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Abstract: This paper presents a detailed study of a titanium–platinum thin film-based electrode
preparation and its practical application in the electrooxidation of cyanides to help protect our
environment. The novel electrochemical deposition process of Pt on nearly atomically smooth
magnetron-sputtered Ti film has been used to prepare a highly effective glass|Ti|Pt composite
electrode with high catalytic activity for the electrooxidation of cyanide ions. The composite electrode
exhibits over a 90% electrical current efficiency in the cyanide electrooxidation process and can
be used for the decontamination of highly concentrated KCN solutions (up to 0.1 M) without any
chemical additives. A high current efficiency (70%) of Pt thin film deposition on a glass|Ti electrode
was achieved using a potentiostatic double-pulse method. Fast Fourier transform electrochemical
impedance spectroscopy revealed the oxidation kinetics for cyanide ions at the electrode. The glass|Ti
electrode was prepared using the magnetron sputtering technique, which allows us to fabricate
electrodes of any shape suitable for any electrochemical cell or electroplating bath. Meanwhile,
electrochemical deposition of Pt on the glass|Ti electrode is an efficient and environmentally friendly
method, since various salts of Pt and/or Pt-containing wastes can be used for electrodeposition
instead of pure Pt, which is more expensive.

Keywords: sputtering; titanium; platinum; thin films; cyanide electrooxidation; fast Fourier transform
electrochemical impedance spectroscopy; spectroscopic ellipsometry

1. Introduction

Cyanides are widely used in the mining industry, particularly in the refining of noble
metals from ores, where they form water-soluble metal–cyanide complexes. This type of
leaching is very efficient [1], as it allows refining of low-grade ores. However, in order
to extract most of the metal from the lower quality ore, larger amounts of cyanide must
be used [2]. This causes ecological problems as cyanide ions are harmful and toxic to all
animals and nature [3]. New Zealand, where gold mining contributes significantly to the
local economy, suggested new exposure limits of cyanide, based on an 8 h workday, as
1 mg m−3 at a workplace [4]. The decision was based on The Scientific Committee on
Occupational Exposure Limits review [5] and German Research Foundation statement [6]
that evaluated cyanide effects on thyroid and neurological damage. Cyanide can also be
found in drinking water, potentially affecting people every day, which is why the United
States Environmental Protection Agency has set 0.2 mg L−1 limit of cyanide in drinking
water [7].
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The most common way of treating cyanide wastewater is to store it in large dams,
where it can be slowly oxidized by atmospheric oxygen [8]. However, storing cyanide in
large quantities becomes a major risk and legal liability in the case of accidental spills, which
has happened over the years [9,10]. Instead of the usual, slow degradation by atmospheric
oxygen, some suggest that electrochemical oxidation could provide a clean, safe way to
oxidize cyanides [11,12]. Electrochemical treatment methods are considered ecologically
friendly because they avoid producing secondary pollutants [11,13,14]. Investigators
are focused on identifying anode materials that ensure high corrosion resistance and
electrochemical activity in parallel to chemical and physical stability. Table 1 provides a
comparison of the different methods used to treat cyanide.

Table 1. A comparison of the methods for the treatment of cyanide.

Method for the Treatment of
Cyanide Effluent Advantages Disadvantages

Natural degradation (natural
oxidation, decomposition by sunlight,

volatilization) [8,15,16].
Not applicable.

Sensitive to many factors as sunlight, pH,
temperature. Relatively slow process. A risk
of accidental spill of cyanides. Unpredictable

results. Limited effectiveness. Absence
of control.

Chemical methods (alkaline
chlorination, oxidation via hydrogen

peroxide) [15,17].

Low risk of accidental spill of cyanides.
Possibility to control processes.

Require chemical regents and sludge
disposal to be used, toxic by-products

(e.g., ammonia) might be formed.

Electrochemical oxidation-based
methods [18–23].

Low risk of accidental spill of cyanide or
toxic sludge, possibility to collect heavy

metals during cyanide oxidation.

Fast inactivation of conventional electrodes.
Some electrode materials are very expensive

and difficult to manufacture.

Biological disposal [15,17]. Low risk of formation of toxic
by-products.

Relatively slow process, depending on the
environmental conditions (e.g., temperature).

A risk of accidental spill of cyanides.

In general, anodes for the electrooxidation of organics are divided into “non-active”
anodes (such as boron-doped diamond (BDD) or SnO2-Sb [24]) and “active” anodes (such
as transition metals and their oxides [20,21]). “Non-active” anodes are used for the indirect
electrooxidation of cyanide, generating hydroxyl radicals and other oxidizing species
that oxidize CN− ions at high potentials while inhibiting the oxygen evolution reaction
(OER) [25]. “Active” anodes may be considered less efficient for direct electrooxidation
because of their high activity towards competing OER. However, it has been shown that
“active” anodes can be used for both direct and indirect electrooxidation of cyanide via
intermediate hydroxyl radicals [20]. The generally accepted mechanism in the scientific
community for the electrooxidation of cyanide is [26,27]:

CN− + 2OH− → CNO− + H2O + 2e− (1)

Previous efforts have used platinum, stainless steel, graphite, lead, etc.,
anodes [20,21,28–36] for the electrooxidation of cyanide. Platinum, with current efficien-
cies up to 80%, is one of the most efficient electrode materials [20,21]. However, Pt is an
expensive metal and with the amount of cyanide waste that exists, we need to find cheaper
alternatives. It was suggested that a titanium plate electrode electrochemically coated
with a thin layer of Pt could achieve an almost complete oxidation of CN− (from 0.1 M to
0.16 mM), so platinized Ti electrodes could be used instead of Pt plate electrodes [18–21,37].
Electrochemical Pt deposition on conductive surfaces seems to be a promising and en-
vironmentally friendly technique, as it can be performed using various Pt salts and/or
Pt-containing wastes instead of pure Pt, which is expensive [38]. However, the current effi-
ciencies obtained with platinized Ti electrodes (approx. 40%) are lower than those obtained
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with metallurgic Pt electrodes (approx. 80%) [20,21]. Therefore, a critical question remains
as to how to produce electrodes with equal or better efficiency for cyanide oxidation.

Effective electrooxidation of cyanide has been achieved by coating a Ti plate with
various metal oxides [20,39,40]. However, the preparation of these electrodes is quite
complicated because thin film deposition relies on the synthesis of nanoparticles. Such
synthesis requires expensive reagents, special equipment, and high temperatures (up to
400 ◦C), which are not always practical [39,40].

The main objective of our work was to design the technology for the rapid and effec-
tive electrooxidation of high concentration (0.1 M) potassium cyanide solutions. Using thin,
nearly atomically smooth film titanium electrodes sputtered on glass slides as substrates,
we propose a novel, electrodeposition double-pulse process yielding electrocatalytically
active microparticle-structured Pt films (hereafter referred to as glass|Ti|Pt electrodes),
which show high activity for the electrooxidation of cyanides. These glass|Ti|Pt electrodes,
which achieve a 91% electrical efficiency in the cyanide electrooxidation process, elimi-
nate the use of expensive and environmentally hazardous chemical reagents for cyanide
waste decontamination.

The surface morphology of both Ti and Pt coatings was characterized by the atomic
force microscopy (AFM), scanning electron microscopy (SEM), and spectroscopic ellipsome-
try. Cyclic voltammetry and fast Fourier transform electrochemical impedance spectroscopy
(FFT-EIS) were used to determine the electrochemical behavior of both the Pt electrodeposi-
tion and cyanide electrooxidation processes.

2. Experimental
2.1. Preparation of Ti-Covered Glass Electrode (Glass|Ti)

A glass microscope slide (25 mm × 45 mm) (Thermo Fisher Scientific, Waltham, MA,
USA) was used as a substrate for the deposition of Ti film. Before coating, the glass slide was
cleaned by rinsing it with sulfuric acid (96%, ROTH, Karlsruhe, Germany) and deionized
water (R ≥ 18 MΩ·cm), then it was incubated in a Nochromix 1 solution (Sigma-Aldrich,
Munich, Germany) for 30 min and rinsed again with deionized water. After the cleaning
processes, the glass slide was dried in a stream of nitrogen gas (99.99%, Elme Messer Gaas,
Vilnius, Lithuania) (Figure 1A). A titanium film of approx. 30 nm thickness (Figure 1B)
was deposited on the cleaned microscopic glass slides using a PVD 75 thermal evaporation
deposition platform (Kurt J. Lesker Company, Jefferson Hills, PA, USA). Before depositing
Ti, the sputtering chamber was evacuated down to <9.40 × 10−6 Pa, the residual pressure,
and then filled with ultrahigh purity argon gas (99.999%, Elme Messer Gaas, Lithuania) to
a sputtering pressure of 8 × 10−1 Pa. Direct current sputtering of Ti was conducted under
conditions of a constant cathodic power (100 W) and the rate of magnetron sputtering was
0.1 Å s−1.

2.2. Preparation of Pt-Coated Glass|Ti Electrode (Glass|Ti|Pt)

The glass|Ti|Pt electrode was prepared by forming a thin layer of Pt on a glass|Ti
electrode using a potentiostatic double-pulse method (Figure 1C,D). The first potential
pulse (E1) was 1 s at −1.5 V (vs. Ag|AgCl, KClsat) and the second potential pulse (E2)
was 836 s at −0.6 V (vs. Ag|AgCl, KClsat), corresponding to a current density of approx.
−2.0 mA cm−2. The electroplating solution contained 19.3 mM of H2PtCl6·6H2O (99.9%,
Alfa Aesar, Karlsruhe, Germany) and 2.5 M of HCl (p.a., ROTH, Karlsruhe, Germany). A
detailed explanation of Pt electrodeposition on a glass|Ti electrode follows in the “Results
and discussion” part of this study (Section 3.2).

2.3. Atomic Force Microscopy, Scanning Electron Microscopy, and Spectroscopic Ellipsometry
Measurements of the Glass|Ti and Glass|Ti|Pt Electrodes

Surface topography images of the glass|Ti and glass|Ti|Pt electrodes were obtained
using atomic force microscopy (AFM) (“Catalyst” instrument, Bruker, Billerica, MA, USA).
During AFM measurements in air, a PeakForce Tapping® mode with a conventional silicon



Coatings 2023, 13, 1821 4 of 18

Scan Asyst Air AFM tip (resonance frequency 70 kHz, spring constant 0.4 N m−1) was ap-
plied. Obtained AFM images were processed using NanoScope Analysis v1.40r1 software.
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Figure 1. Schematic representation of the glass|Ti|Pt electrode preparation and its application in
the electrooxidation of cyanide. (A) cleaned glass microscope slide; (B) thin film Ti-sputtered glass
slide (the glass|Ti electrode); (C) three electrode-based handmade Teflon cell for the preparation
of the glass|Ti|Pt electrode; (D) the glass|Ti|Pt electrode, the dark circle on the electrode is the
area exposed to the Pt deposition solution; and (E) two electrode-based electrochemical cell for the
electrooxidation of cyanide.

Surface morphology was investigated using a TM 3000 scanning electron microscope
(SEM, Hitachi, Tokyo, Japan). The cross-sectional structure of the films was observed using
a SU-70 FE-SEM (Hitachi, Tokyo, Japan) at an operating voltage of 5 kV.

Spectroscopic ellipsometry measurements were conducted using a spectral ellipsome-
ter from J.A. Woollam (Lincoln, NE, USA) which operates in the range of 200 nm to 1000 nm.
Regression analysis of the collected data was performed using Complete EASE software 4.05
from J.A.Woollam. The angle of incident light was 70◦, which is close to Brewsters angle.

2.4. Electrochemical Investigations of Glass|Ti and Glass|Ti|Pt Electrodes

Linear sweep voltammetry, cyclic voltammetry, chronoamperometry, and fast Fourier
transform electrochemical impedance spectroscopy (FFT-EIS) measurements were per-
formed with a three-electrode cell consisting of the working glass|Ti or glass|Ti|Pt elec-
trode, Pt wire (99.99%) as a counter electrode, and Ag|AgCl, KClsat as a reference electrode.

A µAUTOLAB potentiostat/galvanostat from ECO-Chemie (Utrecht, The Netherlands)
was used to perform cyclic voltammetry-, linear sweep voltammetry-, and chronoamperometry-
based measurements.

All electrochemical measurements were carried out in the handmade Teflon cell where
the working electrode was connected to an electrolyte solution via a circular hall (radius
0.5 cm) in a wall of the Teflon cell (Figure 1C,E). This handmade cell enabled us to ensure a
consistent geometric surface area of 0.785 cm2 at the interface-working electrode–electrolyte
solution during all the experiments.

FFT-EIS measurements were performed with an FFT impedance spectrometer EIS-
128/16 constructed by prof. G. Popkirov (University of Kiel, Kiel, Germany) [41]. The
impedance spectra were recorded in potentiostatic mode and the range of alternating
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current frequencies varied from 1.5 Hz to 10 kHz. Data analysis software “Zview 2” was
used to create the model representing the elements of a selected equivalent circuit.

2.5. Electrooxidation of Cyanide by Using the Glass|Ti|Pt Electrode

The electrochemical oxidation of a 0.1 M KCN (99.8%, Sigma-Aldrich, Munich, Ger-
many) solution was carried out by using a power supply “EL 561R Power Supply” (Aim &
Thurlby Thandar Instruments, Huntingdon, UK). All experiments reported in this study
were performed in a base solution of 0.1 M KCN at pH 11 without any chemical additives in
order to avoid competing reactions that might occur at the electrode and possibly interfere
with the results. The 0.1 M KCN solution can be considered as highly concentrated and
characterized as an electrolyte because the conductance of this solution reaches 12.6 mS
cm−1. The glass|Ti|Pt electrode (0.785 cm2) was used as an anode and a stainless steel
plate was used as a cathode (Figure 1E).

To evaluate the efficiency of the cyanide electrooxidation current, the concentration of
cyanide ions in the samples of electrolysis solution was measured after 2 and 4 h (from the
beginning of the electrolysis) via a potentiometry method with a silver electrode [20,21].
The efficiency of the cyanide electrooxidation current was calculated using Equation (2):

η =
(c0 − c)·V·n·F

i·t ·100% (2)

here, c0 is the initial concentration of CN− (0.1 M); c is the concentration (M) of CN− in
the electrolysis solution, measured after time t; V is the volume of electrolysis solution
(2.5·10−2 L); n is the number of electrons transferred in the reaction (n = 2) (Equation (1)); F
is the Faraday constant (96,485 C mol−1); i is the current (2.0 × 10−2 A); and t is the time
from the beginning of electrolysis (s).

The catalytic performance of the glass|Ti|Pt electrode was evaluated by calculating
the energy consumption (EC) values according to Equation (3) [30]:

EC =
∆E·Q

∆
[
CN−

]
·V

(3)

here, ∆E is the potential difference between the working and auxiliary electrodes (2.5 V), Q
is the charge passed during electrolysis (C), ∆

[
CN−

]
is the change in cyanide concentration

(g L−1), and V is the volume of electrolysis solution (2.5 × 10−2 L).

3. Results and Discussion
3.1. Atomic Force Microscopy, Scanning Electron Microscopy, and Spectroscopic Ellipsometry
Measurements of the Glass|Ti Electrode

During the investigation and comparison of different techniques for the electrodeposi-
tion of metals, one should consider the influence of substrate surface roughness, as it can
affect the morphology of formed coatings [42]. In order to eliminate the influence of the
substrate surface roughness on the properties of the electrochemically formed Pt thin film,
a glass slide coated with a magnetron-sputtered Ti layer (glass|Ti) was used as a substrate
for the electrochemical deposition of Pt.

Since the morphology of the substrate strongly influences Pt deposition efficiency, the
AFM and SEM investigation of the glass|Ti electrode was carried out before electrodeposi-
tion of the Pt layer. Figure 2 shows the AFM and SEM images of the magnetron-sputtered
titanium surface, showing that the amplitude of the Ti surface height varies by only about
1 nm (Figure 2A–C) and the calculated values of Ra (surface roughness) and RMS (root
mean square) are equal to 0.84 ± 0.2 nm and 0.94 ± 0.03 nm, respectively. SEM images
of the top view (Figure 2D) and cross-sectional view (Figure 2E) of the glass|Ti electrode
show that the surface of the sputtered Ti layer can be considered very smooth. Taking
into account this finding, we can assume that the electrocatalytic activity of the further
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developed galvanically platinized electrode will depend only on the properties of the Pt
thin film, but not on the roughness of the Ti surface.
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Figure 2. AFM and SEM investigation of the glass|Ti electrode. Top view of AFM image (A), 3D
view of AFM image (B), and cross-section profile (C) of the surface of the glass|Ti electrode. SEM
images of the top view (D) and cross-sectional view (E) of the glass|Ti electrode. The thickness of the
sputtered Ti film is 30 nm.

The surface of Ti oxidizes spontaneously and forms a native oxide layer (TiO2) [43–46].
The presence of a TiO2 layer in platinum-covered Ti electrodes (Ti|Pt) can affect the
electrochemical properties (e.g., shape of cyclic voltammograms) of an electrode [37], but
it does not seem to effect the catalytic activity of the electrode in the oxidation of organic
compounds (e.g., glycerol) [37]. Nevertheless, in order to elucidate the effect of TiO2 on
our subsequent experiments, the thickness of the TiO2 layer on the glass|Ti electrode
was evaluated using a spectroscopic ellipsometry method (Figure 3) 24 h after magnetron
sputtering of Ti onto the glass slide. For processing the ellipsometric data of the glass|Ti
electrode (Figure 3) we applied a three-layered optical model consisting of (i) a glass
substrate, characterized as a BK-7 glass slide, (ii) an intermedium Ti layer, characterized by
a B-spline model using Ti as the starting material, and (iii) a top layer of TiO2, characterized
by a Cauchy model [47]. Values for the optical constants representing each layer of the
model were obtained from the Complete EASE software database. The Ti and TiO2 layers
were 23.9 nm and 2.7 nm thick, respectively, with a mean square error of 1.274 ± 0.001 nm.
The thickness of the TiO2 layer on our glass|Ti electrode (2.7 nm) is in line with the
published thickness values of spontaneously formed TiO2 layers on thin Ti metal coatings
reported in the literature (2.4–2.9 nm) [45,46].

One may expect that the thickness of a TiO2 layer may change over time. A glass
slide covered with magnetron-sputtered Ti was kept at ambient conditions for 3 weeks
and was again examined by means of spectroscopic ellipsometry (Figure 3). Ellipsometric
curves obtained by investigating one-day and 3-week-old glass|Ti electrodes were similar
(Figure 3); thus, it can be presumed that the layer of TiO2, which grows on the surface of Ti
during the first 24 h, has a constant thickness of ≈2.7 nm that changes little over 3 weeks.
The results of spectroscopic ellipsometry indicate that the surface of the glass|Ti electrode
is stable and is not affected by exposure to air over time. This is very important for the
subsequent Pt deposition and the formation of the glass|Ti electrodes with reproducible
electrochemical properties.
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and red curves—after 24 h; solid yellow and blue curves—after 3 weeks. Dashed lines—curves
simulated by the three-layered model.

3.2. Electrodeposition of Pt Layer on the Glass|Ti Electrode

When the potentiostatic double-pulse method is applied for metal deposition, two
potential pulses are applied to the working electrode—(i) an initial short pulse (E1) of high
cathodic overpotential that enhances the formation of nuclei and (ii) a much longer second
pulse (E2) of lower cathodic overpotential that enhances the growth of already existing
nuclei [48,49]. In order to select the E1 and E2 values for Pt deposition for the potentiostatic
double-pulse method, the glass|Ti electrode was investigated via linear sweep voltammetry
(Figure 4) in the Pt deposition solution (H2PtCl6·6H2O (19.3 mM) + HCl (2.5 M)). The
voltammetric data indicated that the reduction in the H2PtCl6 complex begins at approx.
0.2 V (Figure 4). However, electrochemical deposition of Pt from the hexachloroplatinate
([Pt(Cl)6]4−) solution is described as a sequential process that can proceed by at least three
(I, II, and III) alternative reaction mechanisms [50,51] (Equations (4)–(8)):
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Figure 4. Polarization curve of the glass|Ti electrode in Pt deposition solution (H2PtCl6·6H2O
(19.3 mM) + HCl (2.5 M)). Potential was scanned at a rate of 50 mV s−1. Inset—chronoamperometric
investigation of the glass|Ti electrode in the same solution at constant potential of −0.6 V vs.
Ag|Ag|KClsat.

(I) Reduction of [Pt(Cl) 6]
2− (Equation (4)), followed by reduction of [Pt(Cl) 4]

2−

(Equation (5)):
[Pt(Cl) 6]

2− + 2e− → [Pt(Cl) 4]
2− + 2Cl− (4)
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[Pt(Cl) 4]
2− + 2e− → Pt0 + 4Cl− (5)

(II) Reduction of [Pt(Cl) 6]
2− (Equation (4)), followed by disproportionation of formed

[Pt(Cl) 4]
2− (Equation (6)):

2[Pt(Cl) 4]
2− → Pt0 + [Pt(Cl) 6

]2−
+ 2Cl− (6)

(III) Formation of H2 gas (Equation (7)), followed by a reaction between H2 and [Pt(Cl) 6]
2−

(Equation (8)):
2H+ + 2e− → H2 (7)

[Pt(Cl) 6]
2− + 2H2 → Pt0 + 6Cl− + 4H+ (8)

G. Lu and G. Zangari [52] point out that the reduction peaks of [Pt(Cl)6]2−, [Pt(Cl)4]2−,
and H+ species have different values, and these peaks are not well defined in voltammo-
grams when Pt is deposited from the chloride-containing [Pt(Cl)6]4− solution. Therefore, it
is complicated to choose an appropriate potential value for the effective platinization of a
glass|Ti electrode from the voltammetric data (Figure 4). Previous investigations [18–21,29]
suggest that by using hexachloroplatinate electrolytes, high-quality Pt coatings can be de-
posited galvanostatically over a wide range of cathodic current densities (from−1.5 mA cm−2

to −35 mA cm−2).
We propose the double-pulse method for the deposition of a Pt layer on the glass|Ti

electrode. The first potential pulse (E1) was chosen to be 1 s. Such short, high polarization
pulse induces a large number of Pt nucleation sites and must be performed quickly [48,49].
A second potential pulse (E2) is used to increase the size of the Pt microparticles formed
during the nucleation phase [48,49]. In our case, the potential of −0.6 V (vs. Ag|AgCl,
KClsat), corresponding to an electrode current of approximately −2.0 mA (Figure 4), was
chosen as the potential for microparticle growth (E2), while the short polarization pulse at
−1.5 V was chosen as the potential (E1) to induce nucleation of Pt on the glass|Ti substrate.
Under these conditions, a Pt layer with a theoretical thickness of 500 nm was deposited on
the electrode, while our previous research [19,21] showed that a Ti electrode coated with
a Pt layer thicker than 400 nm is an effective anode for the electrochemical oxidation of
cyanide ions.

According to Faraday’s first law, the theoretical thickness of a Pt layer formed on a
glass|Ti electrode is proportional to the electric charge (Q) transferred to the electrode. It
was calculated (Equation (9)) that an electric charge of 1.67 coulombs (C) is needed for
electrodeposition of a 500 nm thick layer of Pt on a glass|Ti electrode with a 0.785 cm2

geometric area. Chronoamperometric investigation (Figure 4, inset) indicated that 836 s is
required to grow a Pt layer of 500 nm, which was calculated as theoretical thickness, when
a −0.6 V (vs. Ag|AgCl, KClsat) potential is applied to the glass|Ti electrode; therefore,
836 s was chosen as it was theoretically calculated to be the most optimal duration for a
second pulse.

Q =
dFnSρPt

MPt
(9)

here, Q is the electric charge passed through the working electrode (C), d is the thickness of
the Pt layer (5 × 10−7 m), ρPt is the density of Pt (2.145 × 104 kg m−3), MPt is the atomic
mass of Pt (0.195 kg mol−1), F is the Faraday constant (96,485 C mol−1), n is the number of
electrons transferred in the reaction (n = 4) (Equations (3)–(7)), and S is the geometric area
of the glass|Ti electrode (7.85 × 10−5 m2).

AFM studies confirmed (Figure 5) that the surface of magnetron-sputtered Ti is covered
with Pt deposits consisting of uniformly distributed Pt microparticles forming a thin layer
with an RMS roughness of 332 ± 36 nm and an Ra of 311 ± 20 nm.
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Figure 5. AFM and SEM investigation of the glass|Ti|Pt electrode. Top view AFM image (A), 3D
view AFM image (B), and cross-section profile (C) of the surface of the glass|Ti|Pt electrode. SEM
images of the top view (D) and cross-sectional view (E) of the glass|Ti|Pt electrode.

The roughness of the magnetron-sputtered Ti substrate (Figure 2), on which the Pt
layer was deposited, is extremely smooth (RMS = 0.94 ± 0.03 nm) and does not contribute
to the roughness parameters of the Pt. Therefore, the AFM-measured RMS can be used
as a quantitative evaluation of the thickness of the electrodeposited Pt layer [53]. In
our experiments, the RMS (332 ± 36 nm) was estimated to be slightly lower than the
theoretically calculated Pt layer thickness according to Faraday’s law (500 nm). Therefore,
the current efficiency of the Pt electrodeposition was estimated to be 70%. This result is in
agreement with the SEM data (Figure 5D,E). As can be seen from Figure 5D, the surface of
the glass|Ti|Pt electrode is covered with well-defined Pt microparticles with diameters
ranging from 0.6 µm to 3.5 µm. The cross-sectional view in Figure 5E shows that the height
of the Pt microparticles is about 600 nm. As expected, it is considerably higher than the
RMS because part of the coated surface is filled with voids separating the microparticles, as
shown by the SEM (Figure 5D).

The obtained high yield of Pf deposition confirms the efficiency of our approach to
apply the potentiostatic double-pulse method for Pt electrodeposition. The use of a very
smooth Ti surface (Figure 2) as a substrate in combination with a pulsed regime under
potentiostatic control resulted in a very efficient (up to 70%) Pt deposition process, which is
highly superior to classical Pt deposition protocols utilizing under galvanostatic control,
which efficiency does not exceed 15%–20% in chloroplatinic acid-based electrolytes [29]. In
summary, it can be concluded that electrocatalytically active (vide infra) Pt coatings on al-
most atomically smooth magnetron-sputtered Ti films can be achieved via the potentiostatic
double-pulse method.

3.3. Cyclic Voltammetry and FFT-EIS Investigations of the Glass|Ti|Pt Electrode

Electrocatalytic activity of the glass|Ti|Pt electrode towards cyanide oxidation was
tested via cyclic voltammetry in the 0.1 M KCN solution (Figure 6, curve a) in the anodic
potential range (from 0 V to 2.5 V vs. Ag|AgCl, KClsat). In comparison to the control experi-
ments with a non-platinized glass|Ti electrode (Figure 6, curve b), the anodic current of the
glass|Ti|Pt electrode reached approximately 10–80 times higher values (depending on the
applied potential), indicating a high catalytic activity of the Pt layer for the electrochemical
oxidation of cyanide.
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Figure 6. (A) cyclic voltammetry curves of the glass|Ti|Pt electrode (curve a) and the glass|Ti
electrode (curve b) registered in 0.1 M KCN solution. (B) zoomed cyclic voltammogram of the
glass|Ti electrode (curve b) registered in 0.1 M KCN solution. Potential was scanned at a rate of
50 mV s−1.

FFT-EIS investigations were performed in a potentiostatic mode within a potential
interval where the current yield of water electrolysis is negligible and the current yield
of cyanide oxidation is dominant. The influence of water electrolysis on the oxidation
of cyanide was considered negligible because of two reasons—(i) the FFT-EIS data were
obtained almost immediately after the start of the perturbation voltage, avoiding any
surface concentration depletion resulting from the registration of FFT-EIS spectra in the
chosen frequency range (1.5 Hz–9.5 kHz) since it takes only 0.69 s; and (ii) in agreement
with the cyclic voltammetry data (Figure 6), the cyanide oxidation current starts to increase
rapidly at the potentials >0.8 V. However, the rate of water electrolysis starts to increase
around 1.7 V, while the formation of oxygen bubbles on the glass|Ti|Pt electrode was
observed at potentials higher than 1.7 V vs. Ag|AgCl, KClsat. Thus, an FFT-EIS-based
investigation of the cyanide electrooxidation on the glass|Ti|Pt electrode was carried out
by avoiding any unwanted influence by water electrolysis in the potential range from 0.8 V
to 1.7 V vs. Ag|AgCl, KClsat. The obtained impedance spectra are displayed as Nyquist
diagrams (Real impedance, Z′ vs. Imaginary impedance, Z′′) in Figure 7.

Figure 7 shows that the FFT electrochemical impedance of the investigated system
decreases as higher potential is applied to the glass|Ti|Pt electrode. To determine the
cause of this potential-related decrement in electrochemical impedance, the FFT-EIS data
were analyzed by applying an equivalent circuit model (Figure 7, inset) consisting of
uncompensated solution resistance R0; a constant phase element CPE that represents
capacitance of the electric double layer (EDL) that which forms at the electrode–solution
interface; and a parallel resistance Rct that represents the charge transfer at the interface
Pt layer—electrolyte. The values of equivalent circuit elements are shown at Table 2. The
accuracy of these values was verified with a Chi Square Goodness of Fit Test (Equation (10)),
which evaluates how close the experimental values (Equation (10), symbol “Oi”) fit the
values from the model (Equation (10), symbol “Ei”) [54,55]. The best fit is observed when
the value of the Chi Square Goodness of Fit Coefficient (Equation (10), symbol “χ2”) is near
zero. It was found that the values of the equivalent circuit elements fit the experimental
data well (χ2 = 4.4 × 10−5 ± 1.4 × 10−5) (Table 2).

χ2 = ∑
(Oi − Ei)

2

Ei
(10)
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Figure 7. FFT-EIS of the glass|Ti|Pt electrode in 0.1 M KCN solution registered under constant
potential values varying in the range from 0.8 to 1.7 V vs. Ag|AgCl, KClsat. Symbols represent
experimental data, solid lines—fit lines obtained by fitting experimental data to the equivalent circuit
model. Inset—the equivalent circuit model used to fit the FFT-EIS data, representing the charge
transfer through the interface Pt layer—electrolyte. R0 is uncompensated solution resistance; Rct is
charge transfer resistance; CPE is constant phase element.

As seen in Table 2, the values of charge transfer resistance (Rct) decrease as higher
potential is applied to the glass|Ti|Pt electrode during FFT-EIS investigations. This decre-
ment of Rct indicates that the rate of electron transfer through the interface of the Pt layer—
electrolyte increases as higher potential is applied to the glass|Ti|Pt electrode. Since Rct
depends on the potential applied to the electrode, the rate of cyanide electrooxidation can
be expressed by the modified Tafel plot [20,56–58], which predicts a logarithmic depen-
dence of the charge transfer resistance (R−1

ct ) on the polarization value of the glass|Ti|Pt
electrode (∆E) (Figure 8). Although the kinetics of the electrochemical reactions is usually
analyzed using the conventional Tafel plot (logarithmic dependence of the current density
on the electrode polarization, lni vs. ∆E), the modified Tafel plot (lnR−1

ct vs. ∆E) allows the
charge transfer process to be distinguished from other factors (e.g., capacitance current,
conductivity of the catalyst) that influence the measured current [20,56–58]. Therefore,
it is considered that the modified Tafel plot is more reliable for the characterization of
electrocatalysts [20,56–58]. In addition, the analysis of the EIS data using the modified Tafel
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plot has already been presented in a previous study [20] to determine the mechanism of
cyanide oxidation on the platinized Ti plate electrode.

Table 2. Values of the electrochemical characteristics obtained by fitting FFT-EIS data (Figure 7) to
equivalent circuit model presented in the inset of Figure 7.

E, V R0, Ω CPE, µF n Rct, Ω χ2 R2

0.8 482.8 28.19 0.90 248,720 1.7 × 10−5 0.9998

0.9 507.0 28.88 0.90 84,700 1.4 × 10−5 0.9998

1 502.0 28.57 0.90 23,736 3.3 × 10−5 0.9996

1.1 504.1 25.58 0.91 14,454 2.0 × 10−5 0.9998

1.2 522.4 23.39 0.92 5258 1.9 × 10−5 0.9998

1.3 537.8 20.94 0.93 3324 3.7 × 10−5 0.9995

1.4 528.4 18.56 0.94 2544 3.3 × 10−5 0.9996

1.5 522.9 17.36 0.94 2042 4.4 × 10−5 0.9993

1.6 530.9 16.29 0.94 1430 2.9 × 10−5 0.9996

1.7 554.7 15.34 0.93 1122 3.5 × 10−5 0.9996
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Figure 8. Dependence of the charge transfer resistance (obtained from the FFT-EIS data shown in
Figure 7) on the polarization of the glass|Ti|Pt electrode.

After plotting ln(Rct)−1 against ∆E (Figure 8), linear dependency was observed in two
distinct ranges of polarization: from 0.8 V to 1.1 V vs. Ag|AgCl, KClsat (Figure 8, “A”
range) and from 1.2 V to 1.7 V vs. Ag|AgCl, KClsat (Figure 8, “B” range). A sudden change
in the slope of ln(Rct)−1 vs. ∆E (Figure 8) plot in the “A” and “B” ranges clearly shows that
there is a change in the kinetics of cyanide electrooxidation on the glass|Ti|Pt electrode
potentials between 1.1 V and 1.2 V vs. Ag|AgCl, KClsat. These transformations are also
visible in FFT-EIS Nyquist plots (Figure 7) which undergo significant changes in shape in
the potential range from 1.1 V to 1.2 V. Calculated from the slopes of the modified Tafel plot
(Figure 8), the anodic charge transfer coefficient has a value of 0.25 and 0.08 in the “A” and
“B” ranges, respectively. This indicates that the rate of cyanide oxidation is more dependent
on the polarization of the glass|Ti|Pt electrode at lower potentials (“A” range). Meanwhile,
the values of the exchange current (i0) for the “A” and “B” ranges, calculated using Equation
(11) [59], were equal to 0.02 nA and 73.04 nA, respectively. In addition, it is important
to emphasize that the values of the anodic charge transfer coefficient and the exchange
current, i0, calculated using the conventional Tafel plot (lni vs. ∆E) should be different from
the corresponding values obtained using the modified Tafel plot (Figure 8) because the
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oxidation current measured amperometrically depends not only on Rct but also on other
factors, e.g., the conductivity of the electrode, the capacitance current, etc. [20,56–58].

i0 =
RT

RctnF
(11)

here R is the gas constant (8.314 J K−1 mol−1), T is the temperature (298 K), Rct is the
charge transfer resistance at 0 V polarization (578 MΩ for “A” range, 176 kΩ for “B” range),
calculated from the slopes in the Tafel plot (Figure 8), n is the number of electrons transferred
in the reaction (n = 2) (Equation (1)), and F is the Faraday constant (96,485 C mol−1).

Since the catalytic activity of Pt towards the oxidation of cyanide relates to the presence
of oxidized Pt forms (e.g., Pt(OH)2, PtO2, PtO3) [12,14], the change in kinetics of cyanide
oxidation in the range between 1.1 V and 1.2 V vs. Ag|AgCl, KClsat should be caused
by changes in the surface properties of the glass|Ti|Pt electrode. The Pourbaix diagram
of Pt obtained in the aqueous solution [60,61] shows that the surface Pt exists in PtO2 at
potentials from 0.2 V to 1.1 V (vs. Ag|AgCl, KClsat) at pH 11, while the application of
potentials higher than 1.1 V (vs. Ag|AgCl, KClsat) results in the formation of PtO3 [60,61].
Although the presence of cyanide ions during the study of the glass|Ti|Pt electrode could
affect the shape of the Pourbaix diagram, the potential-dependent transition between PtO2
and PtO3 could explain a sudden change in the slope between 1.1 V and 1.2 V potentials
(Figure 8).

If higher amounts of oxidized Pt forms (Pt(OH)2, PtO2, PtO3) are produced on the
surface of the glass|Ti|Pt electrode, then higher catalytic activity for cyanide electrooxi-
dations can be achieved [12,14]. A higher coverage of the Pt layer with oxidized Pt forms
could also explain the high exchange current calculated in the “B” range of the polarization
(73.04 nA), indicating a high catalytic activity of the glass|Ti|Pt electrode [62].

3.4. Application of the Glass|Ti|Pt Electrode for the Electrochemical Oxidation of Cyanide

Since both cyclic voltammetry-based and FFT-EIS-based studies (Figures 6 and 7)
indicated good electrocatalytic properties of the platinized electrode (glass|Ti|Pt), further
experiments were carried out to investigate the electrochemical oxidation of cyanide on this
type of electrode. The glass|Ti|Pt electrode was used as the anode for the galvanostatic
oxidation of a 0.1 M KCN solution by applying a current density of 25.5 mA cm−2. After
passing a 144 C and 288 C electric charge, the efficiencies of the cyanide oxidation current
reached 91% and 69%, respectively (Figure 9). In addition, the current efficiency decreased
to 30% when 576 C was passed through the electrode. This decrease in the efficiency of the
cyanide oxidation current may be caused by the dissolution of active sites of Pt from the
surface of the glass|Ti|Pt electrode due to oxidation reactions that inevitably occur at high
anodic potentials [63]. Moreover, cyanide ions could increase the rate of Pt dissolution itself
as CN− is used for Pt leaching [64]. Dissolution of Pt from the surface of the glass|Ti|Pt
electrode may result in the exposure of Ti to the KCN solution, causing dissolution of the Ti
layer [21]. As a result, under conditions of continuous anodic polarization, the catalytic
activity of the glass|Ti|Pt electrode for cyanide electrooxidation is significantly reduced.
The decrease in the efficiency of the cyanide oxidation current may also be caused by
poisoning of the glass|Ti|Pt electrode with the side products that may be formed during
cyanide electrolysis e.g., polymeric cyanogen [12,32]. Pt or Pt-coated electrodes can be
poisoned by the intermediate or side-products of chemical reactions when utilized in the
electrochemical oxidation of organic compounds [65–67], e.g., Pt electrodes can also be
poisoned by CO during the oxidation of methanol [65] or by acetone during the oxidation
of 2-propanol [66,67].
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Figure 9. The dependence of cyanide oxidation current efficiency (η, %) on electric charge (Q, C)
passed through the glass|Ti|Pt electrode in 0.1 M KCN solution.

The catalytic performance of the glass|Ti|Pt electrode was evaluated by calculating
the energy consumption values (Equation (3)) [30], which can be related to the current
efficiency. The current efficiencies of cyanide oxidation after passing 144 C and 288 C (91%
and 69%, respectively) corresponded to an energy consumption of 5.17 kWh kg−1 and
7.5 kWh kg−1, respectively.

Table 3 shows that the glass|Ti|Pt electrode presented in this research achieves
the highest current efficiency of 91%. Also, the calculated energy consumption value
(5.15 kWh kg−1) of the glass|Ti|Pt electrode is lower than other electrocatalysts found in
the literature (30–70 kWh m−3 or 70–393 kWh kg−1) [24,30,32,39,68]. In addition, the previ-
ously reported comparative study with a plain Pt electrode [10] showed that the current
efficiency of cyanide electrooxidation reached 84% during the first hour of electrolysis,
i.e., after passing a 144 C electric charge through the solution, but after passing 288 C
electric charge, the current efficiency decreased to 59% (Table 3). In this research, we show
that the higher current efficiencies of 91% and 69% can be observed until 288 C have passed
through the glass|Ti|Pt electrode. Even when 576 C was passed through the electrode,
the current efficiency decreased by less than 30%. Although other examples of Pt-based
electrodes for cyanide utilization have been reported in [22,23,28,34–36], the results of these
studies are not included in Table 3 because the initial cyanide concentrations used in these
reports were different from the current study, and the conditions of the electrolysis were
also different. However, the anodes described by other authors [21,24,39] showed current
efficiencies ranging from 3% to 40%, indicating that the glass|Ti|Pt electrode is more
efficient. In particular, the glass|Ti|Pt electrode with a very thin layer (about 350 nm) of Pt
can be used for effective oxidation of cyanide despite the possibility of some degradation
of the Pt layer. The ability to use such a thin layer of Pt for cyanide waste treatment could
help reduce the cost of waste treatment and allow efficient use of natural Pt resources.
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Table 3. Comparison of the glass|Ti|Pt electrode to other electrocatalysts used for electrooxidation
of 0.1 M KCN solution.

Electrode Q1, C η1, % Q2, C η2, %

Glass|Ti|Pt 144 91 288 69
Pt metal [21] 144 84 288 59

Ti-Pt (500 nm) [21] 144 39 288 42
Ti-Pt (600 nm) [21] 144 21 288 39
Ti-Pt (800 nm) [21] 144 38 288 20
Ti-Pt (1000 nm) [21] 144 37 288 40
Ti-Pt (600 nm) [20] 144 44 288 51
Stainless steel [21] 144 34 288 31

4. Conclusions

In this study, a Pt thin film was deposited via a double-pulse potentiostatic method
onto a glass slide coated with a layer of magnetron-sputtered Ti. Chronoamperometric
studies together with AFM and SEM measurements showed that the Pt deposits, consisting
of uniformly distributed Pt microparticles with diameters ranging from 0.6 µm to 3.5 µm,
were deposited on the glass|Ti electrode. The height of the Pt particles was about 600 nm,
while the current efficiency of the Pt electrodeposition reached 70%.

The glass|Ti|Pt electrode obtained in this way was used for the galvanostatic oxi-
dation of a 0.1 M KCN solution in the absence of any chemical additives. The electrode
showed an energy consumption of 5.7 kWh kg−1 and a current efficiency of 91% after
passing 144 C of electric charge.

The FFT-EIS data of the glass|Ti|Pt electrode in 0.1 M KCN solution showed that the
charge transfer resistance decreases with increasing anodic polarization of the glass|Ti|Pt
electrode; thus, the rate of electron transfer through the interface of Pt thin film—electrolyte
increases as higher potential is applied to the glass|Ti|Pt electrode. The rate of cyanide
electrooxidation expressed by the modified Tafel plot showed a linear dependence in
two different polarization ranges, clearly indicating the change in the kinetics of cyanide
oxidation that may be caused by the anodic potential-influenced changes in the surface
properties of the glass|Ti|Pt electrode.

In conclusion, electrocatalytically active Pt microparticle coatings on almost atomically
smooth magnetron-sputtered Ti films, obtained via the potentiostatic double-pulse method,
can be used as effective anodes for the degradation of cyanide solutions, which accumulate
as toxic waste not only in chemical industries but also in small chemical laboratories.

The future scope of the study will focus on the processes that influence the slow
deactivation of the electrocatalytic Pt coating. Understanding the mechanism of this
process would allow us to slow down the degradation of the electrocatalytically active
surface and to develop robust electrochemical anodes for the efficient removal of toxic
cyanide species from wastewater.
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