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ABSTRACT

One sustainable alternative to the traditional anthraquinone technology to produce HyO, is direct H2O5 electrosynthesis by oxygen reduction reaction (ORR).
However, selecting electrocatalysts is a great challenge since most of the materials present selectivity towards the formation of HyO (4-electron pathway). In this
work, we present a facile electrocatalyst preparation consisting of NisTeOg (NTO), a metal tellurate, mixed with carbon black (Vulcan) with outstanding selectivity
(2.2 transferred electrons) towards the production of HO5 by ORR. To test the possible real application, the NTO/Vulcan catalyst was tested in a long-term stability
test showing excellent faradaic efficiency and 93.5 % of the initial current. TEM and XPS measurements after reaction show that NTO/Vulcan materials are robust
and durable electrocatalysts. This work opens the door of novel materials such as metal tellurates based on Ni for their application as ORR electrocatalysts in in-

dustrial applications.

1. Introduction

Hydrogen peroxide (H203) has been used as clean oxidant used in
many companies such as paper and pulp bleaching, synthesis of organic
products, wastewater treatment or mining, among others [1-5]. The
anthraquinone/hydroquinone process accounts for most of the HyOy
production today. However, there are exist several important drawbacks
as the degradation of anthraquinone molecules, the huge use of organic
solvents, and the use of stabilisers [6]. Furthermore, anthraquinone
process is a batch method and requires a centralised production. The
subsequent transportation of HO» rises its price and involves serious
risks [6,7].

Electrochemical synthesis has been proposed as a green and on-site
method for HyO decentralised production but materials with high ac-
tivity, stability and cost-effective are required [6,8,9]. An alternative
that has less aggressive potential conditions than in anodic production is
cathodic production by oxygen reduction reaction (ORR). However,
selecting electrocatalysts is difficult because most of the materials pre-
sent mixed selectivity towards the formation of Hy0y (2-electron
pathway) and H,O (4-electron pathway) [9]. It has been observed that
metal-based catalysts exhibit higher activity under alkaline solutions but
higher selectivity towards the 2-electron path is reached in acidic media
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[9]. In basic media, low-cost materials based on earth abundant metals
oxides are interesting for this application, but higher selectivity and
durability is required [8,9]. The HyO» produced in alkaline media,
among other important applications, might be potentially used for
lignocellulosic ~ biomass pretreatment for biomass residues
revalorization.

Transition metal tellurates such as MsTeOg (MTO), which are
composed by a 3d transition metal (M), such as Ni, Cu, Co ..., tellurium
(Te) and oxygen (O), exhibit several interesting properties for their
future applications [10,11]. Most of the reported results of MTO have
focused on study the magnetic properties due to the presence of tran-
sition metals (M = Ni, Co, Mn, Cu in MTO) in their structure with
magnetic properties [11-13]. The optical and electronic properties and
the presence of possible active sites (Transition metals) of metal tel-
lurates open the door of this family of materials for their application in
electrochemistry and catalysis [14-16]. One of the most promising and
studied metal tellurates is NigTeOg (NTO), after Newnham et al. inves-
tigated for the first time in 1967 the NTO crystal structure [17]. This
material has a corundum type structure with a non-centrosymmetric
space group R3, as was reported previously by scientific community
[17,18]. A recent study further showed its existence in the 2D form with
distinct photocatalytic properties over commonly seen pristine 2D peers
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[19]. Similarly, Cu3TeOg (CTO) material is interesting for the scientific
community due to the remarkable properties of copper in these systems
[20,21]. The CTO crystal structure was first determined by Hostachy
et al. [22] and revised in 1978 [23]. This material has a cubic structure
(Ia3), as was described by Hostachy et al. [23]. In the last decades, the
scientific community has focused on developing nickel and copper metal
tellurates for their use in different applications such as electrocatalysis
[24,25], photocatalysis [14] and sensors [26]. In this sense, our research
group has developed NTO and CTO semiconductors using hydrothermal
synthesis with interesting magnetic and photoconductivity properties,
indicating that the synthesized NTO and CTO might be used in nano-
technologies such as photosensors [27]. However, to the best of our
knowledge, it should be noted that, CTO or NTO have never been studied
as electrocatalysts for ORR to produce Hy0,, despite their roles in the
aforementioned fields.

In this work, composite materials based on MTO and carbon black
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were prepared by a simple and reproducible synthetic protocol resulting
in robust electrocatalysts. MTO were prepared by a green hydrothermal
method and, after that, were physically mixed with carbon black to
promote conductivity. Therefore, high temperatures or the use of
organic solvents as DMF, that are required for the preparation of other
electrocatalysts, were avoided and the scaling-up of the preparation of
the electrocatalysts presented in this work would be very simple. Against
the background of transition metals performing a limited selectivity
towards the 2-electron pathway in basic media [9], we report a highly
selective MTO electrocatalyst with excellent faradaic -efficiency.
Furthermore, as stability of the catalysts for HyO electrosynthesis is a
critical issue, durability was studied and the used electrodes were ana-
lysed after a long-term potentiostatic experiment.
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Fig. 1. (a) XRD patterns of the NTO and PDF-04-009-2828, (b) XRD patterns of the CTO and PDF-01-074-1255, (c¢) TEM image of NTO with histograms by counting
100 particles, (d) TEM image of CTO with histograms by counting 100 particles, (¢) HR-TEM image of the NTO, (f) HR-TEM image of the CTO with histograms by
counting 100 particles, (g) STEM images of NTO and elemental mapping images of Ni (red), Te (green), and O (blue) elements. (h) STEM images of CTO and

elemental mapping images of Cu (red), Te (green), and O (blue) elements.
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2. Materials and methods

NTO and CTO materials were prepared by hydrothermal synthesis,
following the same synthesis methodology reported previously [27], see
a detailed description of the synthetic procedures in SI “experimental
section”. The characterization and electrochemical characterization of
the materials are described widely in the SI “experimental section”. Also,
the ORR condition tests are described in detail in SI “experimental
section”.

3. Results and discussion
3.1. Samples characterization

The structural and elemental analysis of the NTO and CTO materials,
prepared following our previous synthesis and for their application in
cathodic HyO5 production, by X-ray diffraction (XRD), transmission
electron microscopy (TEM), and Scanning transmission electron mi-
croscopy coupled with Energy Dispersive X-ray Spectrometry analysis,
were performed to proof that the materials were synthesized
successfully.

The XRD results (Fig. 1 (a) and Fig. 1 (b)) show that the NTO and
CTO phases are synthesized successfully since both materials present the
corresponding diffraction peaks for NisTeOg crystalline single phase
(PDF 04-009-2820) [28] and CugTeOg crystalline single phase (PDF
01-074-1255) in the experimental XRD diffractograms [26,29], as it was
described previously [27]. TEM analysis (Fig. 1 (c,d)) show that NTO
and CTO are synthesized forming nanoparticles (NPs) or particles, as it
was previously reported [27]. Fig. 1 (c) shows that the Ni metal tellurate
presents a heterogeneous morphology based on nanoparticles, with an
average size of 38 nm, after counting 100 NPs. CTO sample also presents
a heterogeneous morphology (Fig. 1 (d)) with an average size of 138 nm,
after counting 100 particles. The metal tellurates show the high
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crystallinity as it is observed by HR-TEM images (Fig. 1 (d,f)). This fact
also is verified by XRD analysis (Fig. 1 (a,b)). HR-TEM images of NTO
(Fig. 1 (e)) presents d spacings of ~4.21 A and 2.71 A corresponding to
the (101) and (104) crystalline planes for NisTOg (PDF 04-009-2820),
and the CTO sample presents d spacings of ~4.72 A and 3.84 A (Fig. 1
(), corresponding to the (200) and (211) planes for CugTeOg crystalline
phase (PDF 01-074-1255). STEM-EDS analysis was performed to study
the elemental distribution of the NTO (Fig. 1 (g)) and CTO (Fig. 1 (h))
samples. Only presence of Ni or Cu (green), Te (blue), and O (red) ele-
ments homogeneously distributed in the sample NTO (Fig. 1 (g)) and
CTO (Fig. 1 (h)) samples, was observed. The relative amount of the el-
ements, as determined by EDS, M (Ni or Cu), Te, and O is very close to
the stochiometric ratio (M3TeOg), indicating that each metal tellurate
was synthesized successfully, as was reported previously in our research
group. The results obtained by structural and elemental analysis are
proof that the target tellurates (M3TeOg) have been successfully ob-
tained using the hydrothermal methodology previously described [27].

3.2. Electrochemical characterisation

Fig. 2 (a,b) shows the cyclic voltammograms of the materials syn-
thesized. Vulcan presented the typical voltammogram of a conductive
carbon material. Bare NTO and NTO/Vulcan samples showed a vol-
tammogram with a reversible peak centred at 0.74 V that may be related
to Ni(OH)2/NiOOH redox process in the surface [30]. NTO presents a
very low current in the voltammogram and, for the composite samples
(NTO/Vulcan_X), the double layer capacitance, measured between —0.1
V and 1.3V, increases with the increase in the amount of carbon black
(Table 1). On the other hand, CTO samples presented very different
voltammograms. A Cu wire was measured for comparison purposes. The
oxidation process observed in Cu between 0.75 and 1.2 V is related to
the formation of Cu(OH); and CuO; the minor processes centred in 0.55
V corresponds to CuO/Cuz0 redox process and the reduction reaction
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Fig. 2. Electrochemical characterization of metal tellurates for their use in ORR: (a-b) steady state voltammograms of the different samples at 5 mV s~! (N-
saturated), (c-d) LSV curves for the different samples and (e-f) number of electrons transferred,1600 rpm in a O-saturated 0.1 M KOH solution.
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Table 1
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Double layer capacitance (C), onset potential, half-wave potential (E; /2), number of electrons transferred, H,O- selectivity, limiting current density obtained from LSV

curves for ORR, for the different catalysts.

Catalyst C/Fg! EoNnseT Ey /o N (E=0.40V) H,0, selectivity/% (E = 0.40V) j/mA cm™2 (E = 0.40 V)
/V VA%
NTO - 0.60 - 2.01 99 -0.51
NTO/Vulcan_1 7.4 0.79 0.68 2.50 75 -3.02
NTO/Vulcan_2 5.2 0.74 0.67 2.22 89 —2.64
NTO/Vulcan_10 4.7 0.72 0.62 2.07 96 -2.11
NiO/Vulcan_2 5.4 0.82 0.67 2.70 64 —-3.05
CTO - 0.56 - 3.85 8 —0.46
CTO/Vulcan 15.2 0.71 0.52 3.36 32 -2.94
Vulcan 12.0 0.75 0.66 2.30 85 -3.18

observed from 0.25 to 0.05 V is related to Cu(OH), to cu® [31]. The
voltammogram obtained with CTO showed different profile than NTO
with the appearance of different redox processes and indicating that
these samples were more reactive than NTO even though the particle
size of CTO was larger. Redox peaks presented similarities with Cu wire,
but CuO/Cuy0 process was observed as the predominant peak. An
oxidation and reduction process (centred at 1.15 and 0.95 V, respec-
tively) was observed in CTO which can be related to Te-containing
species [31,32]. This redox peak was not observed for NTO samples,
indicating that Te may be highly stabilised in the NTO structure,
although the Te element presents similar oxidation state in both sam-
ples, as was described in our previous report (Fig. S1) [27]. For CTO/-
Vulcan_2 sample, the process is not clearly observed as consequence of
the increase in the double layer current of carbon black, but the
displacement towards higher potentials cannot ruled out. The reduction
peak observed in the voltammograms and centred at around 0.2 V may
also be the reduction process of Cu(OH), to Cu’. At more negative po-
tentials, a high irreversible current starting at 0.05 and 0.15 V for CTO
and CTO/Vulcan_2, respectively was observed. In Fig. S2 (a) it is shown
the electrochemical behaviour at more negative potentials of CTO. At
potentials lower than 0.1 V, a reduction peak is observed at around
—0.34V that can be associated to the dissolution of the catalyst during
the first cycle. For the subsequent cycles, the peak decreases and prac-
tically disappears in the third cycle. To analyze the nature of this
reduction peak, XPS after cycling at more negative potentials (Fig. S2
(b)) was performed. The XPS showed that the satellite peak corre-
sponding to Cu** decreased. This result indicates that the copper present
in the CTO sample was reduced from Ccu®** to Cu® or Cu® [33,34].
Consequently, CTO materials at potentials lower than 0.1V in alkaline
medium are unstable and are probably degraded, indicating that CTO is
not suitable for ORR application.

ORR activity was evaluated in a 0.1 M KOH solution. LSV curves and
the number of electrons transferred for the different MTO and Vulcan
are shown in Fig. 2(c-f) and the information obtained from them is
summarised in Table 1. The carbon black studied (Vulcan) presented
relatively high selectivity for the HO, formation at low overpotentials.
However, the selectivity was observed to decrease with the increasing
overpotential until less than 50 % (Fig. 2 (c)). Far from it, bare NTO
presented an exceptional selectivity towards the production of HoO5 (99
% selectivity at 0.4 V) where, even at high overpotentials, almost 100 %
of the current was produced through a 2-electron pathway. However,
the low conductivity of the NTO caused a very low current for the ORR
(Fig. 2 (c)) [27]. At pH = 13, the thermodynamic potential of HoO2/05 is
0.74 vs. RHE [6]. The higher Egnsgr potential for NTO/Vulcan samples
was observed in NTO/Vulcan_1 (0.79 V). For this sample, a synergistic
effect is observed towards the 4-electron pathway as the number of
electrons transferred is higher than that of Vulcan or NTO and Eonsgr
potential was higher than the thermodynamic for HyO, formation. At
high overpotentials, mixed selectivity was observed (Fig. 2 (e)) because
of the presence of carbon sites from Vulcan. NTO/Vulcan_2 sample
presented negligible overpotential for HyO, formation and the selec-
tivity is shifted towards the 2-electron pathway. Contrary to what was

observed for NTO/Vulcan_1 sample, the selectivity was maintained even
at high overpotentials. Despite the higher amount of NTO, NTO/-
Vulcan_10 sample presented a selectivity similar to NTO/Vulcan_2 but,
due to the lower conductivity, the current reached for this sample was
lower (Fig. 2 (c) and Table 1). Therefore, the optimal ratio for these
samples was NTO/Vulcan 2 because appropriate conductivity was
reached introducing the lower amount of carbon sites and therefore
maintaining the outstanding selectivity of NTO.

EIS was also measured for NTO/Vulcan samples and experiments are
shown in Fig. S3. For pure NTO, it can be observed that at 0.4 V the ORR
is limited by charge transfer because of the poor electrical conductivity
of the material. For the carbon black, at high frequencies, a Warburg
resistance can be observed, which agrees with the diffusion of species
that usually takes place in carbon materials. Finally, for NTO/Vulcan_2
electrocatalyst, because of the contact of NTO with a conductive mate-
rial, the spectrum obtained corresponds to a behaviour of low imped-
ance for the whole material.

CTO performance for ORR is shown in Fig. 2 (d,f). Similarly to NTO,
the current density reached by bare CTO is low as expected for a semi-
conductor material, but presented high selectivity towards the 4-elec-
tron pathway (3.85 transferred electrons at 0.4 V). The performance
observed for CTO is similar to that reported for CuO in basic media [35].
Considering the poor stability of CTO at low potentials, it is possible that
CTO partially decomposes forming CuO. Thus, it cannot be discarded
that part of the catalytic activity measured is related to the contribution
from CuO sites. CTO/Vulcan_2 presented low Egnsgr potential, and the
selectivity observed was a result of the combination of CTO and Vulcan
sites, resulting in a non-selective electrocatalyst (Fig. 2 (f)). The poor
electron transfer at low overpotentials may be associated to the higher
particle size of CTO compared to NTO (~138 and ~38 nm, respectively).
Furthermore, when applying low potentials, CTO-based samples
decomposed. Therefore, while NTO presented high potential window
and excellent selectivity, CTO-based materials cannot be considered as
electrocatalysts for the ORR.

In order to deepen into the origin of the outstanding selectivity of
NTO, a sample based on NiO (NiO/Vulcan_2) was studied to unravel the
role of Te. Fig. 3 shows the comparison of the performance of NTO/
Vulcan_2 and NiO/Vulcan_2 samples. NiO/Vulcan_2 sample showed
mixed selectivity (2.70 of electron transfer number at 0.4 V) in com-
parison with NTO. The current density, the E;,» and the Eonsgr were
higher for NiO/Vulcan_2 sample because of the HoO formation. There-
fore, with this test we demonstrate that, to reach the outstanding
selectivity observed for NTO samples, materials based on NiO might not
be enough and Te must be playing a key role. The effect of Te might be
explained due to the metalloid properties of the tellurium as it was re-
ported previously in literature using metalloid materials [36,37]. The
particle size of the commercial NiO used (<50 nm) was similar to the
prepared NTO, so other effects as the different Ni coordination may be
considered. Ni coordinated with Te might produce different adsorption
of O, and an optimal desorption of the OOH intermediate [38] in
comparison with NiO/Vulcan sample. Also, additional effects due to the
hydroxyl groups present on the NTO surface [19,26], compared to
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Fig. 3. Comparison between NTO and NiO for H,O5 electrosynthesis (a) LSV
curves at 5 mV s~ ! and (b) number of electrons transferred, 1600 rpm in a O,-
saturated 0.1 M KOH solution for NTO/Vulcan_2 compared to NiO/Vulcan_2.

commercial NiO analysed, cannot be discarded.

Fig. 4 presents the faradaic efficiency obtained in the stability test
during 6 h at 0.4 V for the best sample (NTO/Vulcan_2). The electro-
catalyst performed an excellent stability with a 93.5 % of the initial
current maintenance after 6 h of reaction. The faradaic efficiency was
measured to be over 90 % during the whole experiment, reaching a
maximum value of 93 % in the first 2 h. These values are coherent with
the number of electrons transferred at this potential (E = 0.4 V)
measured with the RRDE. Faradaic efficiency over 90 % to produce
H20; is remarkable in comparison with the values usually obtained with
anodic HyO, production and the excellent durability points metal tel-
lurates as a promising robust electrocatalyst for cathodic HOy pro-
duction in basic media. The concentration of HyO5 ([H202]) obtained
after the stability test was 210 ppm (Fig. 4 (a)). Although low concen-
trations are required for water treatment (<0.1 wt %) [39], the HoO2
weight percentage could be widely improved by reducing the amount of
electrolyte using a fuel cell configuration.

To further analyze the stability of the materials after reaction, the
samples before and after reaction were studied by TEM and XPS. Fig. 5
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Fig. 4. Stability test for HyO, production: (a) [H2O2] and total charge, (b)
faradaic efficiency in a Oy-saturated 1 M KOH solution for 6 h stability of NTO/
Vulcan_2 sample (6h at 0.4V vs. RHE).

(a) shows that the spent samples did not experience any relevant
changes with respect to the fresh samples by TEM analyses. This fact was
also corroborated by counting 100 NPs of the NTO/Vulcan fresh (42 +
15 nm) and used (39 + 13 nm) sample indicating that there is not a
significant change in the size of the fresh and after reaction NPs. XPS
spectra of NTO/Vulcan_2 for Ni 2p signal before and after reaction
showed that the sample was stable after stability test as no significant
shift in the binding energy corresponding to Ni2* of the bulk or Ni(OH),
on the surface of NTO was observed before and after the stability test
(Fig. 5 (b)). Therefore, the high durability of the material during the
chronoamperometric test is associated to the high stability of the com-
posite material as shown in XPS and TEM experiments.

Several materials based on transition metals have been studied
before for cathodic Hy02 production in basic media [40-44]. Some ex-
amples are given in Table 2. Overall, the prepared NTO/Vulcan_2
sample can be considered as a promising material in terms of the
excellent selectivity, which is comparable to the other electrocatalysts
shown, and adequate Eqnsgr. Moreover, faradaic efficiency is superior to
some of the materials.

4. Conclusions

Cathodic production of hydrogen peroxide presents important
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Fig. 5. Stability of the materials after reaction using TEM and XPS: (a) TEM image and (b) XPS spectra of NTO/Vulcan_2 Ni 2p signal before and after reaction.

Table 2

Comparison of performance for H,O, cathodic electrosynthesis with other metal-based materials (O,-saturated at 1600 rpm).
Catalyst Eonser orr/V ntransferred electrons (E=0.40 V) FE/% (E=0.40 V) Electrolyte Reference
NTO/Vulcan_2 0.74 2.2 93 0.1 M KOH This work
Sb-NSCF 0.76 2.2 90 0.1 M KOH [40]
c-Mo/NCPs ~0.8 2.4 82 0.1 M KOH [41]
Niy_P-Vni 0.78 2.1 83.6 0.1 M KOH [42]
CoPc-OCNT 0.77 21 >95 %" 1 M KOH [43]
CeOy/C 0.84 2.1 - 1 M NaOH [44]
Co; @GO 0.91 2.3 - 0.1 M KOH [45]
2 Determined at j = —100 mA cm 2.

challenges regarding the preparation of new cost-effective, durable, and
highly selective electrocatalysts. From our knowledge, we have studied
for the first time several composite materials, based on metal tellurates
and carbon black that were prepared by a simple and easily scalable
synthetic protocol, in HoO; electrosynthesis.

The optimal ratio of carbon black for preparing the composite MTO/
Vulcan materials was studied with the RRDE and it was observed that
the best performance was obtained for NTO/Vulcan_2 material which
contains a weight ratio of 2:1. For higher amounts of Vulcan, the
outstanding selectivity towards the 2-electron path was not achieved
and mixed selectivity was observed. The results obtained open the door
to the use of NTO as electrocatalyst in HyO2 synthesis. CTO-based
samples could not be considered as adequate electrocatalysts due to
the instability observed at low potentials. NTO/Vulcan 2 material
showed excellent faradaic efficiency and outstanding durability at
constant potential as it maintained a 93.5 % of the initial current. This
work also highlights the role of metalloid elements (Te) in the selective
H,03 production compared to nickel oxide semiconductors. Comparing
the values obtained with other published metal-based electrocatalysts
for cathodic HpO5 production, NTO/Vulcan composites stand out as
promising materials due to the high selectivity reached and the simple
and easy-scalable synthesis protocol. This work highlights, for the first
time, the interest of the NTO/Vulcan materials synthesized using an easy
methodology for their application in HyO; electrosynthesis.
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