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Electrodeposition of Bright Gold Deposits in Ionic Liquid [BMIm][BF,]
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Abstract: A golden-yellow gold deposit with a thickness of 1.5 pm was electrodeposited from the bath with 5,5-
dimethylhydantoin (DMH) as the complexing agent and cytosine as the additive in [BMIm][BF,] solution. The
cathodic current efficiency was nearly 100% during electrodepositing. SEM and XRD results indicatd that DMH
and cytosine had significant effects on the surface morphologies and phase structure of the deposits. The grain
size and roughness of gold deposits decreased adding DMH and cytosine into the bath. Moreover, the Au (111)
plane also became more obvious. The influences of DMH and cytosine were studied by the linear sweep
voltammetry (LSV). The gold complexes [Au(DMH),]", [Au(DMH),|" can be formed by DMH and Au**, Au*, and
the surface convert process was inhibited in the reduction process. The addition of DMH increased the cathodic
polarization, which can brighten gold deposits and refine crystal grains of gold deposits. Cytosine was be absorbed
on Au nuclei, and it had synergistic effects with DMH on brightening gold deposits and refining crystal grains.
Cyclic voltammetry (CV) was used to investigated the electrochemical behavior and the results revealed that the
reduction of Au** to Au had a two-step reduction process. The first reduction process was Au’* to Au’*, and the

second process was Au’ to Au, and the addition of DMH and cytosine did not bring side reactions.
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0 Introduction

Gold deposits have numerous excellent physical
and chemical properties, such as the golden yellow
appearance, excellent electrical conductivity, topping
thermal conductivity and outstanding chemical stability,
and they are widely used as decorative deposits ",
protective deposits® and functional deposits®. Gold
deposits have extensive applications in decorations,
electronic devices and aerospace. Gold electroplating
baths including cyanide are the most widely used
nowadays. Nowadays, cyanide baths, which have
excellently stable electrolytes, refined grains and good

[4-5]

adhesion of gold deposits™, are the most widely used

gold electroplating Unfortunately, cyanide brings
immense hazards to the environment and biology'. To
solve the problem, golden-bright gold deposits were
electrodeposited in ionic liquid 1-butyl-3-methylimid-
azolium tetrafluoroborate ((BMIm][BF,]), a free-cyanide
bath.

lonic liquids (ILs) are a kind of conductive
organic compounds salt in liquid state at room
temperature. Moreover, ILs have chemical stability,
non-toxic, negligible vapor pressure, especially wide
electrochemical window, high solubilityof metal salts

and high

attention in electrodeposition. Many active metals are

conductivity”. Thus, ILs attract much

unavailable in aqueous solution, but those can be
obtained in ionic liquids by electrodeposition, such as
A1 MM Nal™ and Li™. Tonic liquid [BMIm][BF,]
has the excellent properties above mentioned, and it
can be applied as a solvent in electroplating field"*"\
[BMIm][BF,] has a high solubility for chloroauric acid.
[BMIm] [BF,] have no
reducibility, so that Au** will not be reduced spontan-
[BMIm]|[BF,] was used as electro-

lytes for electrodeposition of gold in this work.

The cations and anions of

eously. Therefore,

5,5-Dimethylhydantoin (DMH) has very important
applications in electrodeposition, due to its low-cost,
non-toxic and environmentally friendly properties.
DMH can be used as a stable complexing agent in
aqueous solution and it can combine with many metal

ions to compose stable complexes, including Zn*1",

AgtM A B89 Therefore, DMH was added into
[BMIm|[BF,] as the complexing agent, and it had a
good effect, as expected. However, the gold deposits
obtained in the bath involving DMH as the
complexing agent were insufficiently bright, whose
surfaces were unsmooth. It was essential that appro-
priate additives were selected to improve the brightness
of deposits and refine crystal grains. Cytosine can be
used as an additive in metal electrodeposition, and it
is adsorbed on the surface of electrodes™?".

Bright gold deposits were obtained in IL by
electrodeposition in this work, and there were some
other studies carried out in ILs to electrodeposite
gold. De Sa et al.™ electrodeposited gold deposits in
1-butyl-1-methyl-pyrrolidinium  dicyanamide  ionic
liquid at open circuit and constant potential conditions.
The grains of the deposits obtained in the two
conditions were spherical and dendritic, respectively.
The gold films obtained were golden-brown. Kata-
yama et al.”” used 1-butyl-1-methylpyrrolidinium bis
(trifluoromethylsulfonyl)amide as solvent, and gold
tribromide was chosen as the main salt on this basis.
The Au nano-particles with a diameter of 3 nm were
obtained, which almost dispersed in the bath. The
compact and bright gold deposits were not obtained in
the work of other researchers.

In this work, [BMIm|[BF,] was chosen as the
solvent and chloroauric acid (HAuCl,-3H,0) as the
main salt. DMH and cytosine were added into the
baths as the complexing agent and the additive,
respectively. The gold deposits obtained in the above-
mentioned baths were characterized by scanning
electron microscope (SEM) and X-ray diffraction
(XRD). The influences of DMH and cytosine in the
electrodeposition were investigated by linear sweep
voltammetry (LSV). Furthermore, cyclic voltammetry

(CV) were performed to study the electrochemical
behavior of the baths.

1 Experimental

1.1 Materials and methods
[BMIm][BF,] was commercially available, and
dried under vacuum for 24 h at 353 K before used.
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HAuCl,-3H,0 was added to [BMIm][BF,] with a con-
centration of 0.05 mol L™, which was prepared by Au
and hydrochloric acid and nitric acid. A magnetic
stirrer stirred the solution under dry N, at 328 K for 6
h until HAuCl,-3H,0 added was completely dissolved.
The baths with DMH (Aladdin, 98%) and cytosine
(Aladdin, 98%) were prepared in the same way.

The surface morphology of gold deposits was
characterized by scanning electron microscopy (SEM,
Zeiss Supra55 SAPPHIRE) at 10 kV. The crystal
structure was investigated by X-ray diffractometry
(XRD, Bruker D8 Advance) with Cu Ko« radiation at
40 kV and 40 mA (A=0.154 06 nm). The 26 ranged
from 20° to 90° at a scan rate of 0.02°-s7". The type
of counting X-ray was counts *s ', and the detector
used was LynxEye.

The electrochemical measurements including
linear sweep voltammetry and cyclic voltammetry were
carried out in N, atmosphere at 328 K. A three-
electrode electrolytic cell and an electrochemical
workstation CHI750d were used. A glassy carbon
electrode (GCE, @=3 mm) was used as the working
electrode (WE) of cyclic voltammetry. The WE was a
glassy carbon rotating disk electrode (GC-RDE, @=5
mm) in linear sweep voltammetry. The reference
electrode (RE) was a platinum wire (?=0.38 mm) and
the counter electrode (CE) was a platinum plate (1
cm X1 cm) in the voltammetry measurements. The
linear sweep voltammograms and cyclic voltammo-
grams were separately performed at a scan rate of 1
and 10 mV +s™. The GCE was successively polished
by a-AlLOj; polishing powder with particle size of 1.5
pm, 1 pm and 0.5 pm after an electrochemical
measurement was completed. Then, the GCE was
washed with ethanol and deionized water in turn, and
finally dried with N,.

1.2 Preparation and characterization of gold
deposits

In the electrodeposition, a gold plate (1.5 emx1.5
cm) was used as the anode, and a nickel-plated

(1.0 emx1.0 ¢m) was the cathode. The

distance between the anode and the cathode was

copper foil

retained at 3 cm. The current density was carried out

0.3 A -dm™ for electrodeposition in N, atmosphere. A
magnetic stirrer at a rate of 500 r-min~ stirred the
baths used in the electrodeposition at 328 K. After
electrodeposition, the sample was successively rinsed
with ethanol and deionized water to remove the
remaining electrolyte, and then dried with N,.

The average grain size (t) of deposits was estimated
using the Scherrer equation!:

t— 0.91
~ Bcosf

where A is the wavelength of the incident X-rays, B is

the peak half width at half maximum in radians, and 0
is the Bragg angle.

The thickness of gold deposits and the cathodic
current efficiency were calculated by the weight of
gold deposits. The thicknesses of gold deposits were
calculated according to the equation:

d:%xw“
where d (um) is the thickness of gold deposits, m; (g)
and m, (g) are the weight of nickel-plated copper foils
before and after the electrodeposition of gold, p is the
density of gold (19.32 g-cm™), and S (cm?) is the area
of gold deposits.

The cathodic current efficiency was calculated
according to the equation:

m,—m,
=K

where 7 is the cathodic current efficiency, K is the

electrochemical equivalent of Au* (2.45 g-A™'-h™), I
(A) is the current in the electrodeposition process, and

¢ (h) is the time of electrodeposition.
2 Results and discussion

2.1 Characterization of gold deposits
[BMIm][BF,]
solution without and with DMH, as well as the bath

Gold deposits were obtained from

with DMH and cytosine. Fig.1 displays digital pictures
of different gold deposits.

The gold deposit obtained in the basic bath is
red-brown, whose surface is uneven and rough (Fig.
la). As displayed in Fig.1b, the gold deposit with a
relatively uniform surface was obtained in bath with

DMH, whereas the colour is slightly red. Compared to
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(a) Without DMH and cytosine, (b) With 0.3 mol-L™" DMH,
(c) With 0.3 mol-L" DMH and 20 mmol - L™ cytosine

Fig.1 Digital pictures of gold deposits obtained from
[BMIm][BF,] containing HAuCl,-3H,0

the gold deposits in Fig.1a and b, the appearance of
the gold deposit in Fig.1c is optimal. The gold deposit
is bright golden yellow, and the surface is uniform. It
indicates that the addition of DMH as the complexing
agent and cytosine as the additive to the bath can
significantly improve the appearance of gold deposits.
The thicknesses of the gold deposits displayed in Fig.
1 are nearly 1.5 pm. The corresponding cathodic
current efficiencies are 100% in the electrodeposition.
The result indicates that the cathode reaction was the
reduction of Au* in bath with DMH and cytosine, and
no other side reactions occurred.

Fig.2 reveals the surface morphologies of the gold
deposits obtained in the [BMIm][BF,] solution without
and with DMH, as well as the bath with DMH and

cytosine. As displayed in Fig.2a and b, the deposit
obtained in the bath without DMH and cytosine is
uneven, and many coarse crystal particles exist on the
surface. The grains become smaller and the coarse
crystal particles almost disappear on the surface,
which is still uneven (Fig.2c and d). The gold deposit
obtained in bath with DMH and cytosine is the
smoothest, and the crystals are the smallest (Fig.2e
and f). It can be concluded that gold deposits with a
bright golden yellow appearance and refined grains
can be obtained when DMH is added as the
complexing agent and cytosine is added as the
additive in the bath.

The XRD patterns of the gold deposits obtained
in the above mentioned electrolytes are presented in
Fig.3. The five peaks in Fig.3(a) and (b) and (c) at 26
values of 38.2°, 44.4°, 64.6°, 77.6° and 81.8° are
indexed to the Au (111), (200), (220), (311) and (222)
crystal face, respectively. The two indexed peaks in
Fig.3(a) and (b) and (c) at 26 values of 51.9° and 74.1°
correspond to the nickel-plated copper foil, which was
used as the substrate of the electrodeposition of gold.
As shown in Fig.3, the intensity of the diffraction peak
corresponding to the Au (111) crystal face is the largest
in the five peaks. It indicates that the gold electrode-

posits were preferentially deposited along the direction

(a, b) Without DMH and cytosine, (c, d) With 0.3 mol-L™" DMH, (e, f) With 0.3 mol-L" DMH and 20 mmol-L™" cytosine

Fig.2 SEM images of gold deposits obtained from [BMIm][BF,] containing HAuCl,-3H,0



146 Jd Hl fk

RV

#o% 4R

@ | B
(b) l A A

© A . A

A1 (200) @0) (11
l L

(d) S222)

I}
75 90

1 [ 1
30 45 60
20/ (%)

(a) Without DMH and cytosine, (b) With 0.3 mol - L. DMH,
(c) With 0.3 mol L DMH and 20 mmol-L™" cytosine, (d) Au
(PDF#04-0784)

Fig.3 XRD patterns of gold deposits obtained from
[BMIm][BF,] containing HAuCl,-3H,0

of the Au (111) crystal face. The tendency of preferred
deposition along Au (111) crystal face direction is
intenser with the addition of DMH and cytosine. The
average size of crystal grains of gold deposits was
calculated according to the Scherrer formula™. The
average size of crystal grains that Fig.3(a), (b) and (c)
correspond to is 34.8, 30.7 and 28.1 nm, respectively.
The grains of the deposits obtained in bath with DMH
and cytosine are the smallest. This result is consistent

with the SEM measurements.

2.2 Influences of different components

In order to investigate the influences of DMH,
the gold deposits were obtained from the different
solution of 0.05 mol- L™ HAuCl,-3H,0 in [BMIm][BF,]
containing 0, 0.10, 0.20, 0.25, 0.3 and 0.40 mol - L™
DMH, respectively, and then the macroscopic condi-
tions of the gold deposits were observed. The color of
the gold deposits obtained from the bath without DMH
is brown-yellow, and the surface is reddish. The gold
deposits obtained from the bath with 0.10, 0.20 and
0.25 mol -L.™' DMH are all yellow, With adding DMH
into the electrolytes, the appearances of gold deposits
turn to better. The gold deposits obtained from the
bath with 0.30 mol L' DMH are obviously optimal in
appearance, which possess a brighter surface; the
color of the deposits doesn’t change as the concentra-
tion of DMH continues to increase.

SEM measurements were performed to further
investigate the influence of DMH on the surface
morphologies of gold deposits. Fig.4 shows SEM
images of the gold deposits obtained from the baths
containing different concentrations of DMH. The
surface of the gold deposits is rough, and there are
many coarse crystal grains on the gold deposits (Fig.
4a). The smoothness of the gold deposits increases

with the increased concentration of DMH, and the

(a) 0, (b) 0.10 mol - L7, (c) 0.20 mol - L7, (d) 0.25 mol -1, (e) 0.30 mol-L", (f) 0.40 mol-L"*

Fig.4 SEM images of gold deposits obtained from the bath containing 0.05 mol-L™" HAuCl,+-3H,0 with different

concentrations of DMH
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number of the coarse crystal grains is less and less.
The gold deposits are the most smooth when the
concentration of DMH is 0.30~0.40 mol L7, and the
coarse crystal grains almost disappear. It was proved
that DMH could brighten the gold deposits and refine
the crystal grains with the contrast of the macroscopic
states and surface morphologies of the deposits.

The influences of cytosine on the gold deposits
were investigated on the basis of DMH in the baths.
Cytosine with a concentration of 5, 10, 15, 20 and 25
[BMIm|[BF,] solution
containing HAuCl,-3H,0 and DMH. The gold deposits
obtained in the baths with cytosine are brighter than

mmol + L™ was dissolved in the

those obtained in the bath without cytosine. The gold
deposits obtained in the baths with cytosine are

golden yellow, and almost no difference in appearance

can be observed with the increase of the concentration
of cytosine.

The surface morphologies of the gold deposits
were characterized by SEM measurements to research
the influences of cytosine. The crystal grains of the
gold deposits can be refined with adding cytosine (Fig.
5). The sizes of the crystal grains are gradually reduced
with the concentration of cytosine increasing. The
crystal grains of the gold deposits are the smallest,
which were obtained in the bath with 20 mmol -1~
cytosine. SEM images indicated that cytosine could
further refine the crystal grains of the gold deposits on
the basis of DMH in the bath. Moreover, the addition
of cytosine can enhance the brightness of the gold
deposits through the contrast of the macroscopic

states.
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(a) 0, (b) 5 mmol - L, (c) 10 mmol-L7, (d) 15 mmol -1, (e) 20 mmol - L™, (f) 25 mmol - L.

Fig.5 SEM images of gold deposits obtained from the bath containing 0.05 mol- L HAuCl,-3H,0 and 0.3 mol- L

DMH with different concentrations of cytosine

2.3 Electrochemical measurements
As shown in Fig.6 the linear sweep voltammo-

U at

grams were measured with scan rate of 1 mV +s~
328 K in order to further investigate the influences of
DMH and cytosine in the bath. The potential was
scanned from -0.2 V, along the negative potential
direction up to —1.8 V. Fig.6a is the linear sweep
voltammogram of the pure ionic liquid [BMIm][BF,].

The current density is less than 10™ mA -cm™ in the

potential scan from —0.2 to —=1.8 V. Therefore ,[BMIm|
[BF4] is chemically stable in the above measurement
conditions. The curves b, ¢ and d are the
voltammograms of the bath containing HAuCl, - 3H,0
without DMH and cytosine, with DMH, and with DMH
and cytosine, respectively.

The current density of the curve b increases
sharply from —0.45 V; with adding DMH, the potential

shifts negatively to —0.53 V  (Fig.6¢). Besides, the
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current density of the curve ¢ decreases with the
contrast of curve b. The gold complexes [Au(DMH),]|"
may be formed by Au** and DMH in the bath, which
can be formed in aqueous solutions™®*. [Au(DMH),]-
inhibits the surface convert process in the reduction
process, and it leads to the reduction of [Au(DMH),|
occurring at more negative potential compared to Au*.
Therefore, the addition of DMH increases the cathodic
polarization, resulting in brightening gold deposits and

refining crystal grains of gold deposits.
35
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(a) Without HAuCl,-3H,0, (b) With 0.05 mol - L' HAuCl,-3H,0,
(¢) With 0.05 mol -7 HAuCL,-3H,0 and 0.3 mol -L-" DMH, (d)
With 0.05 mol -L™" HAuCl,-3H,0 and 0.3 mol L™ DMH and 20

mmol - ! cytosine; Scan rate: 1 mV -s™'; Temperature: 328 K

Fig.6 Linear sweep voltammograms recorded at the GC-

RDE in [BMIm][BF,]

The overpotential of curve d is not obviously
changed with the addition of cytosine to the bath, but
the cathodic current density is lower compared to the
curve ¢ when the potential exceeds —1.1 V. This
period corresponds to the reduction of [Au(DMH),]” to
Au.  (The detailed analysis of the reactions is
investigated in Fig.8) Cytosine can be adsorbed on the
generated Au nuclei™?!  which is related to the
growth rate of crystal nucleus and the nucleation rate
of deposits. The addition of cytosine inhibits the
reduction of [Au(DMH),|™ to Au, leading to the current
density decreasing. Cytosine can be used as an
additive to brighten the deposits and refine the grains,
which has a synergistic effect with DMH. It accords
with the results of digital images, SEM and XRD
measurements.

The cyclic voltammogram recorded at the GCE of

[BMIm][BF,] was performed with scan rate of 10 mV -
s at 328 K to define the electrochemical window. As
shown in Fig.7, the chemical properties of [BMIm]
[BF,] are stable at the range of =2.0 to 1.9 V in the
above conditions. A cathode peak occurs at around
-1.0 V in the voltammogram curve, which may be
caused by the oxidation of the resulting reduzate

during the potential scan along the negative direction.
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Fig.7 Cyclic voltammogram recorded at the GCE in
[BMIm][BF,] with scan rate of 10 mV-s™ at 328 K

Cyclic  voltammograms were performed to
investigate the electrochemical behavior of the bath
containing HAuCl, -3H,0 in the absence or presence
of DMH and cytosine, as shown in Fig.8. Fig.8A
[BMIm][BF,]

solution containing HAuCl, -3H,0. The potential was

shows the cyclic voltammogram of the

scanned from 0.6 V, along the negative potential
direction up to —1.7 V, and then inverted to 0.6 V.
(Fig.8A) are observed in the
potential scan from 0.6 to =1.7 V vs Pt wire, at -0.59 V

Two reduction peaks

(¢)) and =1.3 V (¢)), respectively. The ¢, peak is attri-
buted to the reduction of Au** to Au*, and the ¢, peak
is assigned to the reduction of Au* to Au. The reac-
tions the two reduction peaks (c; and c,) represent are
essentially consistent with the conclusions of previous
authors™™\. The curve A presents two oxidation peaks,
a; and a, in the reverse potential scan, which
correspond to 0.27 and —0.36 V, respectively.

In order to investigate the reactions the two
oxidation peaks (a; and a,) corresponded to separately,
the curve A’ were performed. The potential was

scanned from 0.6 V, along the negative potential
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Jj/ (mA-cm™)

E/V (vsPt)

(A, A’) without DMH and cytosine, (B) with 0.3 mol -L™" DMH,
(C) with 0.3 mol -L.™" DMH and 20 mmol - L™ cytosine; Scan rate:
10 mV-s™; Temperature: 328 K

Fig.8 Cyclic voltammograms recorded at the GCE in a
solution of 0.05 mol-L™" HAuCl,-3H,0 in
[BMIm][BF,]

direction up to —0.63 V when the ¢,’ peak just
emerged, and then inverted to 0.6 V. The ¢,’ peak
represents the reduction of Au’* to Au*, which is as
same as the ¢, peak shown in Fig.8A. It is attributed
to that the potentials of the ¢, peak in Fig.8A and ¢/’
peak in Fig.8A’' are same in the completely same
measurement conditions. Therefore, the a," peak is
assigned to the oxidation of Au* to Au**. The a, peak
and the a, peak separately correspond to the oxidation
of Au* to Av®*, Au to Au*.

conclusions, a gold plate was used as the anode to

Based on the above

ensure the purity of the bath and maintain a certain
concentration of Au’* in the bath, which could be
dissolved in the electrodeposition.

Fig.8B shows the cyclic voltammogram of the
[BMIm] [BF,] solution containing HAuCl, -3H,0 and
DMH. The corresponding potentials of the ¢, and ¢,
peak are —=0.72 V and -1.43 V (Fig.8B), respectively.
The addition of DMH did not change the reactions in
the bath, and the obvious difference is the negative
shift of the two cathode peaks (¢, and ¢;). DMH may
complex with Au** and Au* to form [Au(DMH),]” and
[Au(DMH),]" in the bath, which inhibit the two reduction

processes, respectively. The ¢, and ¢, peak correspond
to the reduction of [Au(DMH),]~ to [Au(DMH),]",
[Au(DMH),]- to Au (Fig.8B). DMH can increase the
cathodic polari-zation, which is consistent with the
results of Fig.6.

Fig.8C shows the cyclic voltammogram of the
bath consisting of HAuCl, -3H,0 and DMH and
cytosine. Two cathodic peaks appear in the curve C,
representing the same reduction reactions with those
of the curve B, and the corresponding potentials are
the same as those of the curve B. The comparison of
the three curves indicates that no side reactions
occurred when DMH and cytosine were added to the
electrolyte, which was consistent with the cathodic

current efficiency of 100%.
3 Conclusions

It is first time that the golden-yellow gold deposit
with a thickness of 1.5 wm can be obtained in ionic
[BMIm] [BF,] containing HAuCl, -3H,0 and
DMH and cytosine. DMH and cytosine had obvious

liquid

effects on brightening deposits and refining grains.
The optimum concentrations of DMH and cytosine were
0.3 mol -L™" and 20 mmol L', respectively. Linear
sweep voltammograms and cyclic voltammograms
indicated that DMH may coordinate with Au** and Au*,
which increasesd the cathodic polarization, and the
addition of cytosine on the basis of DMH could make
the current density lower in the second renduction
process, which was related to the adsorption of
cytosine on the generated gold nuclei. The interaction
between cytosine and DMH was synergism that made
gold deposits bright and crystal grains refined. The
cathodic current efficiency was 100%, indicating no
side reactions occur, which can be confirmed by the
cyclic voltammograms. Besides, cyclic voltammograms
revealed that the reduction of Au’* to Au in the bath
was a two-step reduction process, including the
reduction of Au* to Au’, and further, Au* to Au.
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