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Kinetics and mechanism of gold anode corrosion in a weakly
basic aqueous solution of triethylenetetramine
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The electrochemical corrosion of a gold anode in a weakly basic aqueous solution of
triethylenetetramine was studied. Scanning and transmission electron microscopy revealed
the formation of a compact gold deposit on the cathode and gold nanoparticles in the
electrolyte. The kinetics and mechanism of the corrosion of the gold anode were studied
by gravimetry and cyclic voltammetry. The formation of colloidal gold particles in solution
was established by transmission electron microscopy.
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A study of the electrochemical behavior of aliphatic
diamines in weakly basic aqueous solutions of potassium
carbonate on a gold electrode revealed corrosion of this
anode followed by gold deposition on the cathode as
a compact deposit.1=10 In some cases, depending on
the ligand type, formation of nano-sized colloidal gold
particles in the electrolyte was observed. The ligands
that were used include hexahydropyrimidine,! 1,5- di-
azabicyclo[3.1.0]hexane, 2 6-methyl-1,5-diazabi-
cyclo[3.1.0]hexane, 2 6,6-dimethyl-1,5-diazabi-
cyclo[3.1.0]hexane, 2 1,3-diaminopropane,34 1,2-di-
aminopropane,3 2,2-dimethyl-1,3-diaminopropane,®
ethylenediamine,%7 1,4-diaminobutane,3 1-amino-3-
(dimethylamino)propane,® and hexamethylenetetr-
amine.1 It was found that corrosion of the gold anode
affords gold complexes with these ligands. These com-
plexes are then reduced at the cathode to give a compact
gold deposit or decompose in the electrolyte solution,
thus forming gold nanoparticles.

Gold complexes with organic ligands are widely used
in medicine,!1=14 in the chemistry of optical materi-
als,!5 and in catalytic reactions.!6:17 The functional
properties of the complexes are largely determined by
the nature of ligands incorporated in the coordination
sphere of the complexing ion.18:19 Representatives of
a new class of cyclometallated gold(111) complexes with
benzopyridine, benzylpyridine, and 1,2-diaminocyclo-
hexane (DACH) showed high antiproliferative activ-
ity.18 The Aull' _DACH—ethylenediamine complexes
with cis-, trans-, and S,S-positions of amino groups in
DACH showed a cytotoxic activity in vitro against

SGC7901 cancer cells; this activity proved to be higher
than the activity of cisplatin.1® A series of gold(1i)
complexes with various diamines, including aliphatic
a,m-diaminoalkanes, was synthesized and the structure
and biological activity of the complexes were studied.20
The stability of complexes depends on the ligand struc-
ture, while the gold electroreduction at the cathode is
directly associated with electrolysis parameters. A part
of gold is not deposited on the cathode, but migrates
into the electrolyte solution to form a gold mirror or
colloidal gold.1® Thus, by selecting an appropriate
ligand and parameters of electrolysis, it is possible to
control the composition of the products of corrosion
of a gold anode. Since colloidal gold is widely used in
catalysis, nanoelectronics, nanophotonics, nanosen-
sorics, cosmetology, and restoration works,21—23 the
search for new approaches to its preparation is still
a relevant task.

This study addresses the mechanism and kinetics of
corrosion of gold anode in weakly basic aqueous solu-
tions of triethylenetetramine (TETA). A TETA mole-
cule has four amino groups, two primary and two
secondary ones. The molecule is acyclic and has a high
chelating ability; TETA is used as a curing agent for
epoxy resins, owing to its commercial availability and
low cost.

Experimental

Commercial TETA (Acros) was used. Working solutions
were prepared using doubly distilled water. Potassium carbon-
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ate was of the analytically pure grade. The anodic corrosion
of gold was studied in the galvanostatic mode in an undi-
vided two-electrode cell. Gold and steel wires of 0.3 mm in
diameter immersed into an electrolyte solution by 15 mm
served as anode and cathode, respectively. The TETA con-
centration in a 0.05 M solution of K,CO5 was 1.0 mol L~1;
the volume of the working solution was 20 mL. The electrodes
were weighed on an ABJ220-4NM electronic analytical bal-
ance (Kern, USA) (d = 0.0001 g) at certain intervals. Cyclic
voltammograms were measured on a computer-controlled
IPC Compact potentiostat in a three-electrode cell. A glass-
sealed gold wire (99.99% Au) with a diameter of 0.3 mm and
a length of 0.3 cm was used as the working electrode. A plat-
inum wire of the same size sealed into glass served as the
auxiliary electrode, and silver chloride reference electrode
(Ag/AgCl/3M KCI) was used. A 0.05 M solution of K,CO;
with pH 11.1 was used as the supporting electrolyte. The
concentration of TETA was 0.1 mol L~!. In CV measure-
ments, the potential sweep rate (v) was varied from 200 to
25 mV s~!. The microstructure of the electrodes obtained
after the electrolysis of gold in an aqueous solution of TETA
was studied by field emission scanning electron microscopy
(FE-STEM) on a Hitachi SU8000 electron microscope
(Hitachi, Japan). The images were recorded in the secondary
electron mode at an accelerating voltage of 2—30 kV and
aworking distance of 8.4—11.0 mm. The results of analytical
measurements were optimized by the approach described
previously.24 The energy dispersive X-ray spectroscopic
measurements were performed on an Oxford Instruments
X-max energy dispersion spectrometer (UK). The cathode
(steel wire) was placed on an aluminum stage of 25 mm in
diameter for examination. The electrolyte obtained after
completion of electrolysis and containing colloidal gold was
analyzed by transmission electron microscopy (TEM) on
a Hitachi HT7700 electron microscope (Japan). The images
were recorded in the transmission (bright field) mode at an
accelerating voltage of 100 kV. Prior to the measurement, the
working solution was deposited on a thin carbon film attached
to a copper grid of 3 mm in diameter. The grid was mounted
in a special holder. The sample was deposited as a liquid and
then dried in vacuo.

The product formed after completion of electrolysis was
isolated by keeping the reaction solution in an open glass
crystallization dish at room temperature until water com-
pletely evaporated. The resulting solid residue was extracted
with methanol (2x10 mL), and the solution was concen-
trated in vacuo.

Results and Discussion

The mechanism and kinetics of corrosion of the gold
anode were studied in a weakly basic solution of TETA
using gravimetric analysis at a current of 10 mA for 15,
40, and 50 h. Like in our previous studies,1=10 the
experiments with TETA demonstrated corrosion of the
gold anode with a weight loss and deposition of metal-
lic gold on a steel cathode. Figure 1 shows the kinetics

of corrosion over 40 h: loss of weight of the gold anode
(Meorrs 1); weight gain of the cathode deposit (m e, 3);
and weight of gold (m,,) located in the working solu-
tion, which was calculated as the difference of m, and
Mdep (2).

It can be seen from Fig. 1 that the anodic dissolution
of gold (/) follows linear kinetics. As the duration of
electrolysis increases, the increase in the cathode de-
posit weight and increase in the weight of gold in the
electrolyte solution (mge, and my,) deviate from the
linear dependence. Curve 2, which reflects the content
of gold in the solution, passes through a maximum cor-
responding to the time of electrolysis of 27 h. This in-
dicates that the cathodic deposition of gold becomes
more intense than gold accumulation in electrolyte
solution in the form of colloidal particles and complex
compounds. After 40 h of the experiment, the content
of gold in solution decreases more than threefold with
respect to the electrodeposited gold. According to the
data of Fig. 1, mg, does not exceed 5 mg during the
experimental time. In the beginning of the process (the
first 5 h), the deposition of gold on the cathode is re-
tarded. Apparently, during this period, a gold monolayer
is formed on the steel cathode for the subsequent effi-
cient deposition of gold from the complex.

The results of SEM and EDX examination of the
steel cathode are depicted in Fig. 2. It can be seen in
Fig. 2, a that the corrosion of gold anode is accompa-
nied by the formation of a gold deposit in the form of
spherical particles on the steel cathode surface. During
corrosion of the gold anode, the weakly basic aqueous
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Fig. 1. Kinetics of anodic dissolution of metallic gold in an aqueous
solution of TETA at a current of 10 mA and C = 1.0 mol L—1;
(1) weight loss of gold anode (my,,); (2) calculated weight of
gold () in the solution; (3) weight of the cathodic deposit of
metallic gold (mgc,) on the steel cathode.
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Fig. 2. Electron microscopic image of the gold deposit on the steel cathode (a) and results of EDX study of its chemical composition (b).

solution of TETA is colored pale yellow, and after 40 h
of electrolysis, the color of the electrolyte solution
becomes more intense.

A TEM study of the working solution showed that
some colloidal gold particles were present after 15 h of
electrolysis, while by the end of experiment (40 h), the
amount of gold nanoparticles markedly increases and
the nanoparticle size increases approximately 2-fold up
to 5—10 nm (Fig. 3).

A comparison of the images shows that the size of
colloidal gold particles formed after 15 h of electrolysis
(3—7 nm) is smaller than the size of particles existing
after 40 h of electrolysis (10— 15 nm). The nanoparticles
detected in the case of TETA were somewhat larger
than those observed in the previously studied corrosion
processes involving diamines.1—10

The kinetic patterns elucidated for anodic dissolu-
tion and cathodic deposition of gold can be analyzed,
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Fig. 3. Electron microscopic image of colloidal gold particles in

the electrolyte after 15 (a) and 40 h (b) of electrolysis.

by analogy with previous studies, =10 using a system of
differential equations:

dm,/dt = k|, (1)
dmy/dt = ky — kymy, (2)
dM3/df = k2m2, (3)

where my, m,, and ms are the weights of gold migrating
from the anode to the solution, deposited from the
solution on the cathode, and present in solution at time
point #, respectively; & is the rate constant of the anodic
process; k, is the rate constant of the cathodic process.
Solving this system of equations using the Mathcad
software gave the values describing most accurately the
experimental data: k; = 0.371 mg h=!; k, = 0.037 h—1.
It can be seen that the rate of anodic dissolution is
higher than the rate of cathodic process.

The cyclic voltammograms (CV) for the gold elec-
trode in a weakly basic aqueous solution of TETA, which
were recorded in the potential range from —100 to
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Fig. 4. Cyclic voltammograms in a weakly basic aqueous solution
(0.05 M K,CO3) of TETA on Au electrode for various potential
sweep rates: 200 (7), 175 (2), 150 (3), 125 (4), 100 (5), 75 (6),
50 (7), and 25 mVs~! (8).

+1250 mV at different sweep rates, are shown in Fig. 4.
The anodic branches of CV curves show weakly
pronounced peaks in the potential range £ = 500—
1000 mV. It was shown that the intensity of these peaks
increases with increasing potential sweep rate v. By
analysis of the CV digital data, it is possible to deter-
mine, with some approximation, the maximum currents
for all CV curves (see Fig. 4) and to draw conclusion
about the shift of these values to more positive poten-
tials. While recording several CV cycles, it was noted
that responses in the anodic and cathodic branches are
present in the first and subsequent cycles. This attests
to the absence of strong adsorption of the substrate,
resulting in the passivation of the anode surface.
During the back sweep in the potential range
FE =100—300 mV, the cathode branches show peaks,
indicating reduction of the corrosion products.

Table 1 summarizes the kinetic and electrochemical
characteristics of the corrosion of gold anode in aque-
ous solutions of diaminoalkanes 1—5. Analysis of the
data of Table 1 provides the conclusion that the con-
stants k; and k, for the anodic dissolution of gold and
cathodic reduction of gold in TETA differ little from
those in diaminopropane 1. The dissolution rates of the
gold anode during electrolysis in diaminopropane 1 and
in TETA studied here are also similar.

The change in the electrochemical behavior of Au
in solutions of diamines 1—5 may be due to both dif-
ferent electron densities on nitrogen atoms in these
compounds and structural factors.

Thus, we studied for the first time the kinetics of
gold anode corrosion in a weakly basic aqueous solution
of TETA by gravimetric and CV methods. In line with
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Table 1. Kinetic and electrochemical characteristics of the cor-
rosion of gold anode in aqueous solutions of diaminoalkanes 1—5
at 10 mA

Com- k ky*/h~1 E.>/mV Dissolution Reference
pound /mgh~! rate
/mgcm~2 h~!
1 0.42 0.040 680 6.66 3,4
2 0.55 0.110 572 8.73 4,7
3 0.09 0.020 770 1.43 6
4 0.29 0.026 1125 4.58 9
5 0.37 0.037 — 5.88 This work

@ Rate constant of reduction on the steel cathode.
b Maximum current potential in the anodic branch of CV curve.

HaN_~_NH HzN\/\NH2

1,3-Diaminopropane (1) Ethylenediamine (2)

H2N\>§/NH2 HaN o NMez
2,2-Dimethyl- 1-Amino-3-(dimethylamino)-
1,3-diaminopropane (3) propane (4)
H
HoN \/\N/\/N \/\NH
2

H
Triethylenetetramine (5)

the data published previously, the Au—TETA complex
is formed and then reduced at the cathode to give
a cathode deposit and colloidal gold in the electrolyte.
Determination of the composition of the Au—TETA
complex by elemental analysis of the electrolysis prod-
ucts indicates the presence of complexes containing
one to three ligands. The study provides the conclusion
that TETA has a high reactivity (according to the data
of gravimetry) in the anodic dissolution of gold and in
the electrochemical reduction of gold at the cathode.

We demonstrated for the first time the applicability
of TETA, which is produced in industry on a large scale,
for electrochemical redeposition of gold. It follows from
gravimetric data that the reactivity of TETA in the
electrochemical redeposition of gold is somewhat lower
than that of the previously studied ethylenediamine;
however, it is quite sufficient for the efficient use of
TETA in this process. In addition, the possibility of
preparing gold nanoparticles in an electrolyte solution
deserves attention.

The authors are grateful to the Department of
Structural Studies of the N. D. Zelinsky Institute of

Organic Chemistry, Russian Academy of Sciences for
electron microscopic examination of the samples.
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research.
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