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-t Photo-induced Intercalation of Cobalt(ll) Tellurium Oxide as

an Oxygen Evolution (Photo)electrocatalyst

Roelof J. Kriek,*™ Oluwaseun A. Oyetade,” Nyengerai H. Zingwe,” Emanuela Carleschi,”

Bryan P. Doyle,™ and Jaco Koch™

Herein, we report on (a) the application of cobalt(ll) tellurium
oxide (Co;TeOq) as a photo-electrocatalyst, to enhance the
photo-electrocatalytic (PEC) oxygen evolution reaction (OER) in
alkaline media, compared to the electrocatalytic (EC) OER (in
the absence of light), and (b) to store charge upon illumination
and release charge upon the termination of illumination under
OER potential bias conditions. These nanomaterials were
synthesized employing the sol-gel method and calcined at
temperatures ranging from 400 to 1100 °C. They were physically
characterized and tested for their capacity to (i) act as a catalyst
towards the OER, under EC and PEC conditions, and (i) to

1. Introduction

Photo-electrocatalytic (PEC) water splitting has been recognised
as a promising technique to provide clean and renewable
energy. Since the pioneering work of Fujishima and Honda in
1972, tremendous interest has been ignited amongst re-
searchers to work towards applying solar energy to split water
into molecular hydrogen and oxygen. With solar energy being
an inexhaustible natural resource,? much effort is exerted to
develop an appropriate photocatalyst to convert solar energy
into chemical energy as a store (and source) of clean energy.”
This technique presents an alternative, and potentially clean
and sustainable approach, compared to the current use of fossil
fuels, in producing hydrogen "

Unlike electrocatalytic (EC) water splitting, which only
requires a potential bias,” the PEC technique also requires
irradiation by ultraviolet/visible light to produce photogener-

[a] Prof. R.J. Kriek, Dr. O. A. Oyetade, Dr. N. H. Zingwe
Electrochemistry for Energy & Environment Group, Research Focus Area:
Chemical Resource Beneficiation (CRB), North-West University, Potchefst-
room 2531, South Africa
+27 18 299 2345
E-mail: cobus.kriekenwu.ac.za
Prof. E. Carleschi, Prof. B. P. Doyle
Department of Physics, University of Johannesburg, P.O. Box 524, Auckland
Park 2006, South Africa
[c] Dr. J. Koch
Unit for Environmental Sciences and Management, North-West University,
Potchefstroom 2531, South Africa
B3 Supporting information for this article is available on the WWW under

https://doi.org/10.1002/celc.202400047

© © 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH. This
is an open access article under the terms of the Creative Commons Attri-
bution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

[b

ChemElectroChem 2024, 11, 202400047 (1 of 18)

convert and store light-energy as chemical-energy. Under PEC
conditions CTO-900, which predominantly consisted of Co;TeQg,
exhibited a five-fold increase in activity compared to EC
conditions as current density increased from 0.58 mAcm 2 (EC)
to 3.10 mAcm™ (PEC) at 1.8V (vs. RHE). Additionally, CTO-900
displayed the ability to not only store charge (upon illumina-
tion), but to also release this stored charge (after the
termination of illumination), realising a current density of
2.07 mAcm? in the dark (under OER potential bias conditions).
Photo-induced charge storage is due to the intercalation of
potassium ions into Co;TeOg.

ated carriers on the surface of the photocatalyst.® Efforts to
design effective photocatalysts, that split water efficiently under
ultraviolet/visible light irradiation, continue to grow as practical
water splitting efficiencies are still limited. An effective photo-
catalyst should (i) be stable at extreme potentials, (ii) have
appropriate band gap and band edge positioning, such that the
absorption of light results in effective reduction/oxidation at
the photocatalyst surface, and (iii) exhibit reduced electron-hole
recombination rates to ensure efficient charge transport.??

The oxygen evolution reaction (OER) is a relatively complex
step in the overall water splitting process as it involves a multi-
step four-electron transfer to evolve one mole of oxygen. The
process is therefore slow and severely hampers the overall
efficiency of water electrolysis in general.*” Many novel electro-
catalytic nanomaterials, such as transition metal oxides/
hydroxides,"*"' metal phosphides and/or phosphates,®"®
perovskite 1920 metal chalcogenides,®®"  carbon
nanomaterials,’*?%*' amongst many others, have been synthe-
sized in an effort to achieve efficient OER in both alkaline and
acidic media. Increased EC performance of these materials, to
obtain low(er) overpotentials for the OER, has intensified the
probing of these materials as active catalysts towards PEC water
splitting. For example, single-metal oxides, such as TiO,, was
first applied by Fujishima and Honda (1972) as a photocatalyst,
to achieve the oxidation of water, i.e. oxygen evolution, at the
TiO, anode, and hydrogen evolution at the cathode, without
the application of an external voltage." Subsequent to this,
Hodes et al. (1976) reported the application of tungsten trioxide
(WO;) as a photoanode, with sulphuric acid as an electrolyte, to
achieve oxygen evolution.”” Haematite (Fe,0,)*” and bismuth
vanadate (BiVO,) thin films®® were also reported as an excellent
light-harvesting photo-electrocatalyst, exhibiting remarkable
stability for PEC water splitting. Recent studies have shown that
metal doping of heterostructured nanomaterials further boosts

oxides,!
]
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PEC activity. Examples of these materials include, amongst
others, Au-decorated ZnO,*” Ti- and Sn-doped a-Fe,0,,*® in situ
thermal oxidation of Fe films into a-Fe,0," and a-Fe,0,/Au/
TiO,” photoanodes. Additionally, Ding et al. reported that the
introduction of electrocatalysts as cocatalysts, onto a photo-
anode, serves to reduce the activation energy of the photo-
electrocatalytic process, thus, improving the PEC activity.” For
instance, Ding et al.’® and Zeng et al.”’ applied cobalt borate
(CoB) and WO;, respectively, as cocatalysts on BiVO, photo-
anodes to produce a photo-electrocatalyst with increased PEC
activity and stability compared to the bare BiVO,. Similarly,
cobalt phosphate (Co—P)) was deposited onto a-Fe,0; by Zhong
and Gamelin (2010), to fabricate a photocatalyst with increased
OER performance in alkaline media.”® In fact, the authors
reported that compared to a-Fe,O; photo-anodes, a 5-fold
increase in the photocurrent density and O, evolution rate was
observed at + 1.0 V vs. RHE using the Co—P;/a-Fe,O; composite
photo-anodes.”® Despite increased scientific breakthrough in
this field, these photo-electrocatalysts suffer from rapid elec-
tron-hole recombination, thereby limiting electron migration,
resulting in low PEC activity towards the evolution of oxygen. It
has to be mentioned that these reported photo-electrocatalysts
were only active while maintaining irradiation. These photo-
electrocatalysts immediately lose their activity once illumination
is terminated, due to the recombination of the excited electrons
(in the conduction band) and holes (in the valence band). To
this end, it would be advantageous to design and fabricate
photo-electrocatalysts that could be photocharged, thereby
bringing about increased charge separation and prolonged
activity, to facilitate PEC water splitting after the termination of
solar irradiation, i.e. in the dark.

On the topic of sustained photocatalytic/photo-electro-
catalytic activity, subsequent to light interruption, limited
successes have been reported. For instance, a TiO,~WO,
composite was reported to exhibit continued anticorrosion and
antibacterial activity after the termination of UV irradiation.®?
Similarly, during illumination, a-MoO; thin films were shown to
store a fraction of the excited charge in its layered crystalline
structure via alkali cation intercalation (Li*, Na®™ and K*)!3¥
which allowed the catalyst to discharge its stored charge/
electrons and be utilized under dark conditions. It has
furthermore been shown that a-MoO; was able to be recharged
with successive illuminations, allowing it to behave as an alkali-
ion battery.®® Of late, our research group have identified
binary-metal oxides, containing tellurates, as active compounds
for retaining PEC activity for prolonged periods after light
interruption, i.e. under dark conditions.”>"

Investigations into the use of dual photocatalyst systems
were also conducted. For example, Shi et al. effectively utilized
a CoO@MoS, photocatalyst for water splitting.*® Their study
showed that the rate of hydrogen produced, employing the
dual or co-catalyst, was four times higher than the amount
produced when only CoO was utilized, whilst also remaining
stable for up to 72 hrs when the analysis was terminated.
Likewise, CoO—Co;0, systems were also utilized for photo-
catalytic water splitting by Morion et al. and Xiao et al., yielding
a higher hydrogen evolution rate of 276 umolg™'h™' and an
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oxygen production rate of 6.10 mmolg™"h™, respectively.®=®

Wang et al. employed a CoO/BiVO, dual photocatalyst for the
degradation of tetracycline with the co-catalyst realising higher
degradation relative to the pure composite compounds of CoO
and BiVO,, which was attributed to more effective separation of
photogenerated charges.*® Dual cobalt-based photocatalysts
have also found use in hydrogen generation such as in the
study conducted by Yang et al. utilizing a Co;0,-CoO-g-C;N,
system that produced a significantly high hydrogen evolution
rate of 4050.60 umolg~"h'“Y Other studies on cobalt-based
dual photocatalysts, which were capable of functioning effec-
tively due to improved charge separation, include studies on
water splitting®’*" and photocatalytic degradation of organic
compounds.”**~* With the aforementioned studies being a case
in point, cobalt oxide-type nanomaterials have been reported
to show good electrocatalytic performance towards the OER, in
part due to their high surface area."**' Sidhureddy et al.
explored the electrochemical activity of 1D nanorod-, 2D
nanosheet-, and 3D nanocube-shaped Co;0, for the OER in
alkaline medium." The 2D nanosheets exhibited higher
electrocatalytic activities compared to the 1D and 3D Co;0,.
This was attributed to variations in their surface area and
oxygen deficiencies, with activity being dependent on the size
and shape of the nanomaterials." Additionally, metal-doped
Co,0, was reported to exhibit enhanced OER activity compared
to bare Co;0, due to increased oxygen deficiencies resulting
from disordered atomic arrangement and smaller charge trans-
fer resistance.” Tellurium oxide (TeO,) has furthermore been
identified as a good dopant for metal oxides, due to its high
refractive index, excellent optical properties, with good elastic
behaviour and electrical conductivity.®® Previous work by us,
investigating the application of metal-tellurium oxides, such as
europium(lll) tellurium oxide® and nickel(ll) tellurium oxide,”
as photo-electrocatalysts, have shown these materials to
achieve improved OER activity upon light irradiation and
sustained PEC activity (in excess of 40 minutes) subsequent to
the termination of UV/visible light. This study, to investigate a
cobalt-based photo-electrocatalysts that has the potential of
maintaining its photo-induced activity for prolonged periods
after the termination of illumination, was motivated by the
aforementioned results. Here we report on (i) the synthesis of
cobalt(ll) tellurium oxide, via the sol-gel synthesis route, (ii) the
physical characterisation of the nanomaterials, and (iii) the
electrocatalytic, photo-electrocatalytic, and photocharged (dark
current) activity of these nanomaterials, towards the OER (as a
model reaction) in alkaline medium. The scope of this
investigation is on the oxygen evolution reaction and does not
include photo-electrocatalytic watersplitting and to that regard
the production of hydrogen and oxygen will not be quantified
so as to determine the faradic efficiency.

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Experimental

Materials and Chemicals

Cobalt(ll) nitrate hexahydrate (Co(NO;),.6H,0, 98%) was purchased
from Associated Chemical Enterprises (Johannesburg, South Africa).
The procurement of telluric acid (HsTeOg, 98 %) and Nafion (5 wt%
in mixture of lower aliphatic alcohols and H,0) was made from
Sigma-Aldrich (New Germany, South Africa), while ammonia
solution (32%), absolute ethanol, sodium hydroxide (NaOH, 99 %),
potassium hydroxide (KOH) and citric acid (99%) were obtained
from Merck Chemical (Pty.) Ltd. (Gauteng, South Africa). Vulcan
Carbon XC-72 was employed to prepare the electrocatalyst ink
suspensions. Milli-Q water (18 MQcm™') was employed in the
preparation of solutions.

Synthesis of Photo-Electrocatalysts

Cobalt tellurium oxides were synthesized at different calcination
temperatures by employing the sol-gel method.”'” In brief, H,TeOq
(0.1 mol.dm™) was added to 50 cm® of a 2:1 (v/v) ethanol-water
mixture and stirred for 30 mins at 30°C. An appropriate amount of
Co(NO5),.6H,0 (0.2 mol.dm~3) was added to this solution, followed
by the addition of the chelating agent (0.6 mol.dm™ citric acid) to
facilitate solution mixture at a molecular level. The solution was
allowed to stir for another 30 mins after which a cross-linking agent
(2.5 cm? ethylene glycol) was added to the mixture. The solution pH
was adjusted with appropriate amount of ammonia solution until
pH 11 was reached. Then, the solution was heated at 70°C with
constant stirring to obtain a gel, and subsequently oven-dried
(Ecotherm, Labotech) at 120°C overnight. The obtained powder
was crushed, by using a pestle and mortar, and heated in a furnace
(Carbolite ELF 11/14B) at 300°C for 2 h. The powder obtained was
crushed again and apportioned into four samples. These samples
were sintered at 400°C, 700°C, 900°C and 1100°C for 5 h. The
samples were collected, ground, labelled CTO-400, CTO-700, CTO-
900 and CTO-1100 and kept in a desiccator for further analysis and
use.

Preparation of Electrocatalyst and Photo-Electrocatalyst Inks

Preparation of Ink for Electrochemical Investigation

The electrocatalyst ink suspension was prepared as described
earlier.”” A weight ratio of 1:1 of the electrocatalysts and Vulcan
carbon was weighed in 1.5 cm? of ethylene glycol and sonicated for
60 mins. Afterwards, 0.4 cm® of Nafion and 0.2 cm® of 0.1 mol.dm™?
NaOH were added to the solution to lower the acidity of Nafion.
The suspension was ultrasonicated for an additional 60 mins. A
10 pL aliquot of the ink suspension was cast onto the glassy carbon
electrode (GCE) inserts employing a micropipette and dried over-
night in a vacuum oven at 70°C. The catalyst loading (L) on the
GCE was calculated as 0.37 mg.cm™2 using Equation 1.

M f )
Catalyst loading (L) = ass % f;g?,/:zt / mg (1)

Preparation of Ink for Photo-Electrochemical Investigation

The catalyst ink for PEC measurements was prepared by dissolving
30 mg of the photo-electrocatalysts in 1 cm® of ethylene glycol and
ultrasonicated for 60 min. Afterwards, 0.4 cm® of Nafion and 0.2 cm®
of 0.1 mol.dm~ NaOH solution was added to the suspension and
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sonicated for an additional 60 mins. A 10 pL aliquot of the ink
suspension was cast onto the glassy carbon electrode inserts (GCEs)
with the aid of a micropipette and dried overnight in a vacuum
oven at 70°C. Prior to ink deposition, the GCEs, with a geometric
surface area of 0.196 cm?, were prepared by polishing them with a
0.05 um alumina suspension (Allied High Tech. Products Inc.).
Thereafter, the GCEs were cleaned sequentially in Milli-Q water,
ethanol and isopropanol under ultrasonication for 20 mins each.
The GCEs were dried by exposing them to a stream of nitrogen gas.

Physical Characterization

Micrographs were obtained from the FEI Quanta 250 field emission
gun scanning electron microscope (SEM), operated at an accelerat-
ing voltage of 15kV and fitted with an integrated EDS system
(Oxford Inca Instruments). The structure and size of the photo-
electrocatalysts were investigated on a JOEL 2100 high-resolution
transmission electron microscope (HRTEM). X-ray diffraction analysis
was conducted with a Panalytical X'Pert Pro utilizing Co—Ka (A=
1.7902 A) radiation and a scan duration of 5 hours per sample.
Noise reduction and background removal was then applied using a
Savitzky-Golay smoothing filter and a polynomial background
reduction filter. Phase identification, noise reduction and back-
ground removal were conducted using QualX software. Rietfeld
refinement was then conducted on identified phases using Profex
software with an anisotropic displacement for all identified phases
in order to quantify phases. UV-Vis absorption measurements were
conducted on a Specord S600 UV-Vis diode-array spectrophotom-
eter (Analytik Jena). X-ray photoemission spectroscopy (XPS)
measurements were performed to obtain information about the
electronic structure of the photo-electrocatalysts. This was con-
ducted on a SPECS PHOIBOS 150 hemispherical electron energy
analyser and a SPECS XR 50 M monochromatized X-ray source
equipped with an Al anode emitting X-ray photons of energy hv=
1486.71 eV (Al-Ko). The overall energy resolution (analyser+
photon source) was set to 0.8 eV for the wide survey scan spectra,
and 0.55 eV for high-resolution O 1s, Te 3d and Co 2p core level
spectra. Data were acquired at room temperature in an ultra-high
vacuum (UHV) chamber with a base pressure of ~ 2x107'° mbar.
Powder samples were mounted on the sample holder using carbon
tape. Surface charging was neutralised by means of a low-energy
electron flood gun operating at an electron energy of 2.5 eV and an
electron current of 20 uA.

Electrochemical and Photo-Electrochemical Characterization

The electrochemical (EC) and photo-electrochemical (PEC) charac-
terization were performed on an in-house built three-electrode
jacketed electrochemical cell, manufactured from polypropylene,
with a quartz tube slot to fit the UV lamp.”** The EC and PEC
activities of the prepared catalysts were performed by using
separate inks (see 2.3.7 and 2.3.2), since the presence of carbon may
prevent the absorption of light on the nanomaterials. The temper-
ature was kept constant at 25°C by employing a Julabo F12-ED
thermostatically controlled circulation water-bath.

A platinum wire (Pine Research Instrumentation) and Hg/HgO (Bio-
Logic Science Instruments) electrodes were employed as the
counter and reference electrodes, respectively. A rotating-disk
working electrode (RDE) setup (Pine Research Instrumentation) was
employed for the electrocatalytic and photo-electrocatalytic meas-
urements. The prepared GCE was inserted into the RDE and linear
polarization (linear sweep voltammetry) curves of the samples were
recorded by employing a VSP double-channel potentiostat (Bio-
Logic Science Instruments). A Philips UVC germicidal lamp (TUV PL-
S 9W/2P) emitting short-wave UV radiation, with a sharp and
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dominant peak at 253.7 nm, was used as the light source. The
photometric data of the UV lamp has been reported previously.?”
Electrocatalytic (EC) and photo-electrocatalytic (PEC) measurements
were conducted in O,-saturated 0.1 mol.dm™ KOH at 25°C at an
RDE rotation speed of either 0 or 1600 rpm. The calibration of the
Hg/HgO electrode vs. RHE (reversible hydrogen electrode) was
conducted in a H,-saturated 0.1 mol dm~ KOH solution and was
measured as —0.935V vs. RHE. All potentials were IR-corrected by
employing Equation 2,

E/R corrected — Eapp —IR (2)

where | is the current, R is the ohmic resistance of the electro-
chemical cell, and E,,, is the applied potential. A single point high
frequency impedance measurement was used to measure the
ohmic resistance of the electrochemical cell (R), which generated
4312 Q (CTO-400), 42.34Q (CTO-700), 40.62 Q (CTO-900) and
44.22 Q (CTO-1100) respectively, in 0.1 moldm ™ KOH solution.

Employing the OER as a model experiment, the EC and PEC activity
of the material was probed by means of series of linear sweep
voltammetry (LSV) measurements, recorded in an alkaline medium
(0.1 moldm™ KOH) at a scan rate of 10 mV.s™'. Experiments were
conducted from 0 to 1V vs. Hg/HgO by rotating the RDE at either 0
or 1600 rpm. Electrochemical impedance spectroscopy (EIS) meas-
urements were conducted in the frequency range of 100 mHz to
200 kHz with a sinusoidal AC potential perturbation of 10 mV at
0.6 V vs. Hg/HgO.

2. Results and Discussion
2.1. Physical Characterization

The surface morphology, shape, size and structure of the
synthesized nanomaterials were examined employing SEM and
TEM. The micrographs shown in Figure 1 represent SEM images
of (a) CTO-400, (b) CTO-700, (c) CTO-900 and (d) CTO-1100,
while Figure 2 shows the TEM images of (a) CTO-400, (b) CTO-
700, (c) CTO-900 and (d) CTO-1100 at the same magnification.
Particle sizes of the nanomaterials were estimated from the
collected TEM micrographs employing the Image) 1.53e
software. Most notable is the increase in the particle size of the
nanomaterial as the sintering temperature is increased. The
particle sizes of CTO-400, CTO-700, CTO-900 and CTO-1100
were calculated as 9.45 nm, 20.85 nm, 100.8 nm and 179.9 nm,
respectively. The SEM images shows that CTO-400 and CTO-700
are composed of smaller-sized highly agglomerated nano-
particles which overlay on one another (Figures 1a-b). Similar
observation was noticeable from the TEM images of CTO-400
and CTO-700, shown in Figures 2(a-b). An agglomeration of
nanoparticles and mixture of different sizes and phases of
nanomaterials were observed for these nanomaterials, as
displayed in Figures 2(a-b). Further increase in sintering tem-
perature from 900°C to 1100°C resulted in less agglomeration,
but larger particle sizes. This explains the change in particle
size, surface morphology and shape that were noticed at higher

Figure 1. SEM images of (a) CTO-400, (b) CTO-700, (c) CTO-900, and (d) CTO-1100 at the same magnification.
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calcination temperatures, i.e. 900 and 1100°C, observed from
Figures 1(c-d) and 2(c-d). Hexagonal-shaped particles were
noticed at high temperatures, while the nanomaterials synthe-
sized at lower sintering temperatures (400 and 700°C) pro-
duced irregular spherical shaped nanomaterials (Figure 2). Our
observations were compared with literature wherein nano-
materials were synthesized at varying calcination temperatures.
Similar trends have been reported that also demonstrate larger
particle sizes and distinct structures/phases at high sintering
temperatures compared to nanomaterials obtained at lower
temperatures.”*

The compositional ratio of the synthesized nanomaterials
was investigated by means of EDX analysis. The results
presented in Table 1 provides the weight percentage of the
different synthesized nanomaterials employed as
(photo)electrocatalysts during linear sweep voltammetry experi-
ments pre-illumination and post-illumination. The EDX data
confirms the presence of constituent elements of Co, Te and O
in the different nominal stoichiometric compositions. Tables 1
(weight%) and S2 (molar ratio) show that the composition of
the CTO samples post experimental analysis remained relatively
similar for all the CTO samples. This illustrates that the CTO
samples remained stable after PEC and EC and do not degrade
during analysis.

ChemeElectroChem 2024, 11, e202400047 (5 of 18)
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Figure 2. TEM images of (a) CTO-400, (b) CTO-700, (c) CTO-900, and (d) CTO-1100 at the same magnification.
Table 1. EDX results (weight %) of cobalt (lll) tellurium oxide samples

employed as (photo)electrocatalysts during linear sweep voltammetry pre-
illumination and post-illumination.

Samples wt%, pre-illumination wt.%, post-illumination
Co Te (6} Co Te o
CTO-400 4382 2921 2698 4757 2981 2262
CTO-700 4413 3714 18.72 4568 3511  19.70
CTO-900 48.73 32,59 18.69 48.09 316 20.31
CTO-1100 53.93 23.62 2244 52.45 24.52 24.03

The X-ray diffractograms of the synthesized nanomaterials,
over the range 5° <20 <100° are presented in Figure 3. All the
identified phases and peaks were matched to data obtained
from the Crystallography Open Database (COD) sources listed in
Table 2. All four temperature preparations display a dual phase
compositional make-up with regards to the major components.
CoO was identified as a major phase in all preparations which
displayed an increasing trend with an increase in preparation
temperature from 39.2 wt% at 400°C to 48.9 wt% at 1100°C. It
is clear that CTO-400 exhibited no sharp and distinct peaks,
which is due to the amorphous nature of the nanomaterial. An
increase in the calcination temperature, however, serves to

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 3. XRD diffractograms of cobalt(ll) tellurium oxide nanomaterials at different calcination temperatures, i.e. (a) CTO-400, (b) CTO-700, (c) CTO-900, and
(d) CTO-1100.
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Table 2. COD (Crystallography Open Database) entry numbers and
corresponding references.

Formula COoD Reference
Te 00-153-3530 [50]

TeO, 00-101-1183 [51]

Te, 0, 00-210-6553 [52]

CoO 00-154-1642/00-154-1662 [53]
CoTeO, 00-900-5890 [54]
Co;0, 00-900-5888/00-900-5890 [55,56]
CosTeO, 00-201-5468 [57]

produce increasingly well-defined crystalline nanomaterials that
exhibit more intense and sharp peaks. Temperatures of 400 °C
and 700°C also produced Co;0, as a major phase, while
temperatures of 900°C and 1100°C also produced Co;TeO; as a
major phase. A calcination temperature of 900°C produced the
greatest portion of Co,TeO; at 54.8 wt%, compared to43.8 wt%
at 1100°C. At 400°C unconverted Te was detected as a
subordinate phase to CoO and Co;0, at 16.1 wt%. This may
indicate that 400 °C is ineffective in completely converting Te to
the compounds of interest. Table 3 shows the weight percen-
tages for the identified phases. Previous studies have also
reported the formation of CoO nanoparticles at temperatures

above 500°C."¥ The presence of well-defined crystalline nano-
materials at 1100°C, which include both CoO and Co;TeOq
phases, is proof to the fact that calcination temperature is an
important parameter that determines phase formation and
associated crystallinity.

XPS measurements were performed on all the nanomate-
rials. The wide survey spectra for the (photo)electrocatalysts are
displayed in Figure 4. The core levels and Auger peaks have
been labelled accordingly. C 1s was detected in all samples at a
binding energy (BE) of ~285eV. This was attributed to the
presence of adsorbates on the surface of the samples, which is
justified by the fact that all samples were prepared ex-situ.
Shallow core levels below 50 eV BE are attributed to O 2s and
Te 5s (not labelled in the figure). This valence band is the region
closest to the Fermi energy. Comparison of the survey scans
shows that there is a remarkable difference between CTO-1100
and the other three (photo)catalysts in terms of the intensity of
the Te peaks, which is significantly reduced in CTO-1100. Below,
we report evidence that the electronic structure of CTO-1100
shows further remarkable differences with respect to the other
three catalysts.

The Te 3d core level spectra of the CTO samples are shown
in Figure 5a. They are composed of two asymmetric peaks with
centroids at ~576 eV and ~586.5 eV, which correspond to Te
3ds/, and Te 3d;, spin-orbit components. Apart from CTO-1100,
the asymmetry on the higher BE side confirms the presence of

Table 3. Results of XRD phase identification and quantification using Rietfeld refinement.
Temp Identified Phases, Wt%
) Te TeO, Te,0, Co0 0.0, CoTeO, Co.TeO,
400 16.1 5.5 39.2 354 3.8
700 6.1 43.6 46.0 4.3
900 43.5 1.6 54.8
1100 3.8 48.9 35 43.8
T I T T T T T | |
O KWV Auger ~__ Survey Scan
Te MNN Co2s C1s
Auger A
g S
]
)
=
; Co 3p
E Te 4s \Te/4d
= 1 \ —
(2]
7\
= Te 4p
Co 3s
A e
—__ CTO-1100
—__CcTO-900
—__cTo-700 .
CTO-400
] ! | | ! ! | | | | b
1100 1000 900 800 700 600 500 400 300 200 100 0

Binding Energy (eV)

Figure 4. XPS wide survey scan of the CTO-400, CTO-700, CTO-900 and CTO-1100 photo-electrocatalyst samples.
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Figure 5. (a) Te 3d, (b) the O 1s and (c) the Co 2p core level spectra of CTO-400, CTO-700, CTO-900 and CTO-1100 photo-electrocatalyst samples.

two spin-orbit doublets that correspond to two different
oxidation states for Te. The experimental data (open squares)
was therefore fitted with two spin-orbit components, Te(1) and
Te(2), and a Shirley-type background. The overall fit is plotted
as a thick solid line on top of the data and shows very good
agreement with it. The results of the fit are presented in Table 2.
The BE of Te(1) and Te(2) are consistent with those reported for
Te ions in +4 and +6 oxidation states, respectively.” We have
therefore labelled them as Te*" and Te®" in the figure. These
two oxidation states are typical of tellurium-based catalysts
containing oxygen,”** while those without oxygen Te tends to
acquire +4 and +0 oxidation states.***” For CTO-1100, the Te
3d core level spectrum is fundamentally different from the
other three. Firstly, it is noisier because of the substantially
lower Te XPS signal from this sample. Furthermore, there is a

ChemElectroChem 2024, 11, 202400047 (8 of 18)

clear asymmetry on the lower BE side of the 3d;, and 3d;,
main peaks, which was absent in the other three catalysts. This
hints to the presence of an additional oxidation state for Te that
is specific to this compound. The experimental data was fitted
with three spin-orbit doublets and a Shirley background. The fit
results reported in Table 4 show that two of these components
have BEs that are consistent with those of CTO-400, CTO-700
and CTO-900 and correspond to Te*" and Te®" oxidation states.
The additional one located at a lower BE is consistent with Te in
a 0+ oxidation state and has therefore been labelled as Te" in
Figure 5.5°°” This additional Te’" component takes up roughly
one third of the spectral weight of the core level, causing the
nominal valence of Te to decrease to 2.86 in this compound.
Although XPS and EDX are both spectroscopic techniques
used in the identification of elements in a sample, it is

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Table 4. BEs (in eV), FWHM (in eV) and relative percentage areas (in %) of the three components of the Te 3d core level.
Sample Te* Te** Tet* Te* Te** Tet* Te®* Te** Teb* Nominal

3ds, 3ds), 3ds, FWHM FWHM FWHM area area area valence
CTO-400 N/A 575.66 577.14 N/A 1.66 1.81 N/A 83.2 16.8 4.34
CTO-700 N/A 575.65 577.10 N/A 1.46 1.51 N/A 89.5 10.5 4.21
CTO-900 N/A 575.73 577.12 N/A 1.64 1.79 N/A 77.5 225 4.45
CTO-1100 573.86 575.52 577.11 1.50 1.61 1.63 31.9 61.2 6.90 2.86

important to note that XPS is indeed a more surface-sensitive
quantitative technique compared to EDX. The low amounts of
Te demonstrated for CTO-1100 from the XPS analysis, as
opposed to the EDX results presented in Table 1, could be
attributed to (i) possible presence of Te in the less prominent
phase (i.e. CosTeOg) of CTO-1100, and/or (ii) the confinement of
this phase in the bulk of the nanoparticles, and (iii) the
formation of Co;0, nanoparticles as a layer over the Co;TeOq
phase of the nanomaterial, which leads to the formation of a
‘core-shell’ type structure. We therefore hypothesize that low Te
amounts in CTO-1100, shown by XPS peak intensities, could be
attributed to either one or all of the aforementioned factors.
The O 1s core level spectra of the CTO catalysts are reported
in Figure 5b. The raw data (open squares) overlaps very well
with the overall fit (thick solid line). For CTO-400, CTO-700 and
CTO-900, this was obtained by adding three single Voigt-type
components and a Shirley-type background, with four singlets
having been added together for CTO-1100. These components
are labelled O(1), O(2), O(3) and O(4), and their BEs and other
fitting parameters are presented in Table 5. The data interpreta-
tion was done according to relevant literature:®*"®? (i) the lower
BE component O(1) is ascribed to the stoichiometric oxygen
atoms in the main oxide lattice, (i) O(2) is attributed to oxygen
vacancies/defects in the lattice, and (iii) O(3) originates from
chemisorbed contaminants on the sample surface. It should be
noted that the spectra weight of O(3) is greater in CTO-900. It is
important to note that O(4) is detected only in CTO-1100, and
can be attributed to oxygen molecules bonded to either Te or
Co.*¥ The full-width-half-maximum (FWHM) of the four compo-
nents is also reported in Table 3. The result illustrates that CTO-
700 has the sharpest peaks (i.e. smaller FWHM). This observa-
tion is consistent with CTO-700 possessing the smallest
percentage of oxygen vacancies. It is also interesting to note
that the amount of oxygen vacancies ranges from roughly one
third to one fourth with respect to that of the stoichiometric

oxygen atoms, which is consistent with what has been
observed in similar tellurium-based catalysts.”*>*?

Figure 5c reports the BE region of Co 2p core level spectra.
The line shape of this core level is composed of two distinct
regions: the Co 2p;/, and Co 2p,,, spin-orbit components. Each
of these components features a main peak on the lower BE side
and a corresponding satellite on the higher BE side. There are
negligible differences in the line shape of this core level
amongst CTO-400, CTO-700 and CTO-900 samples: the BEs of
the main peaks and their 5.5 eV energy separation with their
corresponding satellite are consistent with a majority +2
oxidation state for Co ions in these three CTO
(photo)electrocatalysts.®*! CTO-1100 shows remarkable differ-
ences from the other three samples even in this core level: (i)
the higher BE satellites appear very suppressed, (ii) the width of
the main peaks is smaller and (jii) the line shape of the main
peaks is more asymmetric towards the higher BE side. These
features are consistent with the line shape of Co 2p displayed
by Co;0,type compounds, which hints at a 2+/3+ mixed
oxidation state for Co ions in this compound.® This finding is
potentially consistent with the discussion on the XPS results
related to the Te 3d core level of CTO-1100, where we
hypothesise that Co;0, nanoparticles are located more at the
surface of this (photo)catalyst. This would indeed result in an
increase in the spectral weight of their XPS signal in the Co 2p
BE region, due to the intrinsic surface sensitivity of the XPS
technique.

2.2. Electrochemical Characterization

The electrocatalytic activity of the synthesized nanomaterials,
towards the OER in alkaline medium (as a model reaction), was
investigated in the absence of any irradiation by employing
linear sweep voltammetry (LSV). It was reported that a 1:1

Table 5. BEs (in eV), FWHM (in eV) and relative percentage areas (in %) of the four components of the O 1s core level.

1100

Sample Oo(1) 0(2) 0(3) 0(4) o(1) 0(2) 0@3) 0@4) o) 0(2) 0@3) 0O4)

FWHM FWHM FWHM FWHM area area area area
CTO-400 529.81 531.15 532.72 N/A 1.51 1.56 1.7 N/A 67.4 253 7.3 N/A
CTO-700 529.71 531.09 532.68 N/A 1.41 1.45 1.6 N/A 76.5 18.6 49 N/A
CTO-900 529.93 531.34 532.87 N/A 1.64 1.6 1.62 N/A 70.6 24.8 4.6 N/A
CTO- 529.89 531.34 532.63 528.55 145 1.55 1.6 1.49 62.1 22 53 10.6
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weight ratio of the electrocatalyst to Vulcan carbon exhibited
the highest activity for tellurium oxide samples;” this ratio was
also applied for the preparation of ink in this study. Figure 6
displays the OER activities (as LSV scans) of CTO samples
calcined at different temperatures. At 1.8V (vs. RHE), CTO-400
demonstrated the highest activity, followed by CTO-700, with
the lowest electrocatalytic activity demonstrated by CTO-1100.
This result demonstrates the effect that calcination temperature
and crystallinity have on electrocatalytic activity. A similar trend
was reported for europium(lll) tellurium oxide, and for nickel(ll)
tellurium oxide, which also showed that the lowest electro-
catalytic activity for OER in alkaline media (without any
irradiation) was achieved for those samples with less amor-
phous character.”* This behaviour could be associated with
variations in the number of active surface sites, the intrinsic
ability to adsorb hydroxy groups (OH"), and differences in the
electronic structure (electron mobility) of the electrocatalyst.”'"

The adsorption of OH™ ions onto the surface of the
electrocatalyst results in the formation of intermediate species

6
—— CTO-400
5| ——CTO-700
—— CT0-900
o ——CTO-1100
£
G 4+
<
£
2
= 3 4
c
[}
©
5
(@]
1 4
0 1 T T T
1.0 1.2 1.4 1.6 1.8 2.0

Potential/V vs. RHE

Figure 6. LSV curves for CTO samples (conditions: scan rate of 10 mV.s™', at
25°C and 1600 rpm in oxygen-purged 0.1 mol.dm ™ KOH electrolyte; in the
absence of any irradiation).
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of M—OH, M—O, M—OOH, and M—0O through the bonded M-0O,
followed by the formation of an 0—0 bond.*” The mechanism
responsible for OER on metal-based surfaces is presented below
(Reactions 3-7):7"%

M-+ OH™ — M—OH* + e~ 3)
M—OH* + OH™ — M—0* + H,0 4+ e~ 4)
M—0* + OH™ — M—OOH* + e~ (5)
M—OOH* 4+ OH™ — M—00* + H,0 + e~ (6)
M—-00* — M + 0, (7)

An EIS analysis of the synthesized electrocatalysts was
conducted to gain insight into the electrical resistance of the
electrocatalyst-electrolyte interface. This was conducted within
the OER region (0.6 V vs. Hg/HgO) and the associated Nyquist
plots are presented in Figure 7a. The experimental EIS data
were fitted with an equivalent circuit, by using the EIS Spectrum
Analyser, employing parameters such as, the uncompensated
solution resistance (R;), charge transfer resistance (R.), charge
transfer rate constant (k.), and double-layer capacitance (C,),
presented in Table S1. A semi-circular arc was obtained for each
electrocatalyst (Figure 7a), demonstrating their charge transfer
resistance (Figure 7a and b). It was observed that the CTO-400
demonstrated the lowest charge transfer resistance, followed
by CTO-700, CTO-900, and CTO-1100, respectively (Table S1).
Most notably, the electrocatalytic activity (i/mAcm™) of these
electrocatalysts towards the OER (Figure 6, at 1.8 V vs. RHE) was
observed to follow a similar trend as that of the charge transfer
rate constant, k,, and an inverse trend to that of the charge
transfer resistance, R, (Figure 7b). The higher the R -value of an
electrocatalyst, the lower its electrocatalytic activity towards the
OER. Thus, CTO-400 demonstrated better electrocatalytic per-
formance towards the OER compared to its counterparts, due
to its increased charge transfer ability, i.e. electron mobility.

In order to further evaluate the OER capabilities of the
developed CTO samples, analysis of the electrochemical surface
area (ECSA) data obtained through the double layer capacitance

—o— CTO-900 600 4
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Figure 7. (a) EIS spectra, and (b) charge transfer values (R, and k) and OER current (i) for CTO samples (conditions: oxygen-purged 0.1 mol.dm~ KOH

electrolyte; in the absence of any irradiation).
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method was conducted. Since the double layer capacitance is
linearly proportional to the ECSA through the equation ECSA=
Ca/C; thus its analysis gives insight into the catalytic perform-
ance of the CTO samples. Figure S4 shows the linear relation-
ship from cyclic voltammetry results, between the current
density and scan rate that was utilized to calculate the double
layer capacitance. The C for the CTO samples were determined
to be 4.34, 3.03, 5.1 and 2.95 mF-cm™ for CTO-400, CTO-700,
CTO-900 and CTO-1100 respectively. As a result, the CTO-900
sample possessed the largest ECSA which yielded greater
exposure for more catalytically active sites for the oxygen
evolution reaction.

2.3. Photo-Electrochemical Measurements

Prior to PEC measurements, the UV-Vis absorption spectra of
the synthesized nanomaterials were recorded. Figures Sla
shows the absorption spectra for CTO-400 and CTO-900,
respectively, with the most prominent peak at ~375 nm, with a
red shift observed for CTO-900 calcined at higher temperature.
The occurrence of a small peak at ~460 nm was also noticeable
for CTO-900 (at the higher calcination temperature). The two
peaks at 375 nm and 460 nm were attributed to the charge
transfers O2p to Te5p and O2p to Co3d."*"® The optical band
gap (E,) of each of the nanomaterials was estimated from the
Tauc plots (Figure S1b), according to Equation 8:

(ahv)? = A(hv - Eg) (8)

where E, is the optical band gap, hv is the photonic energy, o is
the absorption coefficient, and A is the proportionality constant
for the material. From the data, the optical band gaps (in eV) of
the prepared oxides were determined to be 3.18, 3.15, 3.10 and
3.04 for CTO-400, CTO-700, CTO-900 and CTO-1100 respectively,
thereby, demonstrating that all the nanomaterials are UV-light
active, hence, the choice of lamp employed in the PEC study
that emits at 253.7 nm. The bandgaps were obtained through
extrapolating the linear part of the (F(R).hv)? curve such that it
intercepts with the x (hv) axis as shown in Figure S1b. The
decrease in bandgap as the calcination temperature increases
for the CTO samples from 3.18 eV for CTO-400 to 3.04 eV for
CTO-1100 is due to an increase in the amplitude of atomic
vibrations, which results in a significantly larger interatomic
distance. Resultantly a reduction in the energy bandgap occurs
from the reduction in periodic potential caused by the increase
in the interatomic spacing. Further studies into the wavelength
dependent photoelectrochemical capabilities of the CTO sam-
ples were conducted through analysis of incident photon
conversion efficiency (IPCE) measurements for CTO-900 as
shown in Figure S1c. The CTO-900 sample curve reached a
maximum of 22% at 387 nm. The reduction in IPCE from the
peak towards higher wavelength was attributed to the effect of
d-d transitions, which primarily dominate the optical absorption
spectra at higher wavelength and results in localized excita-
tions. This modest IPCE value obtained in the current study

ChemElectroChem 2024, 11, 202400047 (11 of 18)

suggest that bulk recombination reactions, which largely affect
photogenerated charges, were limited to some extent.

The photo-electrocatalytic (PEC) activities of the synthesized
nanomaterials, towards the OER, were investigated in the
absence of Vulcan carbon and estimated from LSV curves
obtained at a scan rate of 10 mV.s™". Current density-potential
curves (LSVs) at 0 rpm (Figure S2) and 1600 rpm (Figure 8), in
oxygen-purged 0.1 mol.dm™ KOH solution with variable illumi-
nation times (0-150 min) clearly depict an increase in activity
from EC to PEC with the greatest activity increase being
observed for the CTO-900 sample. This is clearly evident when
plotting the current densities, at 1.8V (vs. RHE), for each
(photo)electrocatalyst at different illumination times (see Fig-
ure 9). In the absence of forced mass transfer (Figure 9a), the
PEC activity declined in the order CTO-900>CTO-700 > CTO-
1100 > CTO-400, while under forced mass transfer conditions
(Figure 9b), the PEC activity declined in the order CTO-900 >
CTO-1100 > CTO-700~ CTO-400.

A general observation would infer that the EC activity is
more positively affected by the amorphous nature and surface
properties of the sample(s) calcined at lower temperatures,
while the PEC activity is more positively affected by the
increased crystalline nature of the samples calcined at higher
temperatures. Our results agree with previously published data
that also reports improved PEC activity for nanomaterials
calcined at higher temperatures.”* It is, however, observed
that the CTO-1100 sample exhibited lower PEC activity
compared to the CTO-900 sample, at both 0 and 1600 rpm. This
could be attributed to mixed phases being present in the CTO-
1100 sample that would seem to exhibit a ‘core-shell type’
structure, with the shell consisting of Co;0, while the core
consists of Co;TeOq, as inferred by the XPS data. The CTO-900
sample, consisting predominantly of Co;TeO, does not have
this Co;0, outer layer (that would seem to inhibit PEC activity)
and to that regard exhibits superior activity compared to CTO-
1100.

The CTO-900 compares favourably to previously reported
photo-electrocatalysts applied for the OER in alkaline medium
(Table 6). For instance, at the same potential, i.e. 1.8 V (vs. RHE),
nitrogen-doped ZnO nanowire only exhibited a photocurrent
density lower than 0.3 mA.cm™2, compared to CTO-900 that

Table 6. Comparison of the PEC current densities of previously synthesized
nanomaterials.

Current density/mA.cm 2 Ref.
(at 1.8 V vs. RHE)

Photo-electrocatalyst

Eu,TeOq 2.66 [35]
NiTe,05 3.60 171
Eu,0,/BiVO, <0.15 [75]

BiVO, <0.12 [75]

Pure TiO, 0.86 [75]

TiO, nanotubes <0.2 [74]
ZnO@TiO, core shell <0.7 [74]

ZnO nanowires <0.5 [74]
Co,;TeOq 3.10 This Study

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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the OER. This result demonstrates the potential of CTO-900 as a
photo-electrocatalyst for the OER in alkaline media.

To provide additional insight into the electronic behaviour
of the best performing photo-electrocatalyst, electrochemical
impedance spectroscopy (EIS) was conducted on CTO-900 at
varying illumination times. The Nyquist plots for the photo-
electrocatalyst, at different illumination times, exhibit a semi-
circular arc that fits the R-Q equivalent circuit (Figure 10a). The
circuit consist of a series resistance (R,), a charge transfer
resistance (R.), and a constant phase element (CPE). The CPE,
also denoted as Q, is usually applied for real electrochemical
systems, instead of a pure capacitor. This is due to different
non-ideal parameters, such as roughness, porosity, and hetero-
geneity, at the catalyst surface, which may result in the
production of frequency dispersion because of non-uniform
distribution of the current density. In this study, the value of the
CPE was kept constant throughout the experiment as a constant
potential was applied throughout. The fitted parameters
obtained for CTO-900 at varying time intervals, relating to the
R—Q equivalent circuit, is presented in Table 7. A decrease in
the R -values is observed as the illumination time is increased;
in fact, a two-fold decrease was obtained after 150 min of
illumination, compared to the EC sample. This demonstrates the
increased ability of the photo-electrocatalyst, with increased
illumination time, to effectively separate the photo-induced
electron-hole pairs, and therefore reduce the rate of their
recombination. This results in enhanced charge separation, as
well as migration of the photogenerated electron-hole pairs to
the surface of the photo-electrocatalyst, which in turn results in
an improved PEC water oxidation rate. The time constant (1)
and the charge transfer rate constant (k) are calculated from
Equations 9 and 10, respectively.

T=R,.Q (9)

ke=7 (10)

Of significant importance is to note that an increase in the
illumination time resulted in an increase in the k,-values and a

—R1 CPE1 (@) —o— 0 min
250 4 | —o— 30 min
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i 1 é)
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Q Q
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decrease in the t-values (Table 7). Similarly, lower R and t-
values were obtained after 150 mins of light illumination, which
suggest a slower recombination rate and reveals the ability of
CTO-900 for increased PEC oxygen evolution at the anode with
increasing illumination time.

A plot of R and k_-values as a function of illumination time
depicts an exponential decrease in the charge transfer resist-
ance, R, together with an associated linear increase in the
charge transfer rate constant, k., (Figure 10b). This is attributed
to the increase in the charge carrier density observed with
increased illumination time, resulting in an improvement in the
overall energy conversion efficiency.

In line with our previous work on photo-induced charge
storage and the subsequent discharge of the material in the
dark (to bring about dark current OER), we investigated whether
or not the CTO photo-electrocatalysts would exhibit similar
behaviour. LSV curves were recorded (i) in the absence of any
initial illumination, i.e. under an EC condition, (ii) under a PEC
condition after 150 min of illumination, and (iii) under an EC
condition, in the dark (from 10-40 min, with 10 min intervals),
subsequent to a 150 min illumination time, at 0 rpm (Figure S3)
and 1600 rpm (Figure 11). At 0 rpm the PEC current densities (at
1.8 V vs. RHE) do not exhibit much of an increase compared to
the EC current densities (Figure 12a), however, at 1600 rpm a
marked increase in the PEC current density is observed for the
CTO-900 sample (in excess of a five-fold increase) and less so
for the CTO-1100 sample (Figure 12b). At 1600 rpm, an active
OER dark current is observed for the CTO-900 sample that is
73% of the 150 min PEC-value after 10 min in the dark. This
decreased to 67 % of the 150 min PEC-value after 40 min in the
dark; at which point it still is almost a four-fold increase
compared to the non-illuminated EC current (Figure 12b).

The observed phenomenon of charge/energy storage,
resulting in an enhanced PEC current after 150 min of
illumination, and an enhanced EC current after the termination
of illumination, can be clarified through reactions 11-16. In the
absence of light, under pure electrocatalytic (EC) conditions, the
application of a positive potential bias (+PB) on the anode
drives the oxygen evolution reaction (OER, reaction 11) on the

600 24
R (b)
K

200 T T T T T T T T 8

0 20 40 60 80 100 120 140 160

lllumination Time / min

Figure 10. (a) EIS spectra of CTO-900 at varying illumination times in an O,-purged 0.1 mol.dm™ KOH electrolyte, and (b) plots of R, and k., for CTO-900 as a

function of illumination time.
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Table 7. Fitting parameters of the equivalent circuit element for CTO-900.

Sample R/Q Q/ R/Q n /s ko
mF.s"") s
EC 40.62 0.20 455.08 1 0.091 10.99
Light, PEC 30 39.22 0.20 354.80 1 0.071 14.09
Light, PEC 60 39.22 0.20 306.70 1 0.061 16.30
Light, PEC 90 39.16 0.20 288.74 1 0.058 17.32
Light, PEC 38.42 0.20 24433 1 0.049 20.46
120
Light, PEC 37.16 0.20 230.54 1 0.046 21.69
150

surface of the CTO electrocatalyst generating an oxidative
current.

Co;TeOg(+PB) + 40H™ —

11
Co;TeOg(+PB) + O, + 2H,0 + 4e~ ()

In the presence of light and an applied potential bias, that is
under PEC conditions, the regular CTO surface OER is driven (as
per reaction 11) with illumination of CTO resulting in charge
separation (reaction 12). The generated positive holes contrib-
ute in driving the OER (reaction 13) while the excited electrons

(a)
N 10
€
Q
< 081
£
> — EC
g) 061 —— Light 150 min, PEC
[0 —— Light 150 min, 10 min off, EC
2 oal Light 150 min, 20 min off, EC
§ | —— Light 150 min, 30 min off, EC
b —— Light 150 min, 40 min off, EC
8 02 -
00 o : : ;
1.0 1.2 14 16 1.8 20
Potential/V vs. RHE
5
()
]
.E ol
S
£
S 31 —EC
. —— Light 150 min, PEC
c —— Light 150 min, 10 min off, EC
g 24 Light 150 min, 20 min off, EC
— —— Light 150 min, 30 min off, EC
GC, —— Light 150 min, 40 min off, EC
5 14
(@)
0 : ; . ;

Potential/V vs. RHE

are stabilised by the intercalation of the electrolyte cation (K*,
potassium ions) into the CTO layered structure (resulting in the
formation of K,Co;TeO4), which is deemed (photo)charging
(reaction 13). Kanyolo et al.,”® reported that metal tellurium
oxides lend themselves to intercalation as they are layered
structures. The nett reaction of the combination of reactions 12,
13 and 14 is portrayed in reaction 15.

CosTeOq(+PB) - Co,TeO,(+PB; 4h* + 4e") (12)
Co;TeOg(+PB; 4h* +4e”) +40H —

13
Co,;TeO4(+PB; 4e7) + O, + 2H,0 (13)
Co;TeO4(+PB; 4e7) + 4K —

(14)

K,Co,TeOq(+PB)

v

C0;TeO,(+PB) 2% K,Co,TeOq(+PB)+
4KOH (-l 5)
0, +2H,0 +4h°

From the balanced reactions above (reactions 12-15) it
would seem that photo-induced charge separation (reac-
tion 12), the photo-induced OER (reaction 13), and photo-
induced intercalation (reaction 14) all occur at the same rate
(especially considering overall reaction 15). This, however, is an

1.2
b
8 o] ©
IS
Q
< 08
£
B — EC
-‘5)' osd — Light 150 min, PEC
c —— Light 150 min, 10 min off, EC
% Light 150 min, 20 min off, EC
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8 0.2
0.0 T T T T
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3.0
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201 ___ go
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0.5

0.0 T T T T
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Figure 11. Light ON-OFF LSVs of (a) CTO-400, (b) CTO-700, (c) CTO-900 and (d) CTO-1100 (conditions: a scan rate of 10 mV.s™', at 25°C and 1600 rpm in

oxygen-purged 0.1 mol.dm~ KOH electrolyte, under UV irradiation).
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Figure 12. Current density vs. Light ON/OFF time plots for all the photo-electrocatalyst at (a) 0 rpm, and (b) 1600 rpm, at 1.8 V vs. RHE, in oxygen-purged

0.1 mol.dm* KOH electrolyte at 25 °C.

oversimplification of an intricate mechanism as it does not
explain the large increase in PEC current at 150 minutes
compared to the EC current (see Figure 12b). It is, however, to
be expected that these reactions all occur at different rates with
photo-induced charge separation being the fastest reaction
followed by the OER (both potential bias and hole driven), and
intercalation being the slowest reaction. This would mean that
a large quantity of photo-excited electrons will reach the
external circuit before being stabilised by potassium ions
through intercalation. The increase in PEC current at 150 mi-
nutes is therefore due to the sum of (i) regular CTO surface OER,
with the CTO surface being under a positive potential bias, (ii)
hole driven OER, and (iii) non-stabilised photo-induced excited
electrons reaching the external circuit.

Subsequent to the termination of illumination, but still
under an applied potential bias, the OER is still driven
(according to reaction 11) with the electrocatalyst now consist-
ing of a combination of Co;TeO4 and K,Co;TeOq, producing an
oxidative current. In addition, the formed K,Co,TeOq is now also
oxidised according to reaction 16, and thereby discharging to
release additional electrons and thereby contributing to the
current. The current density subsequent to the termination of
illumination (see Figures 12a and 12b) is therefore due to the
sum of the positive potential bias CTO surface OER (reaction 11)
and electrons released as a result of de-intercalation (reac-
tion 16), and it is therefore greater than under pure electro-
catalytic conditions (see reaction 17, which is the sum of
reactions 11 and 16). As this discharging process progresses,
the total current (reactions 11 and 16) will decrease with time
until the system is once more producing current only according
to reaction 11. The enhanced dark current is therefore postu-
lated to be a result of photo-induced charge storage (a
photocharging process), through intercalation of an alkali metal
ion (reactions 14 and 15), that serves to stabilise the photo-
excited electrons, followed by a post-illuminated oxidative
discharging process (reaction 15).

K,Co;TeO4(+PB) — Co;TeOq(+PB) + 4 K* + 4e” (16)

ChemElectroChem 2024, 11, 202400047 (15 of 18)

K,C05TeOs (+-PB) + 40H™ % Co,TeO(+PB)+

17
4K 4 0, + 2H,0 + 8e™ (7)

This postulated mechanism of the photo-induced intercala-
tion of potassium ions (K™) was corroborated by energy
dispersive x-ray spectroscopy (EDX). As a baseline, EDX was
conducted on a pure CTO-900 sample that was not produced
into an ink, not soaked in KOH electrolyte, and not illuminated.
From Figure S5 it is clear that the sample only consists of Co, Te
and O. Subsequently, a CTO-900 sample was soaked in KOH
electrolyte for 150 minutes in the absence of any illumination.
This was done in duplicate and from Figure S6(a) and (b) it is
clear that no potassium was taken up into the cobalt tellurium
oxide structure. Finally, a CTO-900 sample was soaked in KOH
electrolyte whilst being illuminated for 150 minutes. This was
again done in duplicate and from Figure S7 (a) and (b) it is clear
that potassium was indeed taken up into the cobalt tellurium
oxide structure. All soaked samples were sequentially washed
with deionised water, methanol, ethanol, and propanol, whilst
being ultrasonicated, to clean the samples of any surface-bound
electrolyte. The samples in Figures S6 and S7 also exhibit the
presence of C, F and S. This originates from the Nafion that was
used as a binder in producing the ink. It is clear that the photo-
induced intercalation of potassium ions into the cobalt
tellurium oxide structure, stabilising the photo-excited elec-
trons, does indeed occur. Reactions 11-13 are therefore, in all
likelihood, a true reflection of the mechanism at play describing
the observed phenomenon of charge/energy storage, resulting
not only in an enhanced PEC current after 150 min of
illumination but also in sustained dark current subsequent to
the termination of illumination.

Having shown that charge storage is the result of the
photo-induced intercalation of potassium ions, it is furthermore
essential to ascribe this observed phenomenon to, hopefully, a
single compound given the fact that all the CTO samples (as
per Table 3), apart from containing cobalt(ll) tellurium oxide
(CosTeQy), also contains a substantial amount of cobalt oxide
(Co0). To do this, pure CoO (Thermo Scientific, CAS: 1307-96-6)
was prepared into an ink and subjected to the same electro-

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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catalytic and photo-electrocatalytic experiments. Linear sweep
voltammograms (at 0 rpm and 1600 rpm) at different illumina-
tion times (0-150 minutes) and different post-illumination times
(10-40 minutes), show that CoO is a better electrocatalyst and
photo-electrocatalyst than Co;TeO4 as much greater current
densities were obtained for the OER (Figures S8 and S9).
However, CoO does not exhibit any charge storage capability as
the current densities subsequent to the termination of illumina-
tion (10-40 minutes) are lower than the pure electrocatalytic
(EC) sweeps in the absence of any illumination (Figure $10). The
charge storage capability, via the intercalation of potassium
ions, can therefore be solely ascribed to Co;TeOs.

The observed photo-induced charge storage process was
further investigated employing a sequential switching experi-
ment in the presence of a sodium metal ion. To do this a
chronoamperometric (CA) experiment was conducted at 1V (vs.
Pt) in N,purged 0.1 mol.dm™ Na,S0, at 25°C, with the
termination of UV-light every 10 min (Figure 13). After an initial
induction period of 10 min, the current density quickly increases
and then stabilises over a period of in excess of 150 min.
Sequential on-off switching did not result in an immediate drop
in current back to the baseline, which already attests to the
charge storage capacity of the material. Upon the permanent
termination of illumination, an initial decrease in current is
observed, where after the decay in current is inhibited, which
points to a slow discharge of the material. This work has shown
that, as a photo-electrocatalyst, cobalt(ll) tellurium oxide
(CosTeOq) facilitates solar to chemical energy conversion,
storage and subsequent energy release. Photo-induced charge
separation led to charge storage through intercalation, where-
after the charge, upon the termination of illumination, is slowly
released in the dark resulting in a prolonged OER. Under these
conditions, higher efficiency water splitting, compared to pure
electrocatalytic (EC) water splitting, can not only be attained
during daylight hours but can also be continued in the dark.
This class of materials, i.e. metal tellurium oxides, would
therefore seem to lend itself to renewable energy conversion,

storage and subsequent energy usage. This is in line with our
earlier work whereby europium(lll) tellurium oxide® and
nickel(ll) tellurium oxide””" exhibit similar results.

3. Conclusions

Cobalt(ll) tellurium oxide was synthesised via the sol gel
synthetic approach and calcined at 400°C (CTO-400), 700°C
(CTO-700), 900°C (CTO-900) and 1100°C (CTO-1100). These
nanomaterials were physically characterized and their electro-
chemical (EC) and photo-electrochemical (PEC) performance
towards the OER was evaluated in alkaline media. The surface
morphology of low calcined nanomaterials exhibited irregular-
shaped materials with high agglomeration of particles that
overlay one another. Hexagonal-shaped nanomaterials were
formed as the calcination temperature was increased demon-
strating less agglomeration. The purity of these materials was
confirmed employing both EDX and XRD, while the stoichio-
metric composition was established as being Co;TeO, with
increasing crystallinity having been observed as the calcination
temperature was increased.

Under PEC conditions both CTO-400 and CTO-700 do not
experience any significant increase in OER activity, compared to
the non-illuminated EC condition, whereas CTO-900 sees the
greatest increase in activity followed by CTO-1100 to a much
lesser extent. At lower calcining temperatures the samples
prove to be much more amorphous with crystallinity increasing
as the calcining temperature increases. This high PEC activity
for CTO-900 would seem to be a direct result of the sample
consisting predominantly of Co;TeO, whereas the CTO-1100
sample would seem to be covered with a layer of Co;0, and
thereby rendering it not as active. High crystallinity therefore
does not necessarily result in high PEC activity. It has
furthermore been observed that the PEC activity increases with
increased illumination time, which is coupled with an associated
exponential decrease in the charge transfer resistance and a
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Figure 13. Sequential light switching CA plot for CTO-900 at 1V (vs. Pt) in N,-purged 0.1 mol.dm~* Na,SO, solution at 25 °C.
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