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Abstract: In this paper, we analysed the influence of corrosion processes and the addition of a carbon
black-heteropoly phosphomolybdic acid (C45-MPA) nanocomposite on the operating parameters
of a hydride electrode obtained on the basis of the intermetallic compound La;NigCo. The elec-
trochemical properties of negative electrodes for NiMH batteries were studied using galvanostatic
charge/discharge curves, the potentiostatic method, and electrochemical impedance spectroscopy
(EIS). The morphology and chemical composition analysis of the studied electrodes were investigated
by means of scanning electron microscopy (SEM) with supporting energy-dispersive X-ray analysis
(EDS). For more structural information, FTIR analysis was performed. The results indicate that
the presence of the C45-MPA nanocomposite in the electrode material increased both the discharge
capacity of the hydride electrode and the exchange current density of the HyO/H; system. The
heteropoly acid-modified electrode is also more resistant to high discharge current densities due to
its catalytic activity.

Keywords: MH hydride electrode; phosphomolybdic acid; electrochemical characteristics

1. Introduction

Hydrogen is undoubtedly one of the energy sources that has grown in popularity in
recent years. Hj is the most abundant and simplest element in the universe. Hydrogen
has the highest energy content per unit of weight amongst all the existing energy sources
and is non-polluting in nature. Hence, it could be utilized instead of fossil fuels [1-3].
In addition, the great advantage of hydrogen energy compared to other types of energy
sources is its ability to be stored and transported. One of the possible methods for hydrogen
storage is the application of metal hydride materials [4-8]. Among the many types of
metal hydrides, intermetallic ABs-type alloys have been intensively studied because of
their properties, such as fast hydrogen absorption, high reversibility, and proper plateau
pressure at room temperature [9-18]. A typical representative of this group of materials,
LaNis-type alloys, are currently used commercially as the negative electrode in NiMH
rechargeable batteries [19-21]. Although LaNis-based hydrogen storage materials have a
high-rate discharge capacity, their cycling stability remains unsatisfactory. It is known that,
from the practical point of view, one of the basic requirements for the effective operation of
hydride cells is the low polarization of the electrodes when drawing significant current from
the cell. Such properties are exhibited only by those hydride electrodes that correspond to
high exchange current densities. Improving the rate of charging/discharging processes
of the hydride electrode is possible, among other methods, by depositing trace amounts
of platinum metals (mainly Pt, Rh, Pd, and their alloys) on its surface [22-28]. It should
be noted that on the one hand, introducing platinum-group precipitates into the structure
of ABs alloys accelerates the transport of hydrogen within the hydride phase, but on
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the other hand, additions of platinum-group metals to ABs-type materials may favor the
electrochemical degradation of these materials as a consequence of galvanic corrosion.
Another effective way to improve the electrochemical activity of the hydride electrode alloy
is to increase its surface area, although this leads to an unfavorable reduction in the alloy’s
resistance to oxidation. An electrode made of an ABs-type alloy is in direct contact with a
strongly alkaline oxidizing electrolyte, which causes the irreversible formation of oxides or
hydroxides on its surface [29,30]. From the thermodynamic point of view, it is impossible
to avoid the selective oxidation of rare earth elements with a simultaneous reduction in
more noble elements (Ni, Co) during charging/discharging processes in a strongly alkaline
environment. As indicated in the literature, Keggin-type polyoxometalate (POM), especially
heteropoly acids, which improve the kinetics of electrode reactions, may be an alternative
to catalysts such as platinum or palladium [31]. Due to such features of polyoxometalates
as their well-defined structures and their ability to undergo fast and reversible redox
reactions as well as the protection they offer against corrosion, they can be very attractive
for energy storage applications [32-36]. Previous electrochemical studies confirmed that
after the surface modification of a solid LaCoy4gBig, alloy with phosphotungstic acid
(TPA), an increase in the hydrogen absorption efficiency and exchange current density
was observed [37]. Bearing in mind that POM, especially phosphododecamolybdic acid
H3PMo1,049 (MPA), has the ability to adsorb irreversibly on solid materials such as gold,
platinum, and carbon [38-40], we explored the ability of PMo01,049%~ ions to modify the
surface of C45 carbon black particles in order to produce a composite hydride electrode
based on the LaNi5 hydrogen storage alloy. Preliminary research results [41,42] indicate
that phosphomolybdic acid (MPA) immobilized on the surface of conductive C45 carbon
black is stable in a 6 M KOH solution and has electrocatalytic properties. In this study, the
powdered active material La;NigCo was modified with a nanocomposite of carbon black
C45-phosphoromolybdic acid (MPA) in order to accelerate the rate of electron transfer
across the electrode—solution interface and/or create a protective barrier for the hydride
alloy against degradation during repeated hydrogenation/dehydrogenation cycles.

2. Research Material and Methodology

The commercially available La;NigCo alloy (American Elements, Los Angeles, CA,
USA) with a CaCus-type structure [43], characterized by a reversible ability to absorb
hydrogen, was selected for the study. The alloy was ground in a planetary mill (Pulverisette
6 Classic Line Fritsch, Weimar, Germany) in an argon atmosphere and sieved to obtain a
powder fraction with a particle size of 20-50 pum.

Composite powder electrodes were prepared by mixing a hydrogen storage material
(La;NigCo alloy) with C45 carbon black and polyvinylidene fluoride (PVDF) in a weight
ratio of 85:5:10. The well-mixed components were molded in a laboratory press at 50 bar and
dried at 110 °C for an hour. The obtained composite electrodes contained 0.030 + 0.035 g
of LayNigCo alloy.

Modified electrodes were obtained using the same procedure as described above,
where the active material (La;NigCo) in the amount of 85 wt% was mixed with the addition
of the C45 carbon black-phosphomolybdic acid (C45-MPA) nanocomposite (5 wt%) and
bonded with PVDF (10 wt%).

To produce the C45-MPA nanocomposite, approximately 150 mg of C45 carbon black
was dispersed in 10 cm? of a 0.04 mol dm—3 aqueous solution of H3PMo1,049 (MPA).
The suspension was sonicated for 4 h and then centrifuged. The upper liquid layer of
the solution was removed and replaced with fresh heteropoly acid solution. The sonica-
tion/ centrifugation steps were repeated three times, after which the carbon black particles
were rinsed with plenty of distilled water (at least 3—4 times) to ensure all excess (non-
carbon black) phosphoromolybdenum ions were removed.

The morphology and chemical composition of the C45 carbon black before and after
its surface modification with heteropoly acid were examined utilizing a JEOL J[SM-6610 LV
scanning electron microscope (SEM) coupled with an X-ray energy dispersion spectrometer
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(EDS). The surface morphology of the hydride electrodes after chronopotentiometric tests
was also assessed by SEM. For more structural information, the characteristics of the carbon
black C45, C45-MPA, and MPA were also examined with an Iraffinity-1S FTIR SHIMADZU
(Kyoto, Japan) spectrophotometer with an ATR Quest Specac attachment.

DC and AC electrochemical studies were carried out in aerated 6 M KOH, at room
temperature, in a three-electrode system (the working electrode—the hydride electrode,
the reference electrode—a saturated calomel electrode (SCE), the auxiliary electrode—a
platinum electrode in the form of a spiral) using an electrochemical measuring station (CHI
Instruments USA, Bee Cave, TX, USA).

3. Research Results

Micrographs of the surface of the C45 carbon black particles before and after chemical
modification with H3PMo1,049 acid along with the qualitative EDS microanalysis are
shown in Figure 1.
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Figure 1. Results of SEM-EDX qualitative analysis of C45 carbon black (a) and C45-MPA (b).
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According to the SEM-EDS analysis, the C45 carbon black contained carbon (93.6 wt%)
and oxygen (5.9 wt%) and a negligible amount of iron (0.5 wt%), which can be considered
as surface contamination. In the modified carbon black C45, next to carbon (93.9 wt%),
oxygen (1.3 wt%), and the aforementioned iron, molybdenum (3.8 wt%) was detected the
most. Phosphorus was also found in the amount of 0.2% by weight. After modification,
carbon black C45 with MPA oxygen content is reduced from 5.9 to 1.26 wt%. It can be
assumed that part of the volatile oxygen associated with the C45 carbon black has been
partially removed, which may have a beneficial effect on its catalytic properties.

Figure 2 shows FTIR spectra obtained for the carbon black C45 (a), nanocomposite
C45-MPA (b), and MPA acid (c). For both C45 (a) and C45-MPA (b), the characteristic peaks
corresponding to C-H appeared at 1260cm !, C=C at 1400 cm ™!, and C=0 at 1739 cm~ .
In the pristine MPA (c) acid spectra, the Keggin structure of PMo1,049%~ characteristic
peaks P-O 1068cm 1, Mo=0, 990 cm !, and Mo-O, 828, 899 cm ! are visible. As for C45-
MPA, vibrations of P-O, Mo=0, and Mo-O are observed with a slight shift, confirming the
integration of the polyoxometalate with the carbon matrix.
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Figure 2. FTIR spectra of C45 carbon black (a), C45-MPA (b), and MPA (c).

Figure 3 displays the course of the cyclic voltammetric (CV) curves of the starting and
heteropoly acid-modified electrodes, polarized in the potential range —1.3 V to 0 V (SCE) at
the rate of 10 mV s~ 1. The observed cathode and anodic peaks provide detailed information
about the oxidation and reduction processes of the investigated electrodes. As can be seen
from Figure 3, for the La;NigCo alloy modified with heteropoly acid (La;NigCo-MPA), three
oxidation peaks are visible at the potentials of —0.83 V, —0.54 V, and —0.28 V, respectively.
The first one at the potential of —0.83 V (SCE) is related to the oxidation of the absorbed
hydrogen atoms. It can be seen that the height of the anode current peak for the MPA-
modified electrode is slightly higher than that of the heteropoly acid-free starting electrode.
The height of the oxidation peak reflects the kinetic properties of the electrode. The higher
the anode peak on the voltammetric curve, the greater the electrocatalytic activity of the
electrodes [44]. The cathode peak of the reduction of water to hydrogen often expands,
which is associated with the evolution of hydrogen on the surface of the hydride electrodes
and may not be visible. The other two oxidation peaks visible for the La;NigCo-MPA
electrode at the potentials of —0.54 V and —0.28 V, and the reduction peak at the potential
of —0.56 V, can be attributed to the oxidation and reduction in molybdenum within the
PMoYMoy; V1O4p*~ anion [42,45]. For comparative purposes, Figure 3 additionally shows
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the CV for the non-hydrogenated C45-MPA electrode, where two slight oxidation peaks
and one reduction peak are also visible at the potentials of —0.50 V, —0.25V, and —0.48 V,

respectively.
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Figure 3. Cyclic voltammograms recorded at scan rate of 10 mV s~ 1.

Figure 4a presents exemplary charge/discharge curves for the 1st and 10th cycles of
two materials: LayNigCo and Lap;NigCo-MPA, and Figure 4b shows the corresponding
dependencies of the discharge capacity-cycle number and the exchange current-cycle
number resulting from these waveforms. The researched electrodes were saturated with
hydrogen for 2.5 h using a constant current density iz, = —185 mA g1, and then they
were discharged at a constant current density iz, = 50 mA g’l. In addition to the current
capacitances, the current densities of the HO/H; system exchange were determined
from the course of the charging and discharging curves on the basis of potential jump AE
during the switch of cathodic to anode current [14,46]. The discharge capacities of the
electrode containing the C45-MPA nanocomposite obtained during the activation process
are approximately 38-52 mAh g~! higher than the capacities of the unmodified LayNigCo.
In addition, the exchange current densities for LayNigCo-MPA, depending on the cycle
number, are from approximately 26 to 46% higher than for La;NigCo.
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Figure 4. Galvanostatic charge/discharge curves (a); discharge capacity and exchange current density
as a function of number of cycles (b).
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The exact effect of the action of phosphomolybdic acid on the absorption/desorption
of hydrogen storage alloys has not yet been thoroughly investigated. It can be speculated
that its mechanism of action is correlated with better hydrogen adsorption due to the
presence of surface groups with a high negative charge. Several papers [31,45,47,48] posit
that increasing the charge of the Keggin anion may contribute to its higher catalytic activity.
This would favor the accumulation of H,O dipoles before their reduction according to the
following reaction:

PMoYMoq; V104%™ +ne +nH,O = HaPMoV1,;Mo Y111 _nO0s0®™~ + nOH™ (1)

leading to an increase in the hydrogen capacity of the heteropoly acid-modified electrode.
Changes in the open circuit potential (OCP) for the examined electrodes as a function
of time are shown in Figure 5. The potential was measured against the SCE immediately
after the electrodes were immersed in the corrosive solution and after their activation
(10 charge/discharge cycles). The OCP measured after the activation process is —1.0
and —1.1 V for the La;NigCo and Lay;NigCo-MPA electrodes, respectively, and is close
to the equilibrium potential of the H,O/H, system [49]. The OCP value being higher
by 100 mV for the unmodified electrode may be caused by a more intense oxidation of
metallic components on the surface of the hydrogen storage material particles. There are
many indications that the formation of a tight passive layer leads to selective inhibition
of the partial anodic process of the HyO/Hj; system (oxidation of the residual hydrogen
that has not yet diffused from the inside of the particle to the surface)—only then can
the equilibrium potential of the hydrogen electrode shift towards positive values. A
manifestation of the inhibition of the oxidation of residual hydrogen on the surface of the
passivated material is ultimately the shift of the OCP to the anode side, which probably
results in significant shortening of the measured discharge time (Figure 4a). The OCP for
non-activated electrodes is clearly shifted towards positive potentials and should be treated
as the corrosion potential (Ecorr), describing the corrosion of the material with oxygen
depolarization. As can be seen from Figure 5, after 24 h of immersion in the 6 M KOH
solution, there is no significant effect of the C45-MPA nanocomposite on the value of the
corrosion potential of the La,NigCo, which is set at —0.33 + —0.35 V versus SCE.
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Figure 5. Open circuit potential versus SCE for La;NigCo and LayNigCo-MPA electrodes before and
after cycling.

Figure 6 displays the potentiokinetic polarization curves of the two electrodes, La;NigCo
and LayNigCo-MPA, before cycling (solid lines) and after 10 charge/discharge cycles (dashed
lines). The employed research methodology (the polarization curves were measured from
the potential of —1.3 V with a scanning speed of 1 mV s~!) did not limit the impact of
the absorbed hydrogen on the corrosion processes. The course of each polarization curve
near the cathode/anode transition reflects the process of hydrogen absorption/desorption
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(OCP ~ —1.0 + —1.1 V), which approximately corresponds to the value of the equilibrium
potential of the HyO/Hj system. Thus, by extrapolation of the tangents to the OCP (assuming
by = 0.12V) the exchange current densities of the HyO/Hj; system can be determined. The
exchange currents of the HyO/H, (i°) system, found by extrapolation, before and after elec-
trode cycling, respectively, take values from 0.23 mA /g to 5.8 mA /g for La;NigCo and from
3.5mA/g to 80.0 mA /g for LayNigCo-MPA. The approximately 14-15 times higher i® values
obtained for the La,NigCo-MPA electrode indicate a significant influence of the C45-MPA
nanocomposite on the improvement in the kinetics of the charge transfer reaction at the elec-
trode/electrolyte interface. The acceleration of the hydrogen absorption/desorption process
taking place on the Lay;NigCo-MPA electrode is probably caused by the low overpotential of
hydrogen evolution on the C45-MPA particles [41].

T -
\ /’ \
\ \ s
! 1~y
0.1¢
T
(o)}
< o001}
-
La,NigCo before cycling
0.001 E La,NiyCo-MPA before cycling

— =La,NizCo after cycling
— =La,NigCo-MPA after cycling

15 10 -05 0.0 05 1.0
Evs SCE, V

Figure 6. Potentiokinetic curves for LayNigCo and LayNigCo-MPA electrodes before and after cycling
recorded at scan rate of 1 mV s~ 1.

The lower currents of the reduction of water molecules to hydrogen for the reference
electrode (LapNigCo) observed in Figure 6 probably result from the progressing corrosion
of the material and are an important confirmation that the corrosion phenomena lead
to the inhibition of hydrogen absorption processes by hydride alloys. As can be seen
from Figure 6, for the non-activated La;NigCo electrode, an increasing course of anode
currents in the passive range is observed, and for La;NigCo-MPA, a clear anode peak at
the potential of —0.93 V indicates the oxidation of hydrogen absorbed during cathodic
polarization. One should be aware that at the potentials of —0.95 + —0.76 V, apart from the
processes of oxidation of metallic components typical for corrosion, hydrogen absorbed in
the cathodic range is also oxidized. When analysing the anode curves, the presence of two
characteristic peaks at E = —0.53 < —0.50 V and E = —0.22 + —0.18 V should be noted. The
thermodynamic analysis shows that these peaks may be responsible for nickel oxidation
and cobalt (M). In the passive range, as the potential increases, the degree of oxidation of
both nickel and cobalt in the oxide phase grows (its composition changes from MO through
M304 to MO3). At higher positive potentials, M,0O3 is oxidized to MO, [50]. For the
LayNigCo-MPA electrode, the anode peak of hydrogen oxidation to water expands with the
increase in absorbed hydrogen, causing the peak in the potential range —0.53 + —0.50 V
associated with the oxidation of molybdenum within the anion PMoYMoq; YIO4*~, which
may not be visible.

Figure 7 shows the effect of the discharge rate on both the measured capacity of the
investigated electrodes and the exchange current density. Especially at the higher discharge
rate (500 mA- g’l) for the LapNigCo-MPA electrode, a slower decrease in both the capacity
and the exchange current density is visible. In the case of the unmodified electrode, a
much larger part of hydrogen, at high discharge rates, cannot keep up with diffusion to
the surface and remains in the deeper layers of the electrode material. It is probable that


http://mostwiedzy.pl

A\ MOST

Energies 2023, 16, 4002

8 of 14

the more intense oxidation of the surface of the unmodified electrode limits the contact
surface between the alloy particles and hinders the rate of hydrogen transport from the
depth of the electrode to its surface as well as limiting its penetration from the surface
into the depth of the electrode. The modification of the electrode with C45-MPA clearly
improves the kinetics of the electron transfer reaction at the electrode/electrolyte interface.
The results presented in the papers [51,52] for the modified Lay;NigCoMy (M = Al, Sn, Zn)
hydride materials indicate that the exchange current densities of the H,O/H, system for
these materials are lower compared to La;NigCo.

300 T T T T T 40
oot @ . e (b) [as
- 250 |
> ' F30 _

- - | |
& 051 < 2% 5O
)] S <
0 £ 150 20 E
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t,h Discharge current density, mA g™’

Figure 7. Galvanostatic charge/discharge curves (a); discharge capacity and exchange current density
as a function of discharge current density (b).

As can be seen from Figure 8, after the activation process, the grain of the hydrogen
storage alloy powder is characterized by a large number of cracks, but the average particle
size of the LayNigCo alloy is definitely smaller in the case of the electrode modified with
the C45-MPA nanocomposite. Thus, this electrode has a larger active surface than the
unmodified electrode. The more developed surface of the LayNigCo-MPA electrode con-
tributes to the increase in the exchange current density of the H,O/H, system. By analysing
the elemental composition of the studied powder electrodes (Figure 8), the presence of
molybdenum and twice as much carbon and four times less oxygen was confirmed on the
surface of the alloy particles modified with the C45-MPA nanocomposite than in the case
of the unmodified electrode. Enrichment of the surface of the La;NigCo alloy particles in
C45-MPA delays the process of their oxidation and the formation of tight passive layers,
which become a barrier to hydrogen penetration and an increase in the hydrogen capacity.
These observations agree very well with the results of the electrochemical tests indicating
higher capacitances of the La;NigCo-MPA electrode in relation to the La,NigCo electrode
at different discharge rates.

Figure 9 presents the Nyquist spectra for the powder electrodes based on the un-
modified LayNigCo alloy and modified with the C45-MPA nanocomposite, obtained at
open-circuit potentials after 24 h of immersion of the electrodes in 6 M KOH. The inclination
of spectral fragments (an angle less than 90° in relation to the horizontal axis) proves that
the surface of the electrodes is inhomogeneous and porous [53]. The observed waveforms
are characteristic of porous electrodes with a fractal structure [54]. Figure 10 shows schemat-
ically the impedance spectra in the Nyquist system for electrodes without the Faraday
reaction described by the de Levie model [55] with the same pores (a), with different pores
(b) [56], and the impedance spectrum taking into account fractal type porosity [53,57]. This
can be presented schematically as in Figure 10c.
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Figure 8. SEM micrographs of La;NigCo (a) and La;NigCo-MPA (b) composite electrodes after
activation and results of EDS analysis.
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Figure 9. Impedance spectra measured for studied electrodes after 24 h of immersion in 6 M KOH
solution. Experimental data: 6 M KOH, 25 °C, frequency range: 100 kHz to 0.01 Hz, amplitude: 5 mV.
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Figure 10. Schematic impedance spectra of porous electrode in Nyquist format according to de Levie
with same pores (a), with distribution of pore dimensions (b), and with fractal pores (c).

After modification with the heteropoly acid, the angle of inclination to the horizontal
axis decreases, which proves the deepening of the surface heterogeneity through additional
inclusions (C45-MPA nanocomposite) or cracking, or the formation of gaps. In Figure 9,
displaying the enlarged part of the spectrum, it can be seen that a cracked layer most likely
formed on the surface, but at the same time the impedance modulus decreased, which
indicates an increase in the active surface available for the electrolyte. This is also evidenced
by the shift of the high-frequency part of the spectra (enlarged fragment in Figure 9) along
the axis of the real impedance, depicted by dashed lines. For the modified electrode, we
observe the appearance of additional resistance, which is responsible for the resistance of
the electrolyte in the resulting pores. The larger contact area between the active material
and the electrolyte facilitates the rate of HyO and H,q4s transport, increasing the activity of
the electrode surface for hydrogen absorption/desorption reactions. It can be schematically
presented in the form of Figure 11 using the concept of primary porosities characteristic
of the unmodified electrode and the appearance of secondary porosities as a result of its
modification with the C45-MPA nanocomposite [58].
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Figure 11. Schematic diagram of electrode with same example pores (a), distribution of pores (b),
fractal pores with primary level of porosity (c), and fractal pores with primary and secondary levels
of porosity (d).

Figure 12 shows the EIS of the electrodes obtained at open-circuit potentials after
10 charge/discharge cycles. As can be seen from Figure 12, the semicircle in the mid-
frequency part of the spectrum is distorted at the beginning in the form of a straight line,
which proves the well-developed surface of the researched electrodes and their porosity.
Gradually, for lower frequencies, it turns into a simple semicircle. The charge transfer
resistance is lower for the modified electrode, and the electrochemical reaction proceeds
faster, as evidenced by the frequency value at the top of the distorted semicircle. Increasing
the surface area of the modified electrode as a result of hydrogen absorption/desorption
processes (Figure 8) does not lead to unfavorable chemical degradation of the electrode
(does not contribute to an increase in its degree of oxidation), and the C45-MPA nanocom-
posite can be a bridge that connects adjacent alloy particles, reducing both their contact
resistance and charge transfer resistance.

6r —e— La,Ni,Co
e La,Ni,Co-MPA
5 L
E 4t
<
Q 5t
N :
2 "'.—.717.1.'0 .0‘
’ :.. 0300 Hz  Soeed’
- ..
0.977 Hz \
0 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9
Z'/Ohm

Figure 12. Impedance spectra measured for studied electrodes after ten charge/discharge cycles.
Experimental data: 6 M KOH, 25 °C, frequency range: 100 kHz to 0.01 Hz, amplitude: 5 mV.
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4. Conclusions

- FTIR analysis of the C45 carbon black conducted before and after the chemical modi-
fication confirmed the integration of the Keggin structure of the PMo015,040°~ anion
with the carbon matrix in the C45-MPA nanocomposite.

- The addition of the C45-MPA carbon black nanocomposite leads to better capacitive
and kinetic parameters of the studied composite hydride electrodes.

- The presence of a conductive C45-PVDF matrix and mixed Mo(VI,V) valence sites
facilitates electron transfer and charge accumulation.

- The OCP values and the EDS analysis of the electrode surface after the charging/discharging
processes indicate that the unmodified electrode oxidizes much more strongly, and the
C45-MPA nanocomposite can be a protective barrier for the LayNigCo alloy against chemi-
cal degradation.

- Higher anode currents in the passive range of the modified electrodes are the result of
their much larger effective surface in relation to the active surface of the reference and
their greater hydrogen capacity.

- The use of H3PMo01,049 may be important in the design of new anode materials
for NiMH batteries, but further work is needed to optimize the composition of the
C45-MPA nanocomposite.
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