the intensity of the absorption peak at this point
was different. The absorption peak at 1150 cm™! for the
sample without CuSO,-5H,0 was weaker than the peak for
the sample without any main salt, and the absorption peak
at 1150 cm™! for the sample without Na,SnO;-3H,0 was
stronger than the peak for the sample without any main salt.
The absorption peak in the spectrum of the BR solution at
this point was weaker than the peak for the sample without
any main salt. These findings indicate that citric acid is an
excellent complexing agent for Cu’>* and that the compl-
exation reaction differs when the solution components are
different.

The intensity of the absorption peak at 1150 cm™! was
decreased at pH values of 6.35, 9.5 and 13.0, indicating that
the alkaline strength of the solution was enhanced, hydroly-
sis of citric acid in the solution was promoted and the compl-
exation was different. Figure 5b shows the infrared spectrum
of the BR solution and the maximum content of each compo-
nent. Compared with the BR solution, when the concentra-
tions of CuSO,-5H,0 and Na,SnO;-3H,0 reached a maxi-
mum, the intensity of the absorption peak at 1150 cm™! was
enhanced. When the concentration of CuSO,-5H,0 was the
largest, the absorption peak intensity at 1150 cm™! reached a
maximum, indicating that the concentration of the main salt
had an effect on the complexation reaction. When the con-
centrations of C{H304-H,0O and H,0O, reached a maximum,
the intensity of the absorption peak at 1150 cm™! hardly
changed. This result indicates that the concentrations of

@ Springer
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BR; BR with 0.20 M CuSO,-5H,0; BR with 0.22 M NaSnO;-3H,0;
BR with 0.47 M C,H,0,-H,0; BR with 44.3 mL/L H,PO,; BR with
3.0 mL/L H,0,

C¢H30,-H,0 and H,0, had little effect on the complexation
reaction, whilst the increase in the concentration of H;PO,
had a great influence.

The peak at 1250 cm™' was attributed to the stretching
vibration of C—C in citric acid. In Fig. 5b, when the content
of CcHgO,-H,0 reached a maximum, the peak intensity at
this point was also the strongest [31]. The peak at 1375 cm™!
was caused by the symmetric stretching vibration of the C-O
bond in COO~. The peak at 1610 cm™~! was caused by the
asymmetric stretching vibration of the C—O bond of the car-
boxylate ion COO™. The absorption peaks at these two sites
were only slightly affected by the composition and content
of the electroplating solution.

3.5 Effects of electroplating solutions on NMR

To investigate the effects of electroplating solutions on the
NMR results, the electroplating solution was prepared by
replacing the deionised water with a deuterated reagent,
and the H spectrum of the nuclear magnetic resonance was
tested, as shown in Fig. 6. The chemical shift of the test
absorption peaks is summarised in Table 2. According to the
literature, peak #1 at a chemical shift of 4.72 ppm was the
absorption peak of the deuterated reagent [32, 33].

Figure 6a shows the H spectrum of 0.83 mol L~
C¢HgO,-H,O dissolved in the deuterated reagent. At pH
9.5, four chemical environments in C{HgO, were observed:
H in crystal water H,O, H in the HOOC- group, H in the
HO-C- group and H in the —-CH,— group. Amongst them,
the H in crystal water H,O, the HOOC- group and the
HO-C- group were replaced with D from D,O; hence,
almost no peak was observed, and the spectrum mainly
consisted of an absorption peak at 4.72 ppm. Theoretically,
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Fig.6 Effects of electroplating solutions on NMR. a 0.83 mol L™! C¢Hz0,-H,0, pH 9.5; b (a)+0.15 mol L™! CuSO,-5H,0; ¢ (a)+0.08 mol L~!
Na,Sn0;-3H,0; d (c)+0.15 mol L~! CuSO,-5H,0; e (d)+ 3.0 mol L™ HyPO,; f () + 0.6 mol L~! H,0,

Table 2 Effects of electroplating solutions on NMR results

Order Sample composition chemical shift (ppm)
Peak1* Peak2*

a C¢H30,-H,0+NaOH 4.72 2.59,2.55,2.42,2.38
b C¢HgO;-H,0 +NaOH + CuSO,-5H,0 4.72 2.70, 2.50

c C¢H30,-H,0 +NaOH + Na,SnO;-3H,0 4.72 2.60, 2.56,2.43,2.39
d C¢H30,-H,0 +NaOH + CuSO,-5H,0 +Na,Sn05-3H,0 4.72 2.59,2.55,2.42,2.38
e C¢HgO4-H,0 +NaOH + CuSO,-5H,0 + Na,Sn0;-3H,0 + H;PO,, 4.72 2.59,2.55,2.42,2.38
f C¢H30,-H,0 +NaOH + CuSO,-5H,0 +Na,Sn0O;-3H,0 + H;PO, + H,0, 4.72 2.58,2.55,2.41,2.37

The above a—h conditions are the same as that in Fig. 6

two —CH,— groups should contribute to one peak. How-
ever, given that the magnetic environments were not
equivalent, the two chemical shifts for the H atoms on
one C were different, and thus, two peaks appeared. At
the same time, the two peaks were each divided again into
two peaks due to the influence of another H on a different
carbon. This explains the appearance of an ABAB peak,
corresponding to the absorption peak #2 with chemical
shifts of 2.59, 2.55, 2.42 and 2.38 ppm [34]. Figure 6b
is obtained by adding 0.15 mol L~! CuSO,-5H,0 to the
solution presented in Fig. 6a. The complexation of Cu
and C¢HgO; in the solution caused —CH,— to not rotate
freely, and the absorption peak became broad and less
intense. The slower the frequency of the molecule itself,
the blunter is the peak. Figure 6¢ is obtained by add-
ing 0.08 mol L~! Na,Sn05-3H,0 to the solution used

in Fig. 6a. The complexation of Sn and C4HzO- hardly
occurred. Figure 6d is obtained by adding 0.15 mol L™!
CuS0O,-5H,0 to the solution used in Fig. 6¢. The absorp-
tion peak was significantly broadened, and the complexa-
tion of copper ions with CqHgO, was further confirmed.
At the same time, compared with Fig. 6b, after adding
Na,Sn0;-3H,0 into the electroplating solution of Fig. 6b,
sodium stannate reduced the degree of complexation of Cu
ions and citric acid, causing the citric acid to dissociate to
some extent. Therefore, some of the —-CH,— can be freely
rotated to increase the intensity of the absorption peak.
Figure 6e is obtained by adding 3.0 mol L™' H;PO, to the
solution used in Fig. 6d. Figure 6f is obtained by adding
0.6 mL L™! H,0, to the solution used in Fig. 6e. As shown
in Table 2, the chemical shifts and peak shapes of peak #2
in Fig. 6e and f hardly changed.
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3.6 Reaction mechanism of electroplating

When the pH of the electroplating solutions is greater than
7.5, citric acid (abbreviated as H;Cit) is mainly present in
the form of Cit>~. When the pH of the solution was greater
than 8, the complex ions obtained by the copper ions and
citric acid were mainly in the form of Cu,Cit,H ,*", and the
cathodic electrochemical reactions of copper ions and their
complex ions in this system were as follows: [13, 35-39]

Cu,CityH'; + 2™ — Cu,Ci,H'; M

Cu,Cit,H’;

Do T 267 + 2H,0 — 2Cu + 2Cit*~ + 20H

(@)

Amongst them, the reaction rate constant of the reaction
(2) was 1.55x107'® mol-m~2 s~! [35]. When the pH of the
plating solution was greater than 8.0, the complex ions were
mainly present in the form of Sn0,%~. SnO;>~ is hydrolysed
in the strong base to form Sn(OH),>~, and the cathodic elec-
trochemical reactions of the complex ions were as follows:

SnO%™ + 3H,0 < Sn(OH)}” < Sn(OH), + 20H™ (3)

Sn(OH)z_ + 2¢” — HSnO; + 30H™ + H,0 4)
HSnO; + H,0 + 2¢™ — Sn+ 30H™ (5)
Sn(OH);™ +4e™ - Sn+ 60H™ (6)

According to the analysis of the above complex deposi-
tion mechanism, when the pH of the electroplating solu-
tion was 9.5, the copper ions and citric acid formed a
complex, and the complex ions were mainly in the form of
Cu,Cit,H ,*~. Sodium stannate and NaOH complexed in the
form of Sn(OH)éz_. This conclusion was consistent with the
previous NMR results.

The content of H;PO, or H,O, had an effect on the dis-
solution of anode material by the result of electrochemical
analysis, and H;PO, or H,O, will affect the uniformity and
particle size of the coating by SEM results.

4 Conclusion

This experiment explored the process of electroplating
Cu—Sn alloy in a citric acid system. The composition of
the electroplating solution was 0.15 mol L™' CuSO,-5H,0,
0.08 mol L™ Na,Sn05-3H,0, 0.83 mol L™! C¢HzO,-H,0
and 3.0 mol L™! Hy;PO, at pH 9.5. The process conditions
were as follows: the temperature was set to 293-303 K, the
cathode current density was 0.4 A/dm? and the plating time

@ Springer

was 5 min. The electroplated layer obtained by the BR elec-
troplating solution was a golden yellow Cu—Sn alloy, which
was composed of 86.28% Cu and 13.72% Sn. The layer was
dense and had no large particles attached to the surface. The
binary alloy layer consisted of Cu, [Cu, Sn], CusSns and
Cu,(,Sn; phases. At the same time, the cathode material only
had a deposition peak at— 1.3 V vs. HglHgO. At pH 9.5, the
copper ions and citric acid formed a complex, and the com-
plex ions were mainly in the form of Cu,Cit,H ,*~. Sodium
stannate and NaOH complexed in the form of Sn(OH)()Z_.
Therefore, the formed chelate can be reduced together to
deposit Cu and Cu-Sn alloy at the same voltage. The main
salt, complexing agent, H;PO, and H,0, and their amounts
in the plating bath had no effect on the electrode reaction,
and the pH had a great influence on the plating layer.
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