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Abstract

Organic species are easily adsorbed onto metal electrodes, due to the high
surface energy. This principle is widely employed in electrodeposition to obtain
grains with a given shape and size. Electrodeposition in organic electrolytes and ionic
liquids is expected to produce deposits whose properties will be modified by the

nature of the species present in the bath. Here, we analyse the voltammetric profiles

for the reduction of two different gold complexes, tetrachloroaurate (III) ( AuCl, ) and

dicyanoaurate (I) (Au(CN),), in dimethylsufoxide (DMSO) and in the ionic liquid
tributylmethylammonium  bis(trifluoromethylsulfonyl)imide (TBMA'NTf,). We
evaluate how organic “cations present in the electrolyte modify not only the
voltammetric response but also the morphology of the deposits obtained. The films
range from very smooth with a rms roughness of ~ 10 nm for 500 nm film to rough

globular or facetted films with a crystalline size of ~ 200 nm.
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1. Introduction

The electrodeposition of highly electropositive metals is performed in
electrolytic baths where high voltages are accessible. At present, materials such as Al,
La, Ta, Ga, Na and Si, among others, are deposited in organic electrolytes or ionic
liquids where the chemical stability of the organic species leads to a wider potential
window.'®

Capping agents are used in electrodeposition to guide the growth of metal or
semiconductor crystals.7'19 These organic species adsorb onto electrodes and
electrodeposits as a result of the high surface energy of these materials, which
ultimately influence the shape of the growing grains. Therefore, the chemical nature
of the organic ions present in ionic liquids and organic electrolytes may have a strong
impact on the morphology of the deposits produced. To address this, we chose to
electrodeposit a noble metal, gold, because the films obtained remain stable after
exposure to air, allowing the morphology to be readily characterised.

We analyse the cyclic voltammograms of AuCl, and Au(CN), in

dimethylsulfoxide - (DMSO) containing different electrolytes. The adsorption of

tetrabutylammonium (TBA") onto the electrode surface is evaluated through the
electrochemical characterisation of the reduction of AuCl, . The voltammetric

profiles are correlated with the SEM images of the films. Images of deposits grown in
the ionic liquid tributylmethylammonium  bis(trifluoromethylsulfonyl)imide
(TBMA'NTf,) are included for comparison. Although the electro-reduction of
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AuUCI, in organic media has been reporte the physicochemical aspects of the

differences with its reduction in water were not discussed. Here, we analyse the

thermodynamic aspects involved during this process and their implications.



2. Experimental

Electrochemical measurements were carried out in a Braun 130 glovebox with
0; level < 1 ppm and H,O 3-4 ppm using a CHI 660 potentiostat, with iR drop
compensation. A three-electrode arrangement was used. A gold disk Smm diameter
was employed as the working electrode and platinum mesh as the counter electrode.
The reference electrode was a commercial silver wire in a capillary tube immersed in
the supporting electrolyte solution employed and separated from the analyte solution
by a porous frit. After each experiment, a ferrocene solution was-added as an internal
standard to set the potential scale. The working electrode was polished prior to every
experiment with 1 um, 0.3 um and 0.05 um alumina slurries on lapping pads,
followed by electrochemical cleaning in a 0.2 M H,SO, solution purged with Argon:
potential pulses of 2 seconds at 2V and -2V vs. Ag/AgCl/0.1M CI" were applied
during 1 minute. The electrode was rinsed with deionised water, carefully dried with
N, and transported into the glovebox.

Dimethylsulfoxide (DMSO) anhydrous was dried with activated molecular
sieves, 4 A (Sigma). The molecular sieves were activated in a furnace at 350°C during
1 day and added to the DMSO. The solvent was allowed to dry for one week and
stored <in~ the glovebox. The supporting electrolytes employed were
tetrabutylammonium (TBA") or potassium perchlorate (Sigma). They were dried at
70°C under vacuum. Anhydrous potassium tetrachloroaurate (III) and potassium
dicyanoaurate (I) were obtained from Sigma and opened, weighted and always kept in
a dried atmosphere. TBMA'NTf, ionic liquid was prepared via metathesis of
tributylmethylammonium chloride and lithium bis(trifluoromethylsulfonyl)imide, in
water. Gold salts soluble in the ionic liquid were synthesised in a similar fashion. An

aqueous solution of tributylmethylammonium chloride was added to an aqueous



solution of potassium tetrachloroaurate (III) or potassium dicyanoaurate (I) to produce
(TBMA"AuCly) or (TBMAAu(CN),) respectively. TBMA AuCly precipitate as a
yellow solid and (TBMAAu(CN),") separates from the aqueous solution as an oily
phase. TBMA'AuCly was purified by recrystallization and dried at 80°C.
TBMA+Au(CN)2' and TBMA 'NTf, were washed with water several times and dried
under vacuum at 80°C overnight. For SEM images, the films were grown
potentiodynamically, on gold substrates with an exposed area of 1:13 cm”. The
Au/Si(100) subtrates were prepared by e-beam evaporation of 20 nm of chromium
followed by 100 nm of gold using a BOC Edwards Auto 500 evaporator (base
pressure: 5 107 mbar). Prior each electrodeposition, they were cleaned with H,O, + 1
M KOH, followed by electrochemical stripping in 1 M KOH.** The clean substrates
were blown with N, and transported into the glovebox. Voltammetric simulations
were carried out, employing the Windows-based software supplied with the 660 CHI
potentiostat.

The surface topography and roughness (rms) of some of the resulting films
were also determined using an Asylum MFP-3D atomic force microscope (AFM).
Morphology and composition were studied by scanning electron microscopy (SEM)

and energy dispersive x-ray analysis (EDAX).

3. Results and discussion
3.1 Electrochemistry of AuCl,

In aqueous solutions, the reduction of AuCl, to metallic gold takes place via a
single three-electron process, 22 . AUCl; does not appear as an intermediate in

aqueous solutions because its formation is less favourable (the standard redox

potential for the reduction of AuCl, to metallic gold is larger than to AuCl,).



AuCl ;
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+3e - Au, +4Clo, E°= 1.002VVSNHE (1)
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In organic solvents and ionic liquids , on the other hand, this reduction occurs

in two consecutive electrochemical steps, at two different potentials:

AuCl;

4 (0)

AuCl .

2 (o)

+2e — AuCl,

2 (o)

+2Cl~° E, (3)

+ € > Ay, +2C° E, 4

To the best of our knowledge, no physicochemical explanation has been given for this
difference. We think that a possible reason might be the poor solvation of CI ions in
aprotic solvents and ionic liquids. It is accepted that the solubility of small anions is
determined by the electron pair acceptability of the solvent, which in the case of
DMSO is 19.3 against 54.8 for water.”® Therefore, the solvation of DMSO towards
halide ions is predicted to be much weaker than it is in water, making the release of
four CI” in one single step thermodynamically unlikely. In the case of ionic liquids,
the solubility of halides is mainly determined by supra-molecular interactions with the
cation of the ionic liquid: Given the low dielectric constant of ionic liquids, typically
~ 10,2 the ion-pair interactions are strong.’'>* It has been shown that even small
amounts of CI ions dissolved in ionic liquids increase their viscosity dramatically,”
which reflects the structuring effect exerted by such small hydrophilic ions. This is in
agreement with thermodynamic calculations that predict solvation entropies of halides
in donic liquids to be negative.** All this evidence indicates that the insertion of CI” in
ionic liquids or aprotic solvents modifies the solvent environment unfavourably,
increasing the energy barrier of the overall electrochemical reaction. A similar
behaviour was reported in the electrochemistry of TiCly in ionic liquids, where the
impossibility of electrodepositing Ti was attributed to ‘kinetics and thermodynamic

barriers’ imposed by the media.*



Fig. 1 shows cyclic voltammograms of AuCl, in DMSO. In the figure, P, and

P, correspond to the reactions (3) and (4), respectively. Each cycle shown in the
figure is the first scan recorded in separated experiments, after the surface of the
electrode was previously polished. It can be noted that after the surface has been
polished the formation of the intermediate in solution, P;, is reproducible. On the
contrary, the formation of metallic gold, P,, is not. This fact indicates that the

electroreduction of AUCI; to metallic gold is highly dependent on the surface

morphology of the polycrystalline working electrode. Moreover it has been reported
that it also depends on the electrode material.** In the reverse scan, the cathodic peak
P3 shows the reactivation of the electrode. In general, this happens when inhibitory
species are removed from the surface leaving the electrode exposed again to more
gold electrodeposition, at potentials where the electrodeposition of gold is still

favourable. Contrary to what one might expect, P4 has been assigned to the oxidation
of CI' to Cl, rather than to the formation of AuCl, or AuCl, , given that similar

anodic peaks were recorded with solutions containing only CI°, at glassy carbon
electrodes.*® The stripping of gold to produce gold chloride complexes takes place at
much larger anodic overpotentials.ﬂ’22 The inset of the figure shows the voltammetric
response obtained in the ionic liquid TBMA'NTf,". Although the voltamograms
recorded in DMSO and in TBMA'NTf, are quite similar, the magnitude of the
current in the later case is considerably smaller. This is related to the high viscosity of
the medium.”’*

A detailed analysis of P; will allow us to evaluate and quantify the interaction

of organic ions with the electrode surface. A series of experiments was carried out in

0.1 M KClOy4 or using 0.1 M TBACIO, as supporting electrolyte. In all cases, peak

current Ipl, and peak potential, Epl, values for the reduction of AuCl,; to AuCl, were



plotted against the square root of the scan rate, v, and log Vv, respectively. In Fig. 2a-b

are shown the experimental data obtained with KCIO4 as supporting electrolyte. In all
cases, it was found that the electrochemical reduction of AuUCl, to AuCl; is
irreversible given that Ipl vs V"% and Epl vs log v are linear.>” Without organic ions, the
slope of Epl vs log V gives a N' value of 0.86 = 0.04, where N’ represents the number
of electrons involved in the rate-determining step and oc the cathodic transfer
coefficient. Given that N'a. < 1, it is deduced that the number of electrons involved in
the kinetic step is one, with o = 0.86 + 0.04.* In other words, since the
electrochemical step P; is a two-electron process, the transfer of one of the two
electrons is slow while the other one is fast. The diffusion coefficient (D) of AuCl, in
DMSO was calculated from the slope of Ip1 vs V'’ giving a value of (4.43 +0.03) 10°°
cm’® s, half of the one reported in water, 9.0 10° cm? s It is known that the
diffusion is strongly influenced by the viscosity (77) of the solvent. According to the
Stokes-Einstein equation D'is inversely proportional to7. * Thus, it is deduced that in
more viscous solutions the diffusion will be slower. At 25°C the viscosity of DMSO

and water are 1.99 mPa s ** and 0.89 mPa s *, respectively, which predicts Dyo
values almost two times larger than D, , in agreement with the value determined
here.

The standard kinetic constant (k) for the reduction of AuCl; to AuCl; can
be calculated from the intercept of a plot of Inl," vs. (Ep, - E°, which is
In(0.227nFAC”k"), where EC is the standard redox potential, n the total number of
electrons involved in the electrochemical reaction, F the Faraday constant, A the area

of the electrode and C” the concentration of AuCl, in the solution.”” However, since

E® is not known, the potential where the reaction starts, Eyx,, was used instead,44 as



recommended by Nicholson and Shain.* In the absence of organic ions, the K value
derived was (1.2 £ 2) 10 cm s. From the slope of the graph, (n'aF/RT) ' is 0.77
+0.03, close to 0.86 = 0.04 obtained by linear regression of E, vs log v. Voltammetric
simulations like the ones shown in Fig. 2d corroborate the accuracy of the parameters
calculated. Details on the way the electrochemical parameters N'c, k° and D “are
calculated can be found in ref. 44.

The use of bulky organic cations in the supporting electrolyte can lead to
interesting changes in the electrochemical profiles and ~modify the surface
morphology of the electrodeposits. Fig. 3 shows the cyclic voltammograms recorded

in solutions containing the same AUCI, concentration. Black and red lines were

obtained when KCIO4 or TBACIO4 were employed as electrolytes. As it can be seen
in the figure, TBA" causes a marked shift of Ep1 towards more cathodic potentials, a
decrease in the overall current and a less steep increase in the current at low over-
potentials. It has been reported that, given its hydrophobicity, TBA" modifies the
double layer capacity. of gold electrodes % and for the same reason; it protects
titanjum against chemical etching.*” At more cathodic potentials the accumulation of

TBA" at the surface should increase, modifying in turn nucleation processes. Its

interaction with the electrode surface has two effects. First, the decrease in | Lvalue

observed is mainly caused by a reduction of the exposed surface area, which it is

1/2

. . 1 .
estimated by comparison of the slopes of the graphs I, vs. v for the experiments

carried out in KC104 in DMSO and in TBACIO4 in DMSO. Our results indicate that ~
34 % of the working electrode is covered by TBA" at ~ -0.3 V. Such large coverage of

the surface leads to the second observation, the shift in Ey', which reflects the

hindrance of the electrochemical reduction of AuCl; to AuCl, . That is, the partial



adsorption of this large hydrophobic cation slows down the rate of the electron
transfer process. It is important to point out that these effects are only significant
because the reduction of AuCl; takes place quite below the potential of zero charge,
where the adsorption of hydrophobic cations is significant.”® The K value calculated
for the reduction of AuCl; to AuCl, with TBA" in the electrolyte was (2.2 + 1) 10
cm s'l, around one order of magnitude smaller than in its absence. Simulations were
performed employing these electrochemical parameters, leading to a'good agreement
with the experimental profiles (see inset Fig. 3). It seems that TBA" slows down
electron transfer reactions but it is only perceptible in already kinetically controlled
processes.**® The influence of TBA" on the morphology of gold electrodeposits will

be discussed in section 3.3.

3.2 Electrochemistry of Au(CN),

Gold was also electrodeposited from organic solutions containing AU(CN), .
The electro-reduction of AU(CN), takes place at more negative potentials than
AUCI, because Au(CN), is very stable. According to several authors, the reduction
of AU(CN); to metallic gold in water follows two different mechanisms. At low
51-54

overpotentials, AU(CN), first adsorbs at the surface, and then it reduces to Aug).

AU(CN);,,, — AUCN,, + CN" (5)
AUCN,, + €& — Au, +CN~ (6)

whereas at higher overpotentials the reduction proceeds in one step,
Au(CN), ., +€ = Aug, +2CN"  (7)

In DMSO, only one cathodic peak is recorded (~ -2.5 V) which suggests at

first that the reduction of Au(CN), follows only one electrochemical path. (See Fig.



4a, red line) The plots of I, vs v'? and Ep vs log v are linear which, together with the
difference between the anodic and cathodic peaks of ~ 1 V indicates that this reaction
is electrochemically irreversible. However, the simulations obtained with the
electrochemical parameters derived from plots equivalent to the ones shown in Fig. 2
do not match the experimental profiles (Fig. 4a). At low overpotentials, it can be seen
that the current of the experimental curve is larger than the one in the simulation.
Besides, on the experimental curve, there are two overlapping anodic peaks on the
reversed scan. These profiles were reproducible every time the gold surface is
polished, which indicates that these differences cannot be attributed to preferred

electrodeposition and growth on different facets. Consequently, the cathodic peak for
the reduction of Au(CN), must be the result of processes (6) and (7) taking place

simultaneously. In the ionic liquid TBMA'NTf,, on the other hand, these two
reactions take place at slightly more different potentials, since two separated peaks
appear overlapped (see inset Fig. 4a). Given that reactions (6) and (7) cannot be
studied separately, no reliable electrochemical parameters were derived from these

experiments.
As it was noted before in the reduction of AuCl, to AuCl, , the

voltammograms recorded with TBA" in the solution also exhibit a shift of E, towards

more cathodic potentials and a decrease in the overall current (Fig. 4b).

3.3 Morphology of filmsproduced in AuCl, and Au(CN), and solutions

To analyse the effect of the organic media on gold electrodeposits, films were

grown keeping the concentration constant (10 mM) while the electrolyte nature was

changed. In Fig. 5 are the SEM images of films produced from AuCl, baths and in

Fig. 6 those obtained from AU(CN), solutions. Each row corresponds to films grown

10



at the same applied potential: those at the top were deposited in the kinetic-controlled
regime, while those at the bottom were produced under diffusion-controlled
conditions.

It is well established that the quality and properties of gold electrodeposits is

strongly influenced by the nature of the complex employed.”>”® For instance, in-the

kinetic-controlled regime, the deposits produced by the reduction of AuCl, (Fig. Sa-
c¢) have uneven grain growth, while the films obtained from Au(CN); solutions are

more uniform (Fig. 6a-c). As it was mentioned earlier, the reduction of AuCl; to

metallic gold is strongly dependent on surface morphology of the electrode, given that
P, is not reproducible after the electrode has been polished (See Fig. 1). This together
with the in-plane image of the deposits obtained at low overpotentials (Fig. 5a-c)
indicates that the local facets present in the substrate lead to a preferential nucleation
and growth of certain grains. Baker et. al.”” have recently shown that the bonding
between Cl and the Au(111) surface is primarily covalent while with the other faces
remain ionic. Thus, the shielding effect of Cl chemically adsorbed onto Au(111) will
produce different growth rates of the crystallite facets. It is worth mentioning that at
higher overpotentials, this wide size distribution of the grains is only maintained in
the absence of organic cation species (compare left column in Fig. 5 with the middle
and right columns in the same figure).

Left, middle and right columns in Fig. 5 and 6 are the images of deposits
produced in solutions containing K*, TBA" and TBMA", respectively. In Section 3.1
it was estimated that TBA" present in the electrolyte covers at least 34% of the
electrode surface. Therefore, the electrodeposits formed will preferentially grow on
the bare areas of the electrode. In the Figures, this is seen as an increase in roughness.

There is also a change in the grain shape. The almost planar cross—like conformation

11



of TBA"*** leads to the formation of star-shape lamellae or rosette deposits (Fig. 5b,
e and g; and Fig. 6b and ¢). The right column of Fig. 5 and 6 are the images for
deposits produced when TBMA" is in the electrolyte. TBMA"is similar to TBA" but
with one of its four chains shorter, which resembles a T-shape.®® When the deposits
are obtained from the reduction of AuCl, , the gold particles formed seem to" be
polyhedral rather than spherical (Fig. 5¢). When the electrodeposition is carried out in
solutions containing AU(CN), , small rectangular grains can be distinguished (Fig. 6¢).
These polyhedral features could be caused by the particular T-shape of TBMA"
adsorbed at the electrode surface, although the high viscosity of the ionic liquid could
favour selectivity towards the formation of crystalline structures.®’** The deposits
shown at the bottom row in Fig. 6 are produced at potentials where the organic

species present in the electrolyte are being reduced as well. They are fibrous sponge-

like films.

The roughening effect of TBA" was evaluated by AFM. The smoothest films
produced are those from AU(CN), in DMSO, grown under the kinetic-controlled
regime. The reproducibility of the voltammogram after polishing the electrode
(section 3.2) seems to indicate that the deposition is not influenced by the surface
morphology, which could be the reason why these deposits are quite smooth (rms
roughness obtained for these films is ~10 nm for a film thickness of ~ 0.5 um. Film
thicknesses were obtained by Faraday’s law). Fig. 7a shows a (1 um x 1 um) section
of this type of deposits. By contrast, the same deposition carried out in the presence of

TBA" produces rougher films with a rms roughness of ~ 70 nm.

12



4. Conclusions

The electrodeposition of gold in several organic media was explored. Analysis
of the voltammetric profiles and SEM images of the films obtained in the different
electrolytes allowed us to understand the role of organic ions on the kinetics and

morphology of the deposits produced.
The differences found between the electrochemical reduction of ‘AuCl, in

water and DMSO and ionic liquids were explained in terms of the solvation entropy
of the released Cl anions and weak electron pair acceptability of the media.
The adsorption of TBA™ at the electrode surface was shown to cover at least

34 % of the total surface area. A decrease of one order of magnitude in the kinetic
constant for the reduction of AuCl, to AuCl, was calculated.

Organic ions strongly influence the shape of grains and roughness of gold
electrodeposits. This is a key fact to take into account when employing organic media
for electrodeposition.

Since electro-catalysis is highly dependent on the presence of active surface
states and the morphology of the deposits, some of the baths presented here could be
employed to grow rough electrodes for electro-catalytic applications, such as in fuel

4
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Fig. Captions

Fig. 1. Cyclic voltammograms for the reduction of AuCl, in DMSO. In the figure are
the first cycles recorded in separated experiments. Electrochemical reduction takes
place in two steps: at ~ -0.3 V AuCl, reduces to AuCl, (P1) and at ~ -1.1 V
AUCI; reduces to Auy (P2). Experimental conditions: 5 mM KAuCls, 0.1 M KClOg4, v
=50 mV s™. Inset: Cyclic voltammogram for the reduction of 5 mM AuCl , recorded

in the ionic liquid TBMA'NTf,..v = 50 mV s”. Working electrode: polycrystalline

gold disk electrode, 5 mm diameter.

Fig. 2. () I,' vs V2 (b) E,' vs log v (¢) Lnl,' vs E,'-En (d) voltammetric
simulation: a two-electron reduction with E., = -0.105 V. The rest of the
electrochemical parameters are: V=50 mV sL,KR=1110"cms”, =08,D=42

10%em’ s, [KAuCL] =5 mM, A = 0.196 cm”.

Fig. 3. Effect of the organic supporting electrolyte on the reduction of AuCl, . Black

and red voltammograms were recorded in DMSO solutions containing 0.1 M KClO4

and 0.1 M TBACIO,, respectively. [KAuCly] =5 mM, v=50 mVs ™. A =0.196 cm’.
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Inset: The voltammogram recorded in the presence of TBA" was simulated with the
following electrochemical parameters: a two-electron reduction with Ex, = -0.105 V,

v=50mVs, kK=2210%cms", ac=0.75,D=4.210% cm?, A = 0.13 cm’.

Fig. 4. Voltammograms for the reduction of AUCN, in DMSO. (a) Comparison
between a simulation and an experimental profile indicates that the electroreduction of
Au(CN), takes place via more than one electrochemical process. Electrochemical
parameters: one electron reduction with Ex, =-1.99 V, v=100mV s, KK=110%cm
st ac=10.5,D="7.110° cm® s, [KAu(CN),] = 9 mM, A = 0.196 cm®. The inset is
the voltammogram of AuU(CN); in the ionicliquid  TBMA'NTf,. Here, the

occurrence of two overlap reductive waves is noticeable. (b) Effect of organic
supporting electrolyte on the reduction of 9 mM KAu(CN),. Black and red
voltammograms were recorded in DMSO solutions containing 0.1 M KCIO4 and 0.1
M TBACIO,, respectively. v=100mVs™,

Polycrystalline gold disk electrode, 5 mm diameter with a geometric area 0.196 cm’,

Fig. 5. SEM images of films deposited from organic baths containing 10 mM AuCl, .
Here it is shown how the organic media, together with the potential, modify the
morphology of the deposits. Experimental conditions: left, 0.1 M KClO4 in DMSO,
middle, 0.1 M TBACIO,, DMSO and right, TBMA'NTf, ionic liquid. The films
were grown potentiodynamically, at (a-c) -0.85 V, (d-f) -1.00 V and (g-i) -1.40 V.

Deposited mass 1 mg.
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Fig. 6. SEM images of films deposited from organic baths containing 10 mM
AuU(CN), . The morphology of the deposits depends on the nature of the organic

media, as well as the deposition rate. Experimental conditions: left, 0.1 M KClOy in
DMSO, middle, 0.1 M TBACIO,, DMSO and right, TBMA'NTf, ionic liquid. The
films were grown potentiodynamically, at (a-c) -2.20 V, (d-f) -2.50 V and (g-i) -3.00

V. Deposited mass 1 mg.

Fig. 7. The roughening effect of TBA" is demonstrated by AFM images. The deposits
shown were produced from bath containing 10 mM Au(CN), in DMSO, with (a)
KClO4 and (b) TBACIO; as electrolytes. Rms roughness increases from (a) 14 £ 2 nm

to (b) 68 £ 5 nm.
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Figure 2
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Figure 3
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Figure 4
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Research Highlights

« The adsorption of Tetrabutylammonium at the electrode surface was shown to
cover ~ 30 % of the total surface area.

« A decrease of one order of magnitude in the kinetic constant for the reduction of
AuCl, to AuCl, was calculated.

« Organic ions strongly influence the shape of grains and roughness of gold
electrodeposits.
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