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3Advanced Materials Center, Gdańsk University of Technology, Narutowicza 11/12 St, 80-233 Gdańsk, Poland
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ABSTRACT

In this work, we present the catalytic and photocatalytic activity of AuCu

nanostructures obtained on TiO2 nanotubes toward methanol, ethylene glycol

and glycerine oxidation. The electrode material is prepared by anodization of Ti

foil, thin AuCu layer sputtering and rapid thermal treatment under argon

atmosphere. Scanning electron microscopy images confirmed the presence of

ordered tubular architecture of TiO2 as well as nanoparticles formed on the

surface of the nanotubes. The electrodes were measured using cyclic voltam-

metry, linear voltammetry and electrochemical impedance spectroscopy in dark

and under illumination. Obtained results show a significant current increase: 20

and 90 times higher current density at ? 0.3 V versus Ag/AgCl/0.1 M KCl after

glycol and glycerine addition, respectively. Moreover, a higher current toward

alcohol oxidation was registered for thermally annealed samples than for non-

annealed ones. Reported studies demonstrate deep insight into the electrical

properties of AuCu-modified titania materials.
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GRAPHICAL ABSTRACT

Introduction

Non-renewable energy fuels represent most of the

contribution to the world energy production. Raw

materials have a limited amount; their extraction and

exploitation result in the Earth balance disability and

its destruction. It can be seen as climate changes and

ecosystem disturbance.

Therefore, nowadays novel energy conversion

devices are extremely significant. First fuel cell was

discovered 180 years ago and has become extensively

studied since that days because of its more environ-

mentally friendly properties than conventional

energy sources such as coil or gas [1]. Such devices

allow to convert chemical energy into electrical one

without pollutant gasses emission [2]. As a fuel, one

can distinguish hydrogen [3], methane [4] or alcohol

such as methanol, ethanol, glycol and glycerine.

The study of alcohol electrooxidation is of major

importance for fuel and electrolytic cells used as a

power generation source. Furthermore, the alkaline

electrolyte used in those devices can offer a number

of advantages comparing to acidic media, such as

improved kinetics at both anode and cathode for

alcohol oxidation, reduced adsorption of spectator

ions as well as lower corrosion rate [5]. The com-

mercial electrodes used in cells are based on Pt plate

[6], and therefore, the alternative and economic

electrocatalytic materials for alcohol oxidation are of

increasing urgency. The Pt catalyst can be replaced

with bimetallic gold–copper metallic nanoparticles

(NPs) or AuCu NPs supported on platform material

which improves their catalytic activity, stability as

well as influences on dispersion and size distribution

of NPs [7, 8].

In recent years, bimetallic NPs have attracted

increasing attention in view of synergistic effect

which triggers unique chemical and physical prop-

erties of nanoparticles. The bimetallic NPs can be

produced by many advanced synthetic methods

which allow to control their size, shape, crystal

structure and composition [9]. Various morphologies

and compositions can enhance catalytic activity of

nanoparticles. As far as copper is concerned, it plays

a prominent part in improvement of catalytic activity

for noble metal such as Au, Pt and Pd owing to

weaker strength of metal–CO bonds and better

regeneration of active sites [10]. Especially, AuCu

NPs are widely used for alcohol oxidation [10, 11]

such as methanol, ethanol, glycol, glycerine, benzyl

alcohol as well as CO [12] or H2O2 [13] oxidation.

According to Sobczak and Wolski [14], the AuCu

system based on Nb2O5 was active toward methanol

and glycerol oxidation processes. The addition of

copper to Au–Nb2O3 increases the activity in contrast
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to monometallic gold electrode. Copper which was

present in the form of CuO, oligonuclear [Cud?-

��Od-���Cud?]n clusters and isolated cations, led to

changes in the chemical nature of gold resulting in

increase in metallic gold content. Moreover, Biswas

et al. [15] investigated more efficient methanol oxi-

dation reaction on the AuCu bimetallic nanostruc-

tures than on their monometallic counterparts.

Furthermore, Palacio et al. [16] converted glycerol in

aqueous media at high reaction temperature of

200 �C on the AuCu/CeO2 catalyst and showed that

copper improved gold activity owing to higher

selectivity and longer catalytic lifetime. Apart from

pure catalytic processes, also photocatalytic oxidation

of alcohols is strongly developed field [17] since the

process can be supported by the solar radiation. Then

photons are responsible for initiation of the chemical

reaction on metal/semiconductor interface [17] in

contrast to electrocatalysis where metal active sites

are responsible for it. Higher photocatalytic activity

resulting from light harvesting in visible light and

promotion of charge separation is facilitated by sur-

face plasmon resonance of Au and Cu NPs [18].

According to Chen et al. [18], AuCu@CeO2 bimetal-

lic-core CeO2 shell nanocomposite exhibits high

activity toward benzyl alcohol photocatalytic oxida-

tion. Furthermore, the Cu species improve the cat-

alytic oxidation via AuCu alloy and oxygen vacancy

formation. The AuCu NPs can be fabricated using

bottom-up or top-down methods. The synthesis of

such nanoparticles by bottom-up technique can be

performed using HAuCl4�H2O and Cu(CH3COO)2-
H2O liquid solutions with heating at the tempera-

tures in the range of 80–300 �C [19]. As an example of

top-down method, Au and Cu magnetron sputtering

with further heating up to ca. 300 �C in Ar or N2

atmosphere can be performed [20].

In our work, we present the properties of gold–

copper-modified titania nanotubes (TiO2NTs) fabri-

cated via electrochemical anodization of Ti foil, thin

AuCu layers magnetron sputtering and rapid ther-

mal annealing (RTA) in argon atmosphere. Nano-

materials morphology was characterized using

scanning and transmission electron microscopy

(SEM, TEM) techniques. The electrocatalytic and

photocatalytic activities were tested toward metha-

nol, ethylene glycol and glycerine oxidation. The

electrochemical measurements were carried out in

0.1 M NaOH solution containing alcohol using cyclic

voltammetry (CV), linear voltammetry (LV) and

electrochemical impedance spectroscopy (EIS) in

dark and under visible light electrode illumination. It

should be highlighted that, attention has been also

paid to the comparison between catalytic efficiency of

non-annealed and annealed bimetallic electrodes.

Thermally treated materials have larger active sur-

face and more active sites used for alcohol oxidation.

As it was expected, thermal treatment strongly

influences on stability and activity of fabricated

materials.

Experimental

Materials

Titanium foil (99.7%, Strem), acetone (99.5%, Chem-

pur), ethanol (96%, Chempur), ammonium fluoride

(Chempur), diethylene glycol (99.5% Chempur),

hydrofluoric acid (Chempur) were used for the elec-

trochemical anodization process. The AuCu target

(Au50/Cu50 At%, Goodfellow) and targets of gold

(99.99%, Quorum Technologies) and copper (99.99%,

Quorum Technologies) were exploited for metal

layer deposition. The Ar gas (Air Liquide Polska Sp. z

o o.) was used for thermal annealing as well as

electrolyte deaeration. NaOH (P.P.H ‘‘STANLAB’’ Sp.

J), methanol (ME, 99.8%, POCH), ethylene glycol (GE,

99.5%, Chempur), glycerine (GLY, POCH) were used

for electrochemical measurements.

Electrode fabrication

Firstly, the Ti foil was cut into 2 9 3 cm2 plates and

ultrasonically cleaned in acetone, ethanol and water

for 10 min. Titania nanotubes were fabricated via

electrochemical anodization process in a two-elec-

trode system, where Ti was an anode and Pt mesh

was used as a cathode. The electrolyte contained

0.09 M NH4F/1.3% vol. HF/6.2% vol. H2O/92.5%

vol. diethylene glycol. The anodization was carried

out in thermostated glass cell at the temperature of

40 �C and the voltage of 30 V for 2 h. After

anodization TiO2 nanotubes were rinsed with ethanol

and dried in cold air. Secondly, nanotubes were

covered by thin 10 nm thick AuCu alloy layer by

magnetron sputtering (Q150T S system, Quorum

Technologies). Samples which were fabricated up to

this step are labeled as n-ACT. Next electrodes were

thermally treated in a Rapid Thermal Annealing

J Mater Sci (2022) 57:13345–13361 13347



furnace (MILA 5000 P-N) at 450 �C for 1 h in argon

atmosphere. TiO2 nanotubes modified by AuCu alloy

and annealed in RTA are assigned as an-ACT.

Moreover, as a reference sample pure TiO2 nanotubes

were thermally treated also in the same conditions

and an-ACT was used as their label. The applied

fabrication procedure for monometallic electrodes

consisted of electrochemical anodization of Ti plate,

magnetron sputtering of thin 5 nm Au or Cu layers

and thermal treatment also (assigned as an-AT and

an-CT, respectively).

Samples characterization

The morphology and cross section of the samples

were investigated by the field emission scanning

electron microscope (FEI Quanta FEG250) equipped

with an ET secondary detector and with the beam

accelerating voltage kept at 10 kV. The nanotubes

and nanoparticles size was analyzed by Gwyddion.

The an-ACT sample was measured in aberration-

corrected high-resolution transmission electron

microscope (JEOL ARM 200F) equipped with an EDX

(energy-dispersive X-ray) detector. Measurements

were performed at an accelerating voltage of 200 eV.

The electrochemical and photoelectrochemical mea-

surements of pure and modified nanotubes were

conducted using potentiostat–galvanostat system

(AutoLab PGStat 302 N) in three-electrode arrange-

ment, where TiO2NTs, n-ACT and an-ACT served as

working electrodes (WE), Pt mesh as counter elec-

trode (CE) and Ag/AgCl/0.1 M KCl as a reference

electrode (RE). All electrochemical measurements

were carried out in deaerated 0.1 M NaOH solution

and 0.1 M NaOH with 0.5 M methanol, 0.5 M ethy-

lene glycol or 0.5 M glycerine. Cyclic and linear

voltammetry curves were registered from -0.8 V

to ? 1 V with a scan rate of 50 mV/s and 10 mV/s,

respectively. LV scans under visible light illumina-

tion were measured using xenon lamp (LOT-Quan-

tumDesign GmbH). Electrochemical impedance

spectroscopy measurements were conducted for an-

ACT sample at frequency from 20 kHz to 0.1 Hz

covering 20 points per decade and with 0.01 V

amplitude at the open circuit potential (OCP) in dark

and during electrode illumination. The impedance

data were analyzed on the basis of an electrical

equivalent circuit (EEQC) via EIS Spectrum Analyser.

Results and discussion

Morphology

Figure 1 shows the morphology of the pure titania

nanotubes and nanotubes modified by gold–copper

nanoparticles. The diameter of TiO2NTs is equal to

101 ± 13 nm and the wall thickness to 13 ± 3 nm.

Moreover, cross section image of nanotubes allows

the determination of length: 709 ± 53 nm. Nanotubes

were covered by thin AuCu layer using magnetron

sputtering resulting in increase in wall thickness up

to 20 ± 4 nm. After thermal treatment spherical

gold–copper nanoparticles with a diameter of

38 ± 5 nm were formed on the NTs surface. The

AuCu NPs are present in the crown position [21] as

well as on nanotubes walls. The TEM images showed

that particles are consistently bigger at the top of the

TiO2 nanotubes (Fig. 2). The diameter changes from

ca. 60 to ca. 5 nm. EDX images allow to confirm the

presence of AuCu nanoparticles and their distribu-

tion mostly in the upper part of nanotubes. The

thorough studies of other physicochemical properties

of prepared material can be found in our previous

work [22].

Electrochemical performance

The electrochemical activity toward alcohol elec-

trooxidation of non-annealed and annealed ACT as

well as TiO2NTs electrodes was characterized using

cyclic voltammetry. In this work, the measurements

were carried out in 0.1 M NaOH solution containing

methanol, ethylene glycol or glycerine with a con-

centration of 0.5 M. The results are shown in Fig. 3.

The reactions of alcohol electrooxidation in alkaline

media (1–3) consume OH- depending on the number

of hydroxyl groups per molecule. The number of

electrons captured can be different:

CH3OH þ 8OH� ! CO2�
3 þ 6H2O þ 6e� ð1Þ

C2H4 OHð Þ2þ14OH� ! 2CO2�
3 þ 10H2Oþ 10e� ð2Þ

C3H5 OHð Þ3þ20OH� ! 3CO2�
3 þ 14H2Oþ 14e� ð3Þ

The number of electrons indicates the available

amount of energy accumulated in particular alcohol

[23] for further utilization toward energy conversion

and storage. After the addition of methanol, no

intense peaks related to the alcohol oxidation were

observed (Fig. 3a). Moreover, capacitance currents
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densities from - 0.8 V to ? 0.1 V were lower in the

0.5 M methanol solution comparing to 0.1 M NaOH,

especially for the an-ACT electrode for the reduction

peaks at - 0.8 V and - 0.5 V as well as the oxidation

peaks at - 0.2 V and ? 1 V versus Ag/AgCl/0.1 M

KCl. Therefore, the TiO2NTs, n-ACT and an-ACT

materials do not enable electrocatalytic methanol

oxidation. According to Biswas et al. [15] pure Cu, Au

or Au/Cu nanoparticles exhibited activity for the

methanol oxidation at the potential of ? 0.55 V, ?

0.52 V and ? 0.46 V versus Ag/AgCl in 0.5 M

methanol solution. The X-ray photoelectron spec-

troscopy measurements confirmed metallic states of

Au located at 83.67 eV and Cu at 932.77 eV in the

Au/Cu nanostructure and absence of oxide species

[22]. However, in our case, for the an-ACT electrode

thermally treated in argon four copper and two gold

separate chemical states were identified [22].

Figure 1 SEM images of

a TiO2NTs, b cross section of

TiO2NTs, c n-ACT, d cross

section of n-ACT, e an-ACT

and f cross section of an-ACT

[22].

J Mater Sci (2022) 57:13345–13361 13349



Additionally, CuAuTi, AuCu, CuO, Cu(OH)2-
9 CuCO3 and Au2O were present on the electrode

surface. It can indicate that formation of oxides

decreases materials activity toward methanol oxida-

tion due to the less-exposed surface atoms of Au and

Cu. In the case of ethylene glycol, the oxidation

process takes place both for non-annealed AuCu

electrode as well as annealed AuCu sample (Fig. 3b).

The proposed oxidation mechanism of C2H4(OH)2
can be found in the literature [24–27]. The ethylene

glycol can be oxidase to oxalate (COO-)2, formate

(HCOO-) or carbonate (CO3
2-). Two intense anodic

peaks located at ? 0.3 V and ? 1 V versus Ag/

AgCl/0.1 M KCl can be found for the an-ACT elec-

trode, whereas for the n-ACT sample the second peak

is shifted by - 0.25 V. The anodic current density

registered at ? 0.3 V for the annealed AuCu material

increases from ca. 40 lA cm-2 to 800 lA cm-2 after

the ethylene glycol addition while at ? 1 V the value

enhances from ca. 300 lA cm-2 to 800 lA cm-2. The

current density due to the glycol oxidation registered

at ? 0.3 V is 2 times higher for thermally treated

Figure 2 a, b TEM and c–

g EDX images of an-ACT

electrode.
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bimetallic electrode than for the non-annealed one.

Moreover, the value of current density at ? 1 V is

about 8 times higher for the an-ACT electrode than

for the n-ACT sample. As for the ACT sample fabri-

cated using the RTA furnace, the electrocatalytic

activity toward glycol oxidation is much more

intensive than for materials without the thermal

treatment which is caused by the larger electro-

chemical active surface area and a greater amount of

active sites [28]. Besides, it should be evoked here

that TiO2NTs alone are not sensitive to glycol.

According to Marelli et al. [9], the highest activity

toward benzyl alcohol oxidation with respect to Au

monometallic electrode was achieved for sample

containing low amount of CuO oxide which partially

covers the Au-rich core of the NPs that indicated that

the synergistic effect occurs. Whereas, when the CuO

completely covers the AuNPs, the reaction is inhib-

ited. It should be highlighted that the catalysis pro-

cess takes place on Au and Cu metallic components

while Cu2O, CuO or TiO2 semiconductors are regar-

ded here only as the catalyst support [29]. According

to Fashedemi et al. [30], the FeCo@Fe@Pd/C

electrode has shown activity in the electrooxidation

of ethylene, ethylene glycol and glycerol. The current

densities of ca. 4 mA cm-2, 5 mA cm-2,

4.8 mA cm-2 at 0 V versus Ag/AgCl/KCl were reg-

istered in 0.5 M KOH with 0.5 M ethanol, GE and

GLY, respectively. Therefore, the palladium-based

material exhibits the best electrocatalytic perfor-

mance toward ethylene glycol. In our work, the

AuCu electrodes are electrocatalytically active both

toward glycol and glycerine. The CV scans recorded

in alkaline solution with 0.5 M glycerine are shown in

Fig. 3c. The peaks located at ? 0.3 V and ? 1 V cor-

respond to C3H5(OH)3 oxidation process [31]. The

proposed mechanism can be found in the literature

[24, 26, 27], where two various intermediates are

possible to be formed during reaction such as glyceric

acid CH2OHCHOH(COO-) and dihydroxyacetone

CH2OHCOCH2OH. Similarly as for ethylene glycol

reaction oxalate, formate and carbonate might be the

final products. The significant enhancement of the

current density from 38 lA cm-2 to 3.6 mA cm-2 is

recorded for the an-ACT sample at ? 0.3 V versus

Ag/AgCl/0.1 M KCl after glycerine addition to the

Figure 3 Cyclic voltammetry curves for TiO2NTs, n-ACT and an-ACT electrodes in 0.1 M NaOH with or without 0.5 M: a methanol,

b ethylene glycol, c glycerine and d 0.1 M NaOH.
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electrolyte. When the electrode is polarized toward

more anodic direction the current increase from 505

lA cm-2 to even 4.56 mA cm-2 at ? 1 V is observed.

The materials annealed at the RTA furnace exhibit

improved activity toward glycerine oxidation than

non-annealed ones. The current density of alcohol

oxidation was 3 or even 11 times higher at ? 0.3 V

and ? 1 V, respectively. Such improvement was

reported by Houache et al., [32] for Ni electrode that

was electrochemically treated in the solution of 0.1 M

Na2SO4 with 30 mM ascorbic acid and 4 times higher

current density for glycerol electrooxidation was

noted than for the untreated sample. Such behavior

was justified by the formation of active sites of nickel

oxyhydroxide where catalytic reaction takes place. In

the case of our material, we regard that similar phe-

nomena take place. Moreover, we should take into

account the CuAuTi alloy which is present only at the

an-ACT material [22]. As far as the TiO2NTs electrode

is concerned, no electrocatalytic activity toward

glycerine was registered.

Figure 3d presents electrochemical response for

n-ACT and an-ACT electrodes registered in 0.1 M

NaOH solution. The intense faradic peaks can be

observed for the thermally treated sample in contrast

to non-annealed material with only one reduction

peak located at ca. 0 V which may correspond to

reduction of gold oxides [33]. According to Liu et al.

[34], unidirectional diffusion from the Au shell to Cu

core was explored via thermal alloying. The core–

shell samples were heated up to 260 �C finally

forming AuCu intermetallic compound. Therefore,

various shapes of CVs curves are observed resulting

from different internal structures of bimetallic AuCu

compounds that underwent change during thermal

treatment. For the an-ACT electrode, two anodic and

two cathodic peaks associated with copper oxides

redox reactions can be distinguished [35]. It can be

claimed that two-stage oxidation process of Cu to

CuO and reduction of CuO to Cu can be observed for

this material [36]. The CV scans correlate with the

XPS data for an-ACT electrode where copper was

detected in two forms such as metallic Cu (CuAuTi,

AuCu) as well as copper (II) oxides [22].

The cyclic voltammetry curves for Au and Cu

deposited on TiO2NTs registered in alkaline solution

without and with 0.5 M methanol, ethylene glycol or

glycerine are shown in Fig. 4. In the case of methanol,

after its addition to the solution no oxidation peak

can be observed (Fig. 4a). For ethylene glycol, the

oxidation takes place only on gold-modified elec-

trode (Fig. 4b). One oxidation peak at ? 1 V versus

Ag/AgCl/0.1 M KCl can be distinguished for the an-

AT electrode, whereas for the bimetallic AuCu elec-

trodes two anodic peaks located at ? 0.3 V and ? 1

V were observed. The addition of copper to gold

nanoparticles is responsible for synergistic effect and

formation of second oxidation peak at lower poten-

tials. Taking into account current density at ? 0.3 V

for the an-AT electrode its value increased from 23 to

408 lA/cm2 which is two times lower than for

bimetallic an-ACT electrode at the same potential.

This behavior confirmed the positive effect of the

alloy on the catalytic activity toward ethylene glycol

oxidation providing reduction of oxidation potential

as well as increase in current density. In the case of

glycerine, the activity was also obtained only for

gold-modified electrode (Fig. 4c). Here, also only one

oxidation peak can be found for the an-AT electrode

at ? 0.6 V. However, current density recorded at ?

0.3 V for the an-AT electrode is 2.5 times higher than

for AuCu bimetallic samples.

In order to evaluate the photoactivity of the fabri-

cated nanomaterials, the linear voltammetry mea-

surements in dark and under vis illumination were

carried out (Fig. 5). The LV scans were recorded in

0.1 M NaOH and in 0.1 M NaOH with 0.5 M

methanol, ethylene glycol or glycerine solution. The

n-ACT electrode measured in 0.1 M NaOH as well as

with methanol does not show any photocurrent

growth, moreover the decrease in current density

during illumination can be seen above ? 0.75 V ver-

sus Ag/AgCl/0.1 M KCl (Fig. 5a). This activity can

result from the presence of amorphous TiO2 in con-

trast to thermally treated samples. As far as the an-

ACT sample is concerned, where TiO2NTs are pre-

sent in the crystalline form [22], the addition of

methanol caused the increase in photoactivity in the

range from - 0.5 V to ? 0.8 V (Fig. 5b). It should be

highlighted that the presence of bimetallic AuCu

structures has got significant effect on LVs results

obtained in methanol solution. As it was described

above, materials which contain gold and copper are

electroactive, namely the oxidation of ethylene glycol

and glycerine occurs at their surface. Not only above

presented reactions take place but also radical-cat-

alyzed alcohol oxidation by photogenerated holes

(photocatalytic activity). According to our earlier

work [22], the positive photocurrent spikes for the

structures containing AuCu were observed from

13352 J Mater Sci (2022) 57:13345–13361



- 0.8 to ? 0.6 V when the electrode is exposed to

light. The mechanism of ethylene glycol oxidation by

photogenerated holes is shown in Scheme 1 [37–39].

The electron–hole pairs are generated on TiO2,

Cu2O and CuO, sequentially holes which come from

copper oxides are consumed in the photocatalytic

alcohol oxidation. For the n-ACT electrode, the

enhancement of current density from 67 lA cm-2 to

277 lA cm-2 at ca. ? 0.3 V in ethylene glycol solution

was achieved during light illumination (Fig. 5c). The

increase in photocurrent above - 0.3 V versus Ag/

AgCl/0.1 M KCl was registered for the an-ACT

sample immersed in 0.1 M NaOH with 0.5 M

C2H4(OH) (Fig. 5d) due to the activity of AuCu

annealed at 450 �C in argon atmosphere. Besides, the

current grows from 0.5 mA cm-2 to 0.73 mA cm-2 at

the potential of ca. ? 0.3 V. The values of photocur-

rent density defined as the difference between cur-

rent recorded under illumination and in dark

obtained for the non-annealed electrode and the

annealed one are quite similar and are equal to 210

lA cm-2 and 230 lA cm-2 at ? 0.3 V, respectively

(Table 1). Therefore, it may be related to synergistic

effect of copper oxides active under visible light and

AuCu presence [40]. Moreover, the photocurrent

enhancement for the an-ACT electrode at ? 1 V

equals to 223 lA cm-2. Furthermore, the photopro-

moted catalysis of glycerine leads to the increase in

current density for the n-ACT and the an-ACT

materials. The proposed mechanism is shown in

Scheme 2[37, 38, 41].

The n-ACT electrode exhibits the photocurrent

increase of 200 lA cm-2 registered in 0.1 M NaOH

with 0.5 M glycerine at ? 0.3 V versus Ag/AgCl/

0.1 M KCl, whereas the an-ACT sample—120 lA
cm-2 (Table 1). However, higher photocurrent of 360

lA cm-2 was obtained at ? 1 V for the AuCu

annealed nanomaterial and the current density at this

potential was equal to ca. 3.3 mA cm-2.

Figures 6 and 7 show the CV curves recorded in

the solution of ethylene glycol and glycerine,

respectively, and clearly the alcohol oxidation at the

an-ACT electrode is observed. As it can be seen, in

Figs. 6a and 7a with the increase in the scan rate the

oxidation peak current density also grows up. A

linear relationship between the peak current density

and the square root of the scan rate was found up to

90 mV s-1 and 120 mV s-1 for GE and GLY, respec-

tively (see Figs. 6b and 7b). The results indicate that

the oxidation of GE and GLY is diffusion-controlled

process [42]. However, it can be also stated that it is

not a fully diffusion-controlled process due to the

nonzero intercept of the equation [43]. According to

Shahrokhian et al. [44], trimetallic Pt–Pd–Co/rGO

nanomaterial exhibited dual linear region for the

dependency of the anodic peak current density of

ethylene oxidation versus scan rate with slopes equal

to 812 mA cm-2 and 210 mA cm-2. Dual behavior

was ascribed to the decreasing rate of GE diffusion to

electrode at higher scan rates. The measurements

were performed from 0.2 mV/s to 600 mV/s [44].

According to Etesami et al. [43], the effect of scan rate

on glycerol electrooxidation on the AuNPs/PG elec-

trode showed increase in anodic peak with increasing

scan rate up to 1000 mV/s with a slope of 2.1 mA/

cm2. In the case of ethylene glycol for our materials,

two peaks located at ? 0.3 V and ? 1 V show the

same slope equals to 17 lA cm-2 mV-1 s in contrast

to glycerine where 51 and 81 lA cm-2 mV-1 s were

determined. The higher value of slope of a Randles–

Sevcik (RDS) plot for glycerine in contrast to ethylene

glycol can be correlated with the amount of hydroxyl

groups—more hydroxyl groups the greater slope

value. According to Khouchaf et al. [45], the peak

Figure 4 Cyclic voltammetry curves for an-AT and an-CT electrodes in 0.1 M NaOH with or without 0.5 M: a methanol, b ethylene

glycol and c glycerine.
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located at c.a. 0.0 V versus Ag/AgCl was attributed

to Cu/Cu(II) and Cu(I)/Cu(II) oxidation process in

alkaline solution, and also it was the potential of

methanol oxidation. However, at the potential of ?

0.57 V, where Cu(III) was formed in NaOH solution,

higher anodic peak resulting from methanol oxida-

tion was obtained. In our case, considering the glyc-

erol containing electrolyte, one may assume that

Figure 5 Linear voltammetry curves registered in 0.1 M NaOH

without and with 0.5 M a, b methanol, c, d ethylene glycol and e,

f glycerine for n-ACT and an-ACT electrodes in dark and under vis

illumination. (solid red—n-ACT 0.1 M NaOH dark, dotted red—

n-ACT 0.1 M NaOH vis).
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redox reaction involving high oxidation states of

copper is replaced by GLY oxidation and the alcohol

oxidation reaction is more promoted at ? 1 V than at

lower potentials (? 0.3 V). Difference between

C2H4(OH)2 and C3H5(OH)3 oxidation can be also

caused by the interaction strength between the sub-

strate and the adsorbate intermediates [30]. The

interaction between the metal d states and the

adsorbate states can be measured by density func-

tional (DFT) calculations. As the scan rate exceeded

90 mV/s and 120 mV/s for glycol and glycerine, the

current density approaches a plateau due to the

reduction of the diffusion barrier resulting in the

same concentration of alcohols in the solution and at

the electrode surface.

Electrochemical impedance spectroscopy mea-

surements were performed to obtain deeper insight

into the electrical performance of the an-ACT elec-

trode immersed in the solutions of different alcohols.

The reaction not only depends on the applied

potential but also on the availability of the charge

carriers, therefore the experiments were carried out at

the open circuit potential. Thus, the mechanism of

reaction concerned charge transfer between solution

and semiconductor as well as chemical bounds and

compounds formed at the surface [46]. The Nyquist

plots are shown in Fig. 8 while the equivalent elec-

trical circuit used for fitting procedure (RE(CPERCT-

WO)) is presented in Fig. 9.

The RE element corresponds to the electrolyte

resistance, the RCT is the charge transfer resistance,

the WO is the Warburg open element and the CPE

corresponds to the constant phase element. The

impedance data obtained from Fig. 8 are listed in

Tables 2 and 3. After immersion of the electrodes into

the electrolyte their potentials have to compensate

[47]. In the case of the semiconductor, it is Fermi

level, whereas for the electrolyte—the chemical

potential. If the Fermi level and the electrolyte

potential are not equal, the electron transfer between

them occurs. Schematic representation of energy

levels and the possible charge transfer at the an-ACT

Scheme. 1 Oxidation reaction steps of ethylene glycol during

material illumination.

Table 1 The photocurrent values for n-ACT and an-ACT

electrode at ? 0.3 V and ? 1 V

0.1 M NaOH ? GE 0.1 M NaOH ? GLY

Dj/lA cm-2 E/V Dj/lA cm-2 E/V

n-ACT 210 ? 0.3 200 ? 0.3

an-ACT 230 ? 0.3 120 ? 0.3

233 ? 1 360 ? 1

Scheme. 2 Oxidation reaction steps of glycerine during material

illumination.

Figure 6 a CV curves of ethylene glycol oxidation at the an-ACT electrode at different scan rates in 0.1 M NaOH with 0.5 M GE solution

and b corresponding calibration curves.
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electrode/electrolyte interface is presented in Fig. 10.

The values of potential presented in Fig. 10 above

pink and blue bubbles correspond to the maximum of

first alcohol oxidation peak on CV curves (Fig. 2).

Taking into account values of the DRCT between

samples resistance measured in the alkaline solution

without and with methanol, ethylene glycol or glyc-

erine was equal to 200, 1000 and 1790 X cm-2,

respectively. However, the lowest value of RCT

equaled to ca. 10 Xcm-2 was measured for electrode

immersed in glycerine solution. Such a small value of

charge transfer resistance for GLY confirms the

highly facilitated electron transfer between glycerine

compound and electrode. These results can be cor-

related with the cyclic voltammetry scans where the

highest current density was obtained for the glycer-

ine oxidation. The decrease in the RCT for all the

electrodes under their illumination indicates their

photoactivity, shift of the energy bands at the

boundary of the electrode/electrolyte and a high

mobility of carriers in TiO2 [48]. Moreover, the

Figure 7 a CV curves of glycerine oxidation at the an-ACT electrode at different scan rates in 0.1 M NaOH with 0.5 M GLY solution and

b corresponding calibration curves.

Figure 8 Impedance plots of the an-ACT electrode in methanol, ethylene glycol and glycerine solutions a in dark and b under vis light

illumination.

Figure 9 Model of the equivalent electrical circuit.
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carriers’ mobility is enhanced by the addition of

alcohol to the electrolyte. As far as the constant phase

element is concerned, it can be described by equation:

ZCPE = 1/Q(jx)n where Q is CPE parameter and n is

CPE exponent with a value of 0\ n\ 1 [49]. In the

case when the n = 1 the impedance corresponds to

the pure capacitor, while for n = 0 the CPE is

assigned to the resistor. The exponent n determines

the surface heterogeneity, whereas Q is a quasi-ca-

pacitance of the electrode described as a double layer

capacitance or a functionalized layer capacitance [50].

In our case the quasi-capacitance results from the

absorbed hydroxyl groups of NaOH, methanol,

ethylene glycol and glycerine on nanoparticles, while

the heterogeneity originates from the alloy structure

and the adsorption sites of alcohols and its coverage.

For solid electrodes immersed in the electrolyte typ-

ical n value is in the range from 0.7 to 0.9 [51]. The

influence of the position of hydroxyl groups of the

dihydroxybenzene isomers on the adsorption mech-

anism was reported by Ryl et al. [52] Resorcinol, the

compound containing two hydroxyl groups linked to

the benzene ring, was characterized by impedance

measurements and the best inhibitor efficiency at the

high concentration equals to 100 mM in contrast to

the ligand exchange model of adsorption for catechol

and quinol at lower concentrations (1 and 10 mM).

According to Wysocka et al. [51] when the carboxylic

acids corrosion inhibitors fully covered the electrode

surface in the form of monolayer, the value of the

homogeneity increased and resulted in increase in n

values. Therefore, in our case there is a visible

decrease in homogeneity along with the growing

number of OH groups with simultaneous increase in

a quasi-capacitance for experiments carried out in

dark. The Warburg open element is attributed to the

finite-length diffusion with refractive boundary

ascribed by the equation:

ZWO xð Þ ¼ WOr
ffiffiffiffi

x
p 1� jð Þcoth WOc

ffiffiffiffiffi

jx
p

h i

ð4Þ

where WOr is equal to Warburg coefficient and

WOc = d/D0.5 where d is the thickness of modified

layer and D is the diffusion coefficient. The WOr

increases after methanol addition to the 0.1 M NaOH

solution in dark as well as in light illumination. In the

case of electrode immersed in the pure alkaline

solution Cu(OH)ads [53] and Au(OH)ads [54] are

formed on the surface. For the an-ACT sample in

methanol solution, additional alcohol adsorption

layer causes increase in the Warburg impedance.

Furthermore, after light illumination in both cases,

with and without methanol, decrease in WOr and

Table 2 Electrochemical impedance data for the an-ACT electrode carried out in methanol, ethylene glycol and glycerine solution in dark

Element Unit 0.1 M NaOH 0.1 M NaOH ? ME 0.1 M NaOH ? GE 0.1 M NaOH ? GLY

RE Xcm2 9.3 9.3 11.3 9.7

RCT Xcm2 1.8 9 104 1.6 9 104 0.8 9 104 10.2

Q Fcm-2 7.5 9 10–5 7.9 9 10–5 1.67 9 10–4 2.92 9 10–4

n 0.886 0.882 0.835 0.767

Wor Xcm2 s-1/2 41.7 305.6 13.5 288.3

Woc Xcm2 s-1/2 0.0102 0.0594 0.0105 0.0112

v2 1.45 9 10–3 1.84 9 10–3 1.26 9 10–3 7.34 9 10–4

Table 3 Electrochemical impedance data for the an-ACT electrode carried out in methanol, ethylene glycol and glycerine solution under

visible light illumination

Element Unit 0.1 M NaOH 0.1 M NaOH ? ME 0.1 M NaOH ? GE 0.1 M NaOH ? GLY

RE Xcm2 8.3 8.0 10.1 9.5

RCT Xcm2 0.6 9 104 5.6 1.2 0.5

Q Fcm-2 1.97 9 10–4 3.53 9 10–4 2.45 9 10–4 2.54 9 10–4

n 0.796 0.674 0.695 0.805

Wor Xcm2 s-1/2 6.2 10.4 149.9 124.2

Woc Xcm2 s-1/2 0.0037 0.0003 0.0414 0.0337

v2 1.76 9 10–3 1.24 9 10–3 7.34 9 10–4 7.36 9 10–4
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WOc impedance takes place which can be attributed

to the photoconductivity of material [55]. Other

phenomena can be observed for samples measured in

ethylene glycol and glycerine solution where not only

alcohol adsorption layer and charge transfer under

light illumination but also alcohol oxidation pro-

cesses are taken into account. According to CV scans,

at the OCP potential the beginning of glycol as well

as glycerine oxidation, observed as current increase,

can be seen, and therefore, not only Cu(OH)ads and

alcohol adsorption layer but also intermediates can

be present at the electrode/electrolyte interface. The

glycol oxidation process is slower than glycerine

oxidation. The diffusion coefficient [56] of OH- is

higher for electrode immersed in ethylene glycol than

in glycerine which can result in sparser layer at the

electrode surface.

Conclusion

In this work, we presented detailed electrochemical

results of catalytic active AuCu-modified TiO2 nan-

otubes toward ethylene glycol and glycerine oxida-

tion. The electrodes were fabricated via anodization

of Ti, AuCu layer sputtering and rapid thermal

treatment in an argon atmosphere which resulted in

ordered TiO2 nanostructure with spherical bimetallic

nanoparticles. The prepared electrode material

exhibited at ? 0.3 V versus Ag/AgCl/0.1 M KCl ca.

20 times higher current density after glycol addition

and 90 times after glycerine addition to the alkaline

electrolyte. It should be highlighted that, annealed

bimetallic structures are more catalytically active

toward alcohol oxidation than non-annealed ones

because of the increased number of Au and Cu active

sites. Furthermore, AuCu-modified nanotubes exhi-

bit enhancement of photocurrent under visible light

illumination from photocatalytic alcohol oxidation

caused by Cu2O and CuO oxides presence. Moreover,

pure titania nanotubes are not sensitive to ethylene

glycol and glycerine. Additionally, rapid thermal

Figure 10 Schematic representation of energy levels and charge transfer for an-ACT electrode in dark in the solution of a ethylene glycol

and b glycerine in 0.1 M NaOH.
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annealing in Ar atmosphere of bimetallic electrodes

enhanced materials activity toward alcohol oxidation.
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