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Abstract: The impact of global warming has required the development of efficient new types of
batteries. One of the most promising is Zn-O2 batteries because they provide the second biggest
theoretical energy density, with relevant safety and a cycle of life long enough to be fitted for
massive use. However, their industrial use is hindered by a series of obstacles, such as a fast
reduction in the energy density after the initial charge and discharge cycles and a limited cathode
efficiency or an elevated overpotential between discharge and charge. This work is focused on the
synthesis of titanium compounds as catalyzers for the cathode of a Zn-O2 aqueous battery and their
characterization. The results have shown a surface area of 350 m2/g after the elimination of the
organic templates during heat treatment at 500 ◦C in air. Different thermal treatments were performed,
tuning different parameters, such as intermediate treatment at 500 ◦C or the atmosphere used and the
final temperature. Surface areas remain high for samples without an intermediate temperature step
of 500 ◦C. Raman spectroscopy studies confirmed the nitridation of samples. SEM and XRD showed
macro–meso-porosity and the presence of nitrogen, and the electrochemical evaluation confirmed the
catalytic properties of this material in oxygen reaction reduction (ORR)/oxygen evolution reaction
(OER) analysis and Zn-O2 battery tests.

Keywords: titanium oxynitrides; carbon-free catalysts; aqueous battery; Zn-oxygen; sol-gel

1. Introduction

Carbon dioxide levels in the atmosphere are exceeding the average of 410 ppm, and
the lack of significant changes in human dependence on fossil fuels for transportation and
other activities is forcing the development of more efficient methods of energy storage [1].
Batteries permit chemical energy storage and its efficient conversion into electrical energy.
Secondary batteries have the advantage of being able to be reused in multiple cycles of
charge and discharge, having a lower ecological impact [2,3].

The global transition to a carbon-free energy model requires extensive changes in
transportation: an energy source with high energy density and volume limitations that up-
to-date generations of batteries cannot meet [4]. Nowadays, there is a steady increase in the
demand for rechargeable batteries in transport sectors, such as personal transport vehicles,
airplanes, or other models of transportation. Consequently, this has led to highlighting
the weaknesses or failures of metal-ion batteries, mainly due to their low energy density,
which makes their widespread use in locomotion very challenging [5]. This has led to the
introduction of new types of batteries with a higher energy density that allow to reduce the
volume used by current batteries as well as reduce and optimize the demand for a scarce
resource, such as noble metals [6]. Therefore, the need to develop batteries that combine
environmental sustainability, security, chemical stability, and energy density comparable to
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conventional energy sources has driven new developments in the field, such as metal-air
batteries [7].

Metal-air batteries have received attention due to their high theoretical energy density,
mainly for use in transportation. However, they are in a fundamental research step due
to several inconveniences, such as the use of a metallic anode and the tendency to form
dendrites that shorten the useful charge and discharge cycles of the battery [5,6]. Metal-air
batteries can be classified depending on the medium by which the metal reacts with O2
in aqueous and non-aqueous batteries. In non-aqueous batteries, the metal reacts with
oxygen that is reduced, presenting a lower tendency toward electrolyte corrosion but higher
resistance to electrolyte carbonation processes and a longer theoretical life cycle than its
aqueous counterpart [8]. Regarding aqueous batteries, they offer a series of advantages,
such as greater safety, the absence of a solid electrolyte, allowing a reduction in costs, and
better contact between the metallic ions and the oxygen [9,10].

Another inconvenience is that sometimes, oxygen can enter the cell and react with the
electrolyte with a lack of input during operation [11]. The metallic anode can be made of
multiple elements, such as Li, Na, K, Zn, Al, Mg, and Fe [4]. Within the metal-air batteries,
Li-air batteries have the highest energy density, around 5200 Wh kg−1. Zn-air batteries
have the advantage of being more affordable due to the high cost of Li and safer due
to the high flammability and reactivity of Li, although Zn batteries have a lower energy
density than Li-air batteries [9,12,13]. One of the determining factors in the performance of
batteries is the products generated during their operational life, which change significantly
depending on the electrolyte used. In non-aqueous metal-air batteries, metal oxides are
rapidly generated, allowing high potentials and a high energy density, but these oxides
require a higher potential to be decomposed, and this overpotential is a problem that limits
the energy efficiency of these batteries [14]. However, in aqueous metal-air batteries, the
hydroxide ions are generated at the cathode from oxygen reduction (ORR) and the metal
ions react to form a metal hydroxide in the discharge process [15]. This metal hydroxide is
less stable than the metal oxide, which allows the overpotentials involved to be lower than
those in non-aqueous batteries [16].

In Zn-O2 batteries, a series of reactions take place thanks to the constant supply of
oxygen. The main sequence of reactions in a Zn battery using aqueous electrolytes during
the discharge process are:

Zn electrode:

Zn + 4OH− ⇆ Zn(OH)4
2− + 2e−, E0 = −1.199 V vs. SHE (1)

Zn(OH)4
2− ⇆ ZnO + H2O + 2OH−, E0 = −1.199 V vs. SHE (2)

Air electrode or cathode:

O2 + 4e− + 2H2O ⇆ 4OH−, E0 = 0.410 V vs. SHE (3)

Global reaction:
2Zn + O2 ⇆ 2ZnO, Ecell = 1.609 V (4)

The charge process includes the decomposition of the Zn hydroxides–oxides, generat-
ing the reduction of the metal and the oxygen evolution reaction (OER).

The path leading to improved batteries with bigger energy and power densities has
implied approaches, such as the use of carbon-based materials on the gas diffusion layer and
as a substrate for catalyzers based on their high conductivity and surface area. However,
these carbon-based electrodes suffer from corrosion at high potentials during the battery
charging process (OER), since even at the open-circuit potential of Zn-O2 batteries, the
process is thermodynamically favorable [17]. These problems, involved in the use of carbon
in batteries, have led to the development of different materials as substitutes [18,19], and
various options have been studied, such as cathodes supported on Ni foams or the use of
metallic nanoparticles [20–22].
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The research field of the Zn-O2 batteries is an expanding and cutting-edge one. As
far as the cathodes are concerned, multiple strategies are being developed, such as the
use of 3D graphene structures [10,23], CoO/CoP heterostructures [24], manganese ni-
tride [25], NiCo2O4@FeNi LDH [26], PtPd alloys [27], titanium carbide [28], or molecular
catalysts [29], aiming to obtain more efficient cathodes with a longer life cycle and reducing
the dependence on strategic materials. A review concerning the development of electrodes
for Zn-air batteries was recently published [30]. Another route of research is the synthesis
of transition metal nitrides, such as titanium, as catalysts for the cathodes. Moreover,
oxynitrides have been used in different types of batteries, such as Li-air, Li-S, and other
metal-air batteries, to improve the electrochemical performance, extend the number of
stable charge–discharge cycles, provide better reactivity at the ORR [27], and for better
corrosion resistance or improved morphological properties of the cathode, such as its
porosity or surface area [31–35].

In this paper, a novel bifunctional titanium-based catalyst deposited onto Ni foam
was prepared as a cathode for rechargeable aqueous Zn-O2 batteries. Optimization of
thermal treatments to obtain crystalline porous materials with an adequate surface area
and morphology was performed in order to enhance the catalyst performance. A proper
design of ORR and OER bifunctional catalysts allows an excellent performance and good
long-term stability (over 300 h). Herein, we developed a facile approach to processing
ceramic titanium compounds with balanced OER and ORR catalytic activities utilized as
the air electrode for aqueous Zn-O2 batteries.

2. Materials and Methods

Titanium-based catalyzers for cathode aqueous Zn-O2 batteries were prepared through
the sol-gel process, wherein at the first stage, 0.30 g of Triton X-100 (Aldrich, St. Quentin
Fallavier, France, 98%) was dissolved in 12 g of tetrahydrofuran (THF; Aldrich, 99.9%) at
room temperature. Once the Triton was completely dissolved, 0.45 g of TEOS (Aldrich,
98%) was added under stirring at room temperature for 10 min (Figure 1). Then, 0.75 g of
titanium (IV) isopropoxide (Aldrich, 97%) was added under stirring. Once the titanium (IV)
isopropoxide was completely dissolved, 0.30 g of a previously synthesized Resol resin [30]
was added under stirring at room temperature for half an hour, and then the pH was
adjusted by slowly dripping 0.90 g of HCl (Aldrich, 37%). Finally, the solution was stirred
for one hour, after which the final product was transferred to a Petri dish.
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Figure 1. Synthesis flow chart.

The Resol resin was previously synthesized, melting 3.054 g of phenol (99–100.5%) at
42 ◦C and adding 0.656 g of NaOH 20% mass/volume under stirring. After that, 5.25 g
of formaldehyde was added at 70 ◦C, and after cooling, the pH was adjusted with HCl
(37%) to a pH of 7. Then, after 24 h, 26 mL of THF (99.9%) was added under stirring, and
vacuum-filtered with a 5–13 µm filter. The filtrate was re-filtered with a 0.45 µm syringe
filter and, finally, the resin was dried using an oven at 40 ◦C.

The final product was subjected to a series of thermal treatments at different tempera-
tures to obtain a ceramic material with porosity and surface area. First, a heat treatment at
100 ◦C for 12 h was performed to remove THF and HCl, and then the samples were ground
on an agate mortar. After the thermal treatment at 100 ◦C, the samples were heat-treated
using two alternative high-temperature thermal treatments: (a) A 2-step treatment, where
the samples were first heated at 500 ◦C in air, and then at 800, 900, or 1000 ◦C in a flow of
NH3, namely 500–800-NH3, 500–900-NH3, and 500–1000-NH3, respectively. (b) Samples
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that were subjected directly to a thermal treatment at 800 ◦C in a flow of N2 or NH3, namely
800-N2 and 800-NH3.

After that, TEOS was removed by adding 10 mL of 1 M NaOH to the powder, subjected
to ultrasonic agitation for 30 min, and centrifuged at 2000 rpm for 15 min. The process
was repeated 3 times to eliminate the supernatant liquid. Finally, the process was repeated
another 3 times with distilled water instead of 1 M NaOH and the final product was dried
at 80 ◦C for 24 h.

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were
performed on 21.916 mg of the sample previously treated at 100 ◦C with a Netzsch, Selb,
Germany, STA 409/C equipped between 25 ◦C and 800 ◦C, increasing the temperature
by 5 ◦C per minute. The composition and morphology of the sample were studied with
a field emission scanning electron microscope (FE-SEM; Hitachi S-4700, Tokyo, Japan) at
20 kV, coupled to an energy-dispersive X-ray (EDX) spectroscopy system (NORAN system).
The surface area of the samples was measured through the Brunauer–Emmett–Teller (BET)
method in a Quanta Chrome model Monosorb after 2 h of degassing at 150 ◦C in argon
flow. The FTIR analysis was performed on the powder of ground samples using a Perkin
Elmer Spectrum 100, Waltham, MA, USA, with a PIKE GladiATR accessory.

Samples were characterized using confocal Raman spectroscopy using a WITec alpha-
300R model, Oxford Instruments, Abingdon, UK. A laser with an excitation wavelength of
532 nm was used to recorded spectra. Areas of 10 × 10 µm at different integration times
were studied. The power of the incident laser was 0.3 mW. The resolution for the Raman
spectra was 0.02 cm−1 and the optical resolution of the confocal microscope was limited to
~200 nm laterally and 500 nm vertically. Spectra were analyzed and processed through the
program WITEC 2.02 Project.

The phase analysis was carried out using X-ray diffraction (XRD) in a Bruker, Bil-
lerica, MA, USA, D8 Advance with a CoKα radiation source (k = 0.178797 nm), and the
software used for the data interpretation was DIFFRAC.EVA version 6. The determina-
tion of the crystallite size was realized by the application of the Scherrer equation at the
peak at 62◦. Electrochemical measurements were performed with a potentiostat Solartron
1287 (Solartron Analytical, Farnborough, UK) to evaluate ORR and OER using a three-
electrode system. The working electrode was the Ti-based catalyst supported on a Ni foam,
a platinum wire was used as a counter electrode, and a Hg/HgO electrode as a reference
electrode. The measurements were performed in 1 M KOH electrolyte. Two-electrode
battery tests were performed using PAT-Cell-Gas (EL-CELL, Harburg, Germany) with a
pure oxygen flow and a bilayer polypropylene/polyethylene membrane as a separator,
using a Multichannel Potentiostat VMP3 (Biologic, Seyssinet-Pariset, France). The cath-
ode ink was prepared by mixing 10 mg of catalyst, 0.3 mL of Nafion solution (5%), and
50 µL of ethanol. The ink was applied on the 18 mm-diameter, circular Ni foam (Recemat
BV, Dodewaard, The Netherlands) as a working electrode and vacuum-dried at 80 ◦C. A
polished Zn foil (counter and reference electrodes) was used as an anode and 300 µL of
6 M KOH as an electrolyte. Cyclic voltammetry measurements were performed using
a two-electrode system between 0.9 and 2.2 V vs. Zn with a scan rate of 50 mV/min.
Galvanostatic charge–discharge tests were carried out between 0.9 and 2.2 V vs. Zn with a
current density of 5 mA/cm2. During the test, the maximum potential (2.2 V) was reduced
to 1.9 V vs. Zn.

3. Results
Structural Characterization

The sample heat-treated at 100 ◦C in air presented a whitish appearance, characteristic
of materials obtained from titanium alkoxides, while the samples treated at higher tem-
peratures changed to a dark black color, characteristic of nitrogen- and carbon-containing
compounds.

The TGA and DTA analyses were performed on the powder treated at 100 ◦C using a
heating ramp of 5 ◦C/min. Figure 2 shows the variations in sample weight and the heat
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flow from 25 ◦C to 800 ◦C. Three different regions were observed. The first one (R.I), until
150 ◦C with an 8% weight, corresponded to a small endothermic peak at 60 ◦C related
to the elimination of water and residual solvents coming from sol synthesis. The second
region (R.II), between 150 ◦C and 480 ◦C, presented a weight reduction of 55% due to the
decomposition of the organic templates and organic chains from precursors [36]. Finally, in
R.III, above 480 ◦C, no significant changes in weight (2%) were observed. In conclusion, the
TGA curves showed that 500 ◦C is an adequate intermediate thermal treatment in order to
remove surfactants and organic residues from unhydrolyzed ligands.
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Figure 2. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of a sample
thermal-treated at 100 ◦C in air.

Table 1 shows the surface area and electric conductivity of the sample under different
thermal treatments and atmospheres.

Table 1. Specific surface area and electrical conductivity of the different samples analyzed.

Sample Surface Area (m2/g) Electric Conductivity (mS/cm)

100-air 0.1 3 × 10−7

500-air 347 ----
500–800-NH3 3.3 0.97
500–900-NH3 4.9 ----

500–1000-NH3 1.7 1.4
800-N2 85 0.97

800-NH3 237 0.99

The sample heat-treated at 100 ◦C presented a low specific surface area and electric
conductivity because it still presented surfactants on the material, forming a dense and
interpenetrating structure. A remarkable increase in the surface area was observed after
thermal treatment at 500 ◦C (347 m2/g), a temperature at which surfactants are removed,
as the ATG curves confirmed, resulting in an increase of the specific surface area. However,
the surface areas of samples 500–800-NH3, 500–900-NH3, and 500–1000-NH3 suffered a
significant decrease in value, at 3.3, 4.9, and 1.7 m2/g, respectively. This fact could be
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due to a collapse of the pores of the samples due to the crystallization of the material, as
enhancing the crystal size causes a decrease in the pore sizes [37].

Retention of the open pore volume is critical for maintaining a high surface area, so
successful optimization of the thermal treatment is needed. The reduction in the surface
area was mitigated by treating the sample directly at a high temperature (800 ◦C in N2 or
NH3 atmosphere) after drying at 100 ◦C. In this case, surface areas of 85 and 237 m2/g
were obtained for samples 100–800 and 100–900, respectively. Moreover, the electrical
conductivity increased by seven orders of magnitude when the sample was heat-treated up
to 800 ◦C, possibly due to the nitridation of the sample [38,39].

The morphological characteristics of the titanium catalysts under different thermal
treatments were studied using the SEM technique (Figure 3).
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Figure 3. SEM images of the titanium samples: (a) 100-air, (b) 500-air, (c) 500–800-NH3, and
(d) 800-NH3, and EDX results: (e) 100-air, and (f) 500-air and silica removal.
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Two differentiated phases are observed in Figure 3a, indicating that the sample at
100 ◦C showed a homogeneous distribution of the inorganic and organic components. EDX
spectroscopy (Figure 3e) showed the presence of Ti, Si, and Cl as main components of the
sample after this low-temperature thermal treatment. Figure 3b presents a SEM image
of the sample after the thermal treatment at 500 ◦C in air, showing a relevant increase
in macro-porosity and meso-porosity as a consequence of surfactant removal. After this
thermal treatment and silica removal process, only Ti was shown in the EDX spectra
(Figure 3f). A reduction in the porosity is observed in Figure 3c for sample 500–800-NH3.
Although a consolidation of the porous structure was performed during thermal treatment
at 500 ◦C in air, the subsequent treatment at 800 ◦C produced a partial collapse of the pores
due to crystallization and enhancement of the crystal size. Finally, in Figure 3d, sample
800 ◦C-NH3 is observed, confirming the decrease in meso- and macro-porosity; however, it
presents microporosity in agreement with the high surface area previously indicated.

FTIR spectra of 500-air, 500–900-NH3, and 500–1000-NH3 catalysts are shown in
Figure 4a, and 800-N2 and 800-NH3 spectra in Figure 4b.
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Figure 4. (a) FTIR spectra of the samples 500, 500–900-NH3, and 500–1000-NH3, and (b) FTIR spectra
of the samples 800-NH3 and 800-N2 in the range 1800–400 cm−1.

Sample 500-air did not present peaks related to TiN, and the main absorption bands
were related to anatase phase. The band present at 1630 cm−1 was assigned to Ti-O and
was observed only in the 500 ◦C spectra. Broad bands at 960 and 400 cm−1 were assigned
to Ti-O stretching and Ti-O-Ti bonding stretching modes. The band that appeared at
728 cm−1 was assigned to Ti-O-Ti stretching vibrations in anatase. The broad peaks indicate
the low crystallization of the anatase phase. Additionally, it is possible to observe a band at
1453 cm−1 that was related to the C-N stretching frequency. Spectra of samples
500–900-NH3 and 500–1000-NH3 presented some differences compared with lower tem-
peratures, mainly due to the nitrification of the sample [40]. In the presence of N, the
main absorption bands of anatase shifted to slightly higher wavenumbers as the N content
increased [41]. This shift was due to the progressive substitution of oxygen atoms by
nitrogen ones in the TiO2 lattice. The small and broad band at 600 cm−1 was related to
TiO2-N due to the presence of Ti-N bonds. In both spectra, it was possible to observe a band
related to N-H stretching at 1739 cm−1 and a C-N band at 1453 cm−1, as in the previous
sample. The band at 418 cm−1 can be attributed to the formation of N-Ti-N bonds [41–43].
Spectra of samples 800-N2 and 800-NH3 presented a broad band at 600 cm−1 associated
with TiO2-N and a band at 480 cm−1 related to N-Ti-N bonds [42], while the band at
1550 cm−1 and the broad band at 1200–1400 cm−1 were due to organic groups’ C-N and
C-C bonds. However, the 800-N2 catalyst presented a spectrum with fewer bands than
800-NH3. Several differences could be observed: a wide band between 1340 and 1250 cm−1

related to C-C bonds and a band at 780 cm−1 assigned to the Ti-O bonding stretching mode.
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Raman spectroscopy was performed to study the structural composition and crystal
phases of the samples. Figure 5 shows (a) an optical Raman spectroscopy image of the
500-air sample and (b) different analyses of spectra in the sample. For all spectra, analysis
of the XY surface (white square) and individual analysis points (red and blue crosses)
showed only the anatase-TiO2 phase. There were a series of bands at 144, 195, 393, 517, and
638 cm−1 related to TiO2 (anatase) and assigned to A1g + 2B1g + 3Eg active bands in the
Raman spectrum.
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Figure 5. (a) Confocal microscopy image and (b) Raman spectrum of the 500-air sample. The white
square is the XY surface mapping, represented as the Raman spectra average, and the red and blue
crosses represent spectra points.

Figure 6 shows a detailed study of the 500–900-NH3 catalyst. Figure 6a shows a Raman
image obtained from XY superficial mapping, including phase identification, and Figure 6b
shows Raman spectra of different integrated phases and average spectra for comparison.

Batteries 2024, 10, x FOR PEER REVIEW  9  of  17 
 

 

Figure 6. Raman analysis for the 500–900-NH3 catalyst: (a) In-plane Raman intensity image obtained 

from XY superficial mapping (10 × 10 µm), measuring different single Raman spectrums taken each 

100 nm with an integration time of 3 s at 0.3 mW (bright areas = anatase and dark areas = TiN). (b) 

Average Raman spectra obtained from the in-plane Raman image (black), anatase (blue), and TiN 

(red) were all detected. Main peaks are labeled for both phases. 

Analyzing nitrides of Ti via Raman spectroscopy is quite complicated because they 

present a high conductivity. Optimal acquisition of spectra was possible using a 0.3 mW 

power laser, avoiding overheating and partial oxidation of TiN. Two well-differentiated 

phases could be analyzed by surface XY mapping of the surface (10 µm × 10 µm) for 3 s. 

Raman bands appeared at 144, 195, 393, 517, and 638 cm−1, which can be assigned to ana-

tase phase corresponding  to A1g + 2B1g + 3Eg active bands  for  the Raman  spectra, as 

shown  in  the sample heat-treated at 500 °C  [44–46]. The second  integrated phase with 

phonon frequencies at approximately 228, 310, 452, and 571 cm−1 was related to transverse 

acoustic (TA), longitudinal acoustic (LA), second-order acoustic (2A), and transverse opti-

cal (TO) modes of TiN, respectively [47]. The Raman image and average spectra confirmed 

that TiN phase was predominant at 900 °C. This result indicated that TiN phase formed 

after the sample was nitrided at 900 °C in NH3 atmosphere, which was consistent with the 

FTIR results. 

Figure 7 shows X-ray diffractogram profiles of samples 500–800-NH3, 500–900-NH3, 

and 500–1000-NH3. The intensity of the peaks increased with the temperature, indicating 

an increase in the crystallinity of the sample. 

 

Figure 7. X-ray diffraction patterns of 500-air, 500–800-NH3, 500–900-NH3, and 500–1000-NH3 cata-

lyst powders. 

TiN (228 cm-1)

Anatase (144 cm-1)

a) b)

1000 800 600 400 200

TO 2A
LA TA 

 

 

Raman shift (cm-1)

  Phase 2 (TiN)
  Phase 1 (anatase-TiO

2
)

 

A
1g

 B
1g

 
E

g
 

B
1g

 

E
g
 

E
g
 

In
te

ns
ity

 (
a.

u.
)

 

  Average 

(b)(a)

Figure 6. Raman analysis for the 500–900-NH3 catalyst: (a) In-plane Raman intensity image obtained
from XY superficial mapping (10 × 10 µm), measuring different single Raman spectrums taken each
100 nm with an integration time of 3 s at 0.3 mW (bright areas = anatase and dark areas = TiN).
(b) Average Raman spectra obtained from the in-plane Raman image (black), anatase (blue), and TiN
(red) were all detected. Main peaks are labeled for both phases.

Analyzing nitrides of Ti via Raman spectroscopy is quite complicated because they
present a high conductivity. Optimal acquisition of spectra was possible using a 0.3 mW
power laser, avoiding overheating and partial oxidation of TiN. Two well-differentiated
phases could be analyzed by surface XY mapping of the surface (10 µm × 10 µm) for
3 s. Raman bands appeared at 144, 195, 393, 517, and 638 cm−1, which can be assigned
to anatase phase corresponding to A1g + 2B1g + 3Eg active bands for the Raman spectra,
as shown in the sample heat-treated at 500 ◦C [44–46]. The second integrated phase with
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phonon frequencies at approximately 228, 310, 452, and 571 cm−1 was related to transverse
acoustic (TA), longitudinal acoustic (LA), second-order acoustic (2A), and transverse optical
(TO) modes of TiN, respectively [47]. The Raman image and average spectra confirmed
that TiN phase was predominant at 900 ◦C. This result indicated that TiN phase formed
after the sample was nitrided at 900 ◦C in NH3 atmosphere, which was consistent with the
FTIR results.

Figure 7 shows X-ray diffractogram profiles of samples 500–800-NH3, 500–900-NH3,
and 500–1000-NH3. The intensity of the peaks increased with the temperature, indicating
an increase in the crystallinity of the sample.
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Figure 7. X-ray diffraction patterns of 500-air, 500–800-NH3, 500–900-NH3, and 500–1000-NH3

catalyst powders.

It can be seen that the 500-air sample exhibited XRD peaks corresponding to the
lattice planes of anatase (TiO2) phase (JCPDS 00-021-1272, red), in agreement with the
Raman results. The 500–800-NH3, 500–900-NH3, and 500–1000-NH3 samples showed a
combination of different phases as a consequence of the nitration provided by the NH3
atmosphere and some kind of reduction conditions due to the presence of residual carbon.
Conversion of anatase onto TiN was not complete, and the coexistence of titanium oxide
(TiO; JCPDS 00-023-1078, violet) and osbonite–TiN (JCPDS 00-038-1420, black) was observed
for the 500–800-NH3, 500–900-NH3, and 500–1000-NH3 catalysts. In the diffractogram of
the 500–800-NH3 and 500–900-NH3 catalysts, an additional phase assigned to titanium
oxide nitride (JCPDS 00-044-0951) was also observed, probably due to the incomplete
nitridation of the sample due to the presence of residual carbon [48]. The crystallite size
of samples, which was calculated by the Debye–Scherrer equation from XRD patterns,
increased with the temperature: 16.59, 21.08, and 39.41 nm after thermal treatment at 800,
900, and 1000 ◦C, respectively [48].

Figure 8 shows the XRD profiles of the samples 800-NH3 and 800-N2. The crystallinity
of the samples was lower than those that presented an intermediate treatment at 500 ◦C
(Figure 7). The XRD spectra of the sample heat-treated at 800 ◦C in N2 atmosphere revealed
a pure crystallographic phase of anatase TiO2 (JCPDS 00-021-1272). However, the sample
treated at 800 ◦C in NH3 indicated the existence of osbonite–TiN (JCPDS 00-038-1420) and
titanium oxide (TiO; JCPDS 00-023-1078). The effect of the nitridation atmosphere at the
same temperature on the powder phase composition showed that only NH3 atmosphere
can form cubic-phase TiN, indicating that it began to form. However, a small amount of
TiO coexisted with the TiN phase due to the slow rate of the nitridation reaction [49].
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Figure 9 shows the ORR and OER of the samples 500–800-NH3, 500–900-NH3,
500–1000-NH3, 800-N2, and 800-NH3.
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Figure 9. (a) ORR and (b) OER of samples 500–800-NH3, 500–900-NH3, 500–1000-NH3, 800-N2,
and 800-NH3.

A similar behavior of samples 500–800-NH3, 500–900-NH3, and 500–1000-NH3 was
observed for the ORR curves. However, the 800-N2 and 800-NH3 samples exhibited higher
values of ORR current density than the samples with the additional treatment at 500 ◦C. This
also occurred in the OER, except for the sample treated at 1000 ◦C. This improved behavior
may be due to the higher porosity and surface area of the samples treated without the
500 ◦C intermediate step, which increases the contact between the electrode and electrolyte,
favoring the oxidation and reduction of oxygen. Although the catalyst is well distributed
over the nickel foam, if it also has a high surface area, contact with the aqueous electrolyte
will increase, as it can penetrate the porosity of the catalyst. This improvement in the access
of oxygen dissolved in the electrolyte to the surface of the catalyst significantly favors
electrochemical reactions.

A balanced electrochemical behavior related to ORR and OER was achieved for the
800-NH3 catalyst. To assess the electrocatalytic performance, cyclovoltammetry analysis
was performed on the 800-NH3 catalyst. The results, shown in Figure 10, indicate that
the 800-NH3 catalyst sample was active for both ORR and OER, with peaks of activity at
1.75 V and 1.95 V, respectively. Peaks observed at 1.35 V were associated with the formation
of Ni complexes during the initial cycles of the test [24], and the reaction observed at
1.1 V corresponded to the HER, associated with the use of the Ti-based catalyst [14]. The
increased intensity in the potential between 2.0 and 2.2 V is related to the degradation of
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the electrolyte due to exceeding the stability potential of the aqueous electrolyte [8]. This
sol-gel strategy allows for obtaining a bifunctional catalyst for ORR and OER reactions.
DRX and Raman analyses showed a combination of the active anatase or sub-stoichiometric
titanium oxides with the conductive titanium nitrides. The synergistic effect promoted
by the coexistence of these active phases greatly enhanced the electronic conductivity.
Other parameters also influenced the bifunctional activity; for example, the presence of N
promoted the ORR and a large surface area, which enhanced good contact with the aqueous
electrolyte and facilitated the access of oxygen dissolved in the electrolyte to the surface of
the catalyst, significantly favoring both electrochemical reactions.
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Figure 10. Cyclic voltammetry curve (cycle number 3) of 800-NH3 supported on Ni foam (cathode) at
a scan rate of 50 mV/min.

The study of the charge–discharge reversibility using the 800-NH3 titanium-based
catalyst and supported on nickel foam was carried out via galvanostatic charge–discharge
tests (Figure 11). After the first discharge, where the surface oxidation of the Zn anode
took place, the potential increased rapidly during charging until it reached a flat stage
around 1.85 V, where the reduction of the Zn oxide-hydroxide occurred. After this stage,
the charging process continued, increasing the potential until it stabilized at 1.93 V, where
the water oxidation of the electrolyte took place, generating oxygen and protons [50]. This
reaction is not part of the battery charging process and consumes aqueous electrolytes. To
avoid this secondary reaction, the voltage was limited to 1.90 V to study only the charge–
discharge process associated with the oxidation reduction of oxygen and zinc. From this
point on, homogeneous discharge and charge cycles began to develop, as can be seen in the
enlargement of Figure 11.

The discharge (ORR) included two plateaus centered at 1.7 and 1.5 V, possibly associ-
ated with the oxidation of the Zn anode to Zn(OH)4

2−, and later to ZnO [51]. However,
the charging process took place in a single stage of longer duration centered around 1.84 V,
where the OER associated with the reduction in Zn compounds took place. After numerous
periods of charge–discharge, the cyclability of the cell was lost, placing the potential at
1.3 V, close to the open-circuit potential. Later, the results of the post-mortem study carried
out on the cell electrodes after cycling will be shown. Figure 12 shows the results of the
test under the same conditions, but without using a titanium-based catalyst in the cathode,
i.e., using only the nickel foam to assess the effect of the titanium-based catalyst on the
electrochemical behavior.
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Figure 11. Galvanostatic charge–discharge test of the 800-NH3 titanium-based sample supported on
nickel foam (cathode).

Batteries 2024, 10, x FOR PEER REVIEW 13 of 17 
 

of the test under the same conditions, but without using a titanium-based catalyst in the 
cathode, i.e., using only the nickel foam to assess the effect of the titanium-based catalyst 
on the electrochemical behavior. 

 
Figure 12. Galvanostatic charge–discharge test of nickel foam (cathode) without a catalyst. 

As in the previous case, it was necessary to reduce the maximum potential of the 
charge–discharge test since the potential stabilized when the oxidation of the water elec-
trolyte began. In this case, only one stage was observed in the discharge process, associ-
ated with ORR and centered at approximately 1.7 V. The charge stage associated with OER 
was centered at 1.8 V. The main difference in both types of tests was the duration of each 
charge–discharge cycle, which went from 4.6 min for the nickel foam cathode without a 
catalyst to 11.9 min when the titanium-based catalyst was incorporated into the nickel 
foam. 

Figure 13 shows SEM images of the electrode surface (facing the electrolyte) after the 
charge–discharge test of the cell containing the titanium-based catalyst. The surface of the 
Zn anode after the test appeared completely covered with spherical precipitates of ap-
proximately 2 µm with intercalated porosity (Figure 13a). 

 
Figure 13. SEM images of both electrodes after the galvanostatic charge–discharge test with the 800- 
NH3 titanium-based catalyst supported on nickel foam: (a) Zn anode, and (b,c) Ni foam cathode at 
two different magnifications. EDX analysis of (d) particles on Ni foam (marked square area). 

Figure 13b,c present images at different magnifications of the nickel foam surface af-
ter cycling. Agglomerates of precipitates together with small filaments adhered to the 

0.9

1.2

1.5

1.8

100 105 110 115 120

C
el

l V
ol

ta
ge

 (
V

 v
s. 

Zn
)

Time (minutes)

0.9

1.2

1.5

1.8

0 100 200 300 400

Ce
ll 

Vo
lta

ge
 (V

 v
s. 

Zn
)

Time (minutes)

(d)

(a) (b) (c)

Figure 12. Galvanostatic charge–discharge test of nickel foam (cathode) without a catalyst.

As in the previous case, it was necessary to reduce the maximum potential of the
charge–discharge test since the potential stabilized when the oxidation of the water elec-
trolyte began. In this case, only one stage was observed in the discharge process, associated
with ORR and centered at approximately 1.7 V. The charge stage associated with OER was
centered at 1.8 V. The main difference in both types of tests was the duration of each charge–
discharge cycle, which went from 4.6 min for the nickel foam cathode without a catalyst to
11.9 min when the titanium-based catalyst was incorporated into the nickel foam.

Figure 13 shows SEM images of the electrode surface (facing the electrolyte) after the
charge–discharge test of the cell containing the titanium-based catalyst. The surface of
the Zn anode after the test appeared completely covered with spherical precipitates of
approximately 2 µm with intercalated porosity (Figure 13a).

Figure 13b,c present images at different magnifications of the nickel foam surface after
cycling. Agglomerates of precipitates together with small filaments adhered to the nickel
foam can be observed. The EDS analysis of these precipitates (Figure 13d) showed the
presence of the constituent elements of the catalyst, but also K from the electrolyte and
Zn that had diffused through the electrolyte and the separating membrane. Nitrogen was
not observed in this analysis due to its low concentration in relation to titanium, the main
component of the catalyst. The peaks associated with the nickel foam were not very intense
because the analysis was carried out on an area with a high concentration of precipitates.
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Figure 13. SEM images of both electrodes after the galvanostatic charge–discharge test with the
800- NH3 titanium-based catalyst supported on nickel foam: (a) Zn anode, and (b,c) Ni foam cathode
at two different magnifications. EDX analysis of (d) particles on Ni foam (marked square area).

The causes of the abrupt stoppage of cycling may be associated with three factors:
(1) the continuous flow of oxygen extracted water from inside the cell, limiting the diffusion
of ions between the electrodes, (2) the increasing passivation of the Zn foil surface with
the number of cycles, and (3) the diffusion and subsequent precipitation of Zn ions into
the cathode, which reduced the efficiency of the catalyst. These results guide the research
that will soon be carried out, such as the control of oxygen flow to the cell, the design of a
porous Zn anode that limits passivation, and the use of an alkaline electrode membrane
(AEM) to restrict the ion diffusion between electrodes and hydroxyl groups.

4. Conclusions

In summary, metal cathodes based on titanium nitrides were synthesized via the sol-gel
method, in combination with surfactants, enabling us to efficiently obtain a nitride catalyst
at low temperatures. It has been determined that the optimal treatment for obtaining a
catalyst characterized by a high surface area and electric current is a pretreatment at 100 ◦C,
followed by one at 800 ◦C in an ammonium atmosphere. The temperature and atmosphere
of the heat treatments have been proven to be key factors that determine the electrochemical
behavior of the synthesized catalysts.

The use of Ni foam as support provided a three-dimensional structure, allowing the
presence of diffusion pathways that facilitate electron transfer and metal ions’ diffusion,
and air.

The synthesized materials showed the capacity to perform multiple galvanostatic
charge–discharge cycles. The tests were performed using metallic Zn as an anode in an
aqueous solution and showed no signs of chemical or structural instability throughout the
cycles performed. However, the capacity of these materials as batteries is limited by the
stability of water as an electrolyte, since at voltages exceeding or approaching 1.9 V, it will
destabilize and prevent the charge–discharge cycles. Titanium nitride cathodes showed
high ORR and OER values, indicating that these types of cathodes are promising fields of
study for metal-air batteries in aqueous media. Additionally, they presented a high number
of cycles, indicating good reversibility.

At present, the cathodes for metal-air batteries are overwhelmingly carbon-based since
they have a considerable catalytic capacity and a good conductive additive. However,
they present a series of problems that reduce their stability and the ability to maintain the
capacity and reversibility that a battery requires for its proper operation. This is the reason
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why the study of techniques for the assembly and study of batteries in nickel foams with
metallic cathodes presents a high interest. It is to be expected that in the short–medium
term, more studies with different prototypes or tests in metal-air batteries will appear,
paving the way for the future industrialization of the use of batteries with an energy density
much higher than the present ones.
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