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A novel cyanide-free electrolyte was used in electrodepositing Au/Co—-Au nano-multilayers. Firstly, an
optimised electrolyte for Au—Co alloy electrodeposition was obtained from orthogonal experiments. The
effect of current density and potential values on the deposited composition was investigated. Results
showed that low current density and over-potential value promoted Au deposition. A large current
density and high over-potential value resulted in high cobalt concentration. The co-deposition of gold

and cobalt in this study system was canonical. When the electrode potential was positive (—0.6 V, —0.7 V
Received 7th January 2022 . . .
Accepted 6th March 2022 vs. saturated calomel electrode (SCE)), only gold was deposited; when the potential was negative (—0.8 V
vs. SCE), gold and cobalt were co-deposited. Using an optimised cyanide-free electrolyte produced Au/

DOI: 10.1039/d2ra001049 94.07 at% Co—Au multi-layers with a gold layer of approximately 20 nm and a 94.07 at% Co-Au alloy
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Introduction

Au-Co alloy (so called hard gold) electroplating is widely used in
printed circuit board (PCB) manufacturing, due to its good
contact resistance performance, high hardness and chemical
stability. The traditional application of Au-Co alloy is based on
the physical and chemical properties of gold. Cobalt is used as
a strengthening phase."” The performance of gold cobalt alloy
coating is adjustable with the increase in cobalt content, which
breaks the traditional idea of uniform coating based on gold.*”
It makes the structure and function of the coating develop to
diversification.*® Development of new structure and functional
coatings has become a new focus of Au-Co alloy research.'>"*
German physicist Peter Griinberg and French physicist Albert
Fert observed giant magnetoresistance,'” in iron/chromium/
iron and iron/chromium multi-layer films in 1988. E. Vélu
et al. measured a GMR of 3% at 4.2 K for Co/Au sandwiches,
fabricated by ultrahigh vacuum evaporation.'® An Au/Co gran-
ular structure with GMR of 2.4% at 10 K, fabricated by a melt-
spinning technique was reported.'® Valizadeh et al.***¢ fabri-
cated Au/Co multi-layer films by electrodeposition in cyanide-
containing electrolyte. In electrodeposition, cobalt-rich
deposits were deposited at —1.1 mV (vs. Ag/AgCl) potential,

“College of Mechanical and Electrical Engineering, Guangdong University of
Petrochemical Technology, Maoming, 525000, People's Republic of China. E-mail:
YYuan865@hit.edu.cn; lininghit@263.net

*School of Chemistry and Chemical Engineering, Harbin Institute of Technology,
Harbin 150001, People's Republic of China

T Electronic  supplementary
10.1039/d2ra00104g

information  (ESI) available. See DOL

© 2022 The Author(s). Published by the Royal Society of Chemistry

layer of approximately 90 nm in the 5,5-dimethylhydantoin-containing, cyanide-free system.

whereas gold-rich deposits were deposited at —0.049 mV (vs. Ag/
AgCl) potential. Au-0.1 wt% Co alloy and Au-97 wt% Co alloy
multi-layers were obtained. Then, a 12 nm cobalt-rich layer and
a 4 nm pure gold layer were electrodeposited on the poly-
carbonate film with the designed bath to obtain Au/Co multi-
layer nanowires.

Au-Co alloys and Au/Co multi-layers have been fabricated
from sulphur-containing cyanide-free electrolyte’”'® Results
showed that a low citric acid concentration (0.47 M) at pH 6.15
is favourable for multi-layered Au/Co deposits with disparate
compositions in each layer. An increase in citric acid concen-
tration or pH requires a large applied current density to achieve
the same cobalt concentration, resulting in a decrease in
current efficiency. When the current density is 1 mA cm™>, the
gold content of the coating reaches 99.5 wt%. When the current
density exceeds 100 mA cm ™, cobalt-rich coatings with cobalt
contents higher than 98.7 wt% can be obtained. In the study,
with the change in coating thickness, the change in magnetic
field on the resistance of the multi-layer structure is different to
some extent, and the resistance reduction measured on the
3 nm gold and 5 nm cobalt-rich overlapping coating prepared in
this study reaches 13%.

At present, studies on the preparation of Au/Co multi-layers
coatings mainly focus on cyanide and sulphite systems.'*>!
However, sulphur-containing electrolytes are unsatisfactory
because of the following reactions:*

3Aut — 2Au(s) + Au*t )

SO;*~ + H,O — SO, (g) + 20H™ )
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Sulphite-containing electrolytes contain particles at the
interface, which lead to the black plate phenomenon. Hydan-
toin as a new metal iron complexing, with good solubility and
stability in aqueous solutions has received a number of atten-
tions in gold electrodepositing. Among a series of hydantoin
derivatives, 5,5-dimethylhydantoin (DMH) was selected as
a complexing agent for the cyanide-free gold electroplating
electrolyte. H NMR spectra of the gold electroplating electro-
lytes were employed to reveal that strong coordination bonding
of DMH to Au(m) was present, and that [Au(DMH),] was the
quantitative complexation structure.***° In this work, a novel
cyanide-free electrolyte for Au/Co-Au nano-multilayer electro-
deposition was reported. The structure of Au/Co multi-layer
coatings was characterised, which provided an experimental
basis for the application of the non-cyanide plating solution
system in preparing Au-Co overlapped coatings in the signal
bath. The novel electrolyte would have an extensive application
in manufacturing Au/Co-Au nano-multilayer cyanide-free
electroplating.

Experimental

Before the preparation and characterisation of Au/Co over-
lapping coating, orthogonal experiments were carried out on
DMH system gold-plated cobalt alloy, as shown in ESI, PART
1. The optimal combination of factors of the best plating
solution and overall performance of the coating was obtained as
follows: DMH 18 g L', NaAuCl,-2H,0 2 g L™, CoSO,-7H,0
0.5 g L™, C¢HgO,-H,0 (citric acid) 20 ¢ L™, pH 9. To improve
coating quality, the total molar amount of gold/cobalt was
unchanged, that is, Au + Co = 6.15 x 10~* mol L™". The Au/Co
ratio was set to 4/1, 1/4, 1/9, 1/14 and 1/50 for plating solution
preparation.

Au-Co films were prepared by constant current method and
constant potential. The electrodepositing current densities and
constant potential used in Au/Co-Au nano-multilayer electro-
lytes ranged from 0.10 A dm > to 3.00 A dm > and —0.6 V to
—1.3 Vvs. saturated calomel electrode (SCE) 25 + 2 °C, and the
plating time was 100 s.

A step was taken to improve the ratio of gold and cobalt in
the bath and achieve a wide range of composition-adjustable
electrodeposition. The stability of pH 9 plating solution
decreases with increasing cobalt ion concentration. With the
electrode's stability taken into consideration, the plating solu-
tion mediated by Co-bath components of Au-Co alloy is
generally acidic. The design and electrodeposition of the elec-
troplating electrolyte with Au/Co of 1/50 were carried out at pH
4.6.

All electrochemical measurements were performed using
a three-electrode electrochemical cell on a CHI760D electro-
chemical workstation. An SCE and a titanium electrode covered
by iridium oxide (the electrode work area was 2 x 2 cm?) were
used as reference and counter electrodes, respectively. A copper
electrode with a work size of 2 x 2 ecm® was used as work
cathode, where gold films are deposited. Polarisation curves
from —0.2 V to —1.5 V were carried out with a sweep rate of
100 mV s~ . All electrochemical measurements were performed
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Fig. 1 Schematic of electrode placement in special electroplating
groove.

at room temperature, and all potentials presented in the article
were versus SCE. The experimental condition and data are
shown in Fig. 1.

Scanning electron microscopy (SEM) and a scanner were
used to analyse the micromorphology and macromorphology of
Au/Co multi-layer, respectively. The element contents of the
gold layer were determined by energy dispersive spectrometry.
X-Ray Diffraction (XRD) analysis was carried out on a D/max-3C
X-ray diffractometer at a scanning rate of 0.02° s~ ' with Cu Ka.
radiation. The elemental analysis of the electrodeposit was
performed to analyze the purity of the deposit by X-ray photo-
electron spectroscopy (XPS) on a PHI 5700 ESCA System, with an
excitation source of Al Ko radiation (photoelectron energy of
1486.6 eV) and hemispherical precision electron energy
analyzer.

Result and discussion
Galvanostatic deposition

The components of Au-Co alloy deposits obtained under
different components and current densities are summarised in
Table S3.1 Table S31 shows that the Au-Co alloy deposits ob-
tained by short-time electrodeposition under small current
density basically did not contain cobalt. With the increase in
electrodeposition current density, the cobalt content in the
deposited gold cobalt alloy increased. At the same time, the
decrease in Au/Co in the plating solution also increased the
cobalt content in the deposited gold cobalt alloy. At low current
density, the decrease in Au/Co ratio in the plating solution
cannot significantly change the phenomenon of cobalt free in
the deposit.

This phenomenon shows that the polarisation of the elec-
trode surface is limited when plating at a small current density,
which is insufficient to make cobalt discharge deposition on the
electric surface. When the current density was slightly higher,
the polarisation of the electrode surface was sufficient to stim-
ulate cobalt deposition. The decrease in Au/Co ratio in the
plating solution can provide more cobalt ions on the electrode
surface and increase cobalt content in the alloy deposits. At the
same time, the current density was 1.0 A dm™2, and the cobalt
content in deposit can reach 50 at% by adjusting Au/Co ratio in
the electrolyte.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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A single solution electrodeposition of 50 at% was significant.
However, the modulation electrodeposition of cobalt content
cannot meet the needs of the design and preparation of multi-
layers. Therefore, on the basis of current density designed
above, large current densities were used in the experiment,
namely, 2.0 and 3.0 A dm >,

With the increase in cobalt content in the electrolyte and the
current density, the cobalt content in alloy deposits increased.
Then, the cobalt content levels peaked at 74.80 at% in multiple
experiments. For 74.80 at% cobalt content coating, the current
density reached 3.0 A dm 2. At this time, hydrogen evolution
appeared in the plating solution during intense plating. In
addition, obvious scorched coating was found on the surface.

Thus, improving the cobalt content in the coating further by
increasing the current density is no longer practical. High
current is no longer used to promote cobalt deposition but to
aggravate extra hydrogen evolution reaction.

Potentiostatic deposition

Potentiostatic deposition was adopted to control the cobalt
content in the coating in a wide range. On the basis of the above
experimental data of adjustable deposits by controlling current
density, the deposited alloy components changed quickly, and
the Co content was difficult to control.””*® Before the electro-
deposition experiment, the electrodeposition of the prepared
electrolyte was analysed. The cathodic polarisation curve of
electrodeposition is shown in Fig. 2.

As shown in Fig. 2, no discharge deposition of gold and
cobalt occurred in the OA section of the polarisation curve.
When the potential scanning was negative to point A, the gold
started to discharge and deposition, and the discharge rate of
AB gradually accelerated with the potential shifting negative.

The BC section of cathodic polarisation curve decreased
instead of increasing, indicating that the electrodeposition of
gold changed from electrochemical control to mass transfer
control. In the CD section, the deposition current increased
again, indicating that cobalt started to discharge on the elec-
trode surface. In the DE section, the rising trend of the current
slowed down, indicating that the discharge deposition of cobalt
gradually changed from electrochemical control to diffusion
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Fig. 2 Cathodic polarisation curve in Au/Co = 1/50 electrolyte.
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mass transfer control. In the EF section, the current increased
again because a new electrochemical reaction occurred to
provide a new current increase, corresponding to the occur-
rence of hydrogen evolution reaction.

On the basis of the above analysis, the co-deposition of gold
and cobalt in this study system was canonical. That is, only gold
deposition occurred at a relatively positive electrode potential,
and cobalt discharge deposition occurred when the electrode
potential moved negatively enough to stimulate cobalt deposi-
tion. This type of deposition is similar to the type of Au-Co
deposition reported in cyanide and sulphite systems.'>'” On the
basis of the analysis of cathodic polarisation curve, the Au/Co
ratio in the coating can be controlled effectively by controlling
the deposition potential, and the composition-adjustable elec-
trodeposition can be realised finally.

On the basis of the discharge difference in Au/Co at different
deposition potentials in the polarisation curve, the electrode-
position experiment of Au-Co alloy was carried out at —0.6,
—-0.7,—0.8, —0.85, —0.9, —0.95, —1.0, —1.1, —1.2, —1.3 Vvs. SCE
potentials. The component test results of each sample obtained
after implementation are shown in Table S4.1

As shown in Table S4,f the cobalt content in the deposited
alloy gradually increased with the negative shift of deposition
potential, which is the same as the deposition rule of the
existing Au/Co system. Pure gold and the highest cobalt content
of 94.07 at% were obtained during electrodeposition in the
same electrolyte. At this time, the gold content in the coating
was very small and basically met the needs of preparing Au/Co
multi-layers.

At low polarisation values of —0.6 and —0.7 V vs. SCE, the
deposit contained only gold and no cobalt. This result indicates
that the deposits contain small cobalt content when the elec-
trodeposition current of gold corresponds to the deposition at
low over-potential, which is the same as the previous conclusion
of deposits obtained by controlling deposition with different
current densities. Thus, controlled potential deposition and
controlled current deposition have the same effect on alloy
deposition. In addition, a deposition at —1.3 V vs. SCE was
applied to obtain a coating with a cobalt content of approxi-
mately 94.07 at%. Compared with the cathode polarisation
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Fig. 3 Relationship between electrodepositing potential and cobalt
concentration.
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curve, the electrode potential shifted negative, and the electrode
surface showed significant hydrogen evolution, which is
unsuitable for experiments under a negative electrode potential.
The relationship between electrodeposition potential and
deposits’ components is shown in Fig. 3.

As shown in Fig. 3, when the potential was —0.6 and —0.7 V
vs. SCE, no cobalt was found in the deposits, which corre-
sponded well with the cobalt deposition beginning at —0.8 V as
reflected in the polarisation curve. When the deposition
potential was more negative than —0.8 V, the cobalt content in
deposits increased rapidly. When the deposition potential
reached —1 V, the increase rate of cobalt content in the deposits
decreased obviously. This result indicates that a positive elec-
trode potential is conducive to obtaining low-cobalt and high-
gold deposits, whereas a negative electrode potential is condu-
cive to obtaining low-cobalt and high-cobalt deposits, which
agrees with the results obtained by the aforementioned current-
controlled deposition.

In this study, the electrodeposition of Au-Co alloy from pure
gold to a cobalt content of 94.07 at% in a single system was
realised by adjusting the metal ion ratio (Au**/Co®") in the
electrolyte and the electrodeposition conditions in the plating
solution as follows: DMH 18 g L', NaAuCl,-2H,0 + CoSO,-
-7H,0 = 6.15 x 107> mol L™, Au**/Co*" = 1/50, C¢HgO,-H,0
(citric acid) 20 g L™, pH 4.6. In addition, the potential-
controlled deposition can be more intuitively regulated by the
reaction that can occur at the deposition potential exerted by
the reaction deposition with the polarisation curve. Therefore,
achieving the composition-adjustable electrodeposition of Au-
Co alloy in this study system by adjusting the deposition
potential is favourable.

Au/Co nano-multilayer electrodeposition

The above study shows that the adjustable electrodeposition of
alloy components can be realised by controlling the metal ion
ratio and electrodeposition potential in the plating solution.
Basing from the experimental results and the analysis of the
rule of electrodeposition of Au-Co alloy, this study designed the
step potential deposition as shown in Fig. 4 to prepare Au/Co-
Au nano-multilayers. The response current during electrode-
position is also described in the Fig. 4.
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Fig. 4 Multi-potential and in situ current for Au/Co multi-layer
electrodeposition.
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Fig. 5 SEM images of cross-section of Au/Co-rich multi-layers; (a)
second electron image; (b) back scattered electron image.

The solid black line in Fig. 4 is the potential signal, pure gold
deposited at —0.7 V vs. SCE, and high cobalt alloy deposited at
—1.3 Vvs. SCE. The dashed black line is the current transition
curve obtained during electrodepositing. The current and
potential curves show that a more negative electrode potential
(—1.3 V vs. SCE) corresponds to a higher deposition current
while a more positive deposition potential (—0.7 V vs. SCE)
corresponds to a lower deposition current, which is consistent
with the law reflected in Fig. 3. A short deposition time of 100 s
was set under negative potential (—1.3 V vs. SCE) and a long
deposition time of 1000 s was set under positive potential
(—0.7 V vs. SCE) to narrow the difference of coating thickness
between high and low potentials.

The potential-step electrodeposition method was used to
obtain Au/Co-rich-Au multi-layers, which lays a foundation for
the application of the cyanogen free electro-deposition system
in magnetoresistance coating. The section structure of the
above multi-layers prepared by step potential electrodeposition
is shown in Fig. 5.

An obvious layered structure is shown in Fig. 5a, but the
thickness of the two coatings is different. Thus, the boundary
and thickness of the coatings are difficult to distinguish. The
images collected using the backscattered electron phase
formation mode are shown in Fig. 5b. Backscattering electron
imaging is sensitive to the relative atomic weight of elements,
and two layers with different colour depths can be observed in
the coating. The darker layer is gold layer, whereas the lighter
and thicker layer is low gold and high cobalt layer.

The thickness of the overlapped coating structure was
measured by SEM. The thickness of the overlapped coating
prepared by experimental study was approximately 20 nm in the
gold layer, and the thickness of the low gold and high cobalt
coating was approximately 90 nm. In addition, the deposition
velocity of the electrode with negative potential was much
higher than that of the electrode with positive potential. A good
matching relationship was observed between the deposition
current with a higher negative electrode potential and the
deposition current with a low positive electrode potential as
shown in Fig. 3. The cross-sectional morphology confirmed that
the multi-layer structure of Au/Co alloy coatings with different
compositions was obtained. The EDS mapping also reflects
multi-layer structure in gold mapping, as shown in Fig. S3.F

XRD patterns of Au-Co electrodeposits obtained in orthog-
onal experiments are shown in ESI, PART 2 and Fig. S4.F
Diffraction peaks can be seen at 26 = 38.2°, 43.3°, 44.4°, 74.1°,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XPS spectra at the surface of Au—Co alloy with 94.07 at%
cobalt; (a) C, (b) Au, (c) Co.

89.9°. Take the non-equilibrium process of electrodepositing
into consideration, the diffraction peaks correspond to Au(1 1
1), Cu(1 1 1), Au(2 0 0), Cu(2 2 0), Cu(3 1 1), (Au-JCPDS: 04-0784;
Cu-JCPDS: 04-0836), respectively. However, the diffraction
peaks of cobalt are invisible.

XPS analysis was employed to verify the products generated
during the deposition as shown in Fig. 6. The binding energy of
the Au 4f;,, peak at 83.8 eV was used as an internal standard of
the XPS survey scan for the electrodeposit, as the C 1s internal
standard might be influenced by other contaminants absorbed
on the film surface. As shown in Fig. 6, obvious signals for Au, C,
CoO,, CoCl, and complexed Co are observed on the original
deposits’ surface. Signals for CoO, was generated by the
oxidation of deposited cobalt.”® It means that there was some
complex cobalt and CoO, entrained into the electrodeposit.

The multi-layers of the Au/Co-rich layer were obtained by
designing step potential in the experiment. This experiment
provides a new system for the preparation of Au/Co multi-layers
by cyanide-free electrodeposition containing DMH.

Conclusion

This study characterised the process of using a non-cyanide
single bath to electrodeposit Au/Co multi-layers. During Au,
Co deposition, the co-deposition of gold and cobalt in this study
system was canonical. At low polarisation values of —0.6 and
—0.7 V vs. SCE, the deposit contained only gold and no cobalt.
The Co deposition reaction occurred at more negative poten-
tials than —0.8 Vvs. SCE. An Au/Co multi-layer of approximately
20 nm gold layer and approximately 90 nm Au-94.07 at% Co
alloy coating was prepared in the new developed cyanide-free
plating solution system. This work provides a new direction
for the further use of Au-Co alloy plating in the cyanide-free

© 2022 The Author(s). Published by the Royal Society of Chemistry
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system. In the follow-up study, we will further analyse the
structure and properties of overlapping coatings.
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