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Abstract: NiA and NiX zeolites were prepared and characterised using XRD, FTIR and
SEM, and subsequently tested as electrodes for hydrogen (HER) and oxygen (OER) evolution
reactions in alkaline media. Linear sweep voltammetry and chronoamperometry techniques
showed that NiA has higher catalytic activity for these two reactions, as evidenced by higher
current densities, which can be correlated with a higher weight fraction of Ni in this
electrocatalyst than in the NiX and with its higher conductivity. HER and OER kinetic
parameters, including Tafel slope, exchange current density and apparent activation energy
were evaluated. Electrochemical impedance spectroscopy analysis yielded values of the
resistance of the solution, charge transfer and mass transfer, as well as double layer
capacitance and pseudo-capacitance of the working electrode, at different potentials and
temperatures. Unlike the HER, during which the mass transfer resistance of the adsorbed
intermediate is dominant in the case of NiA, the OER impedance response is controlled by the
charge transfer process itself at the potentials of interest for these process. The overall

resistance related to the HER is lower for NiA than for NiX.
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1. INTRODUCTION

Alkaline water electrolysis (Eq. 1) is considered as a simple and clean method for hydrogen
(and oxygen) production [1,2]. Still, this process is not thermodynamically favourable,
requiring high quantity of energy for water molecule splitting [3]. Namely, oxygen evolution
reaction (OER) (Eq. 2) proceeding at the anode and hydrogen evolution reaction (HER) (Eq.
3) proceeding at the cathode require large overpotential to proceed at reasonable rates [4,5].
These further results in high cost of alkaline water electrolysis process and high cost of
produced hydrogen [6,7]. Therefore, it is necessary to design electrocatalysts with high
activity for these two reactions, along with good electrical conductivity, large active surface
area, electrochemical stability and selectivity, high corrosion resistance, and low cost [5,8—

11].

2H,0 — 2H, (g) + 01(g) AH" =572 kJ mol (1)
40H — O, + 2 H,0O + 4¢~ (oxidation) E’=0.404 V vs. SHE )
4H,0 + 4e — 2H, + 40H" (reduction) E°=-0.826 V vs. SHE (3)

In alkaline solutions, HER on a metallic electrode follows one of the two possible
mechanisms - Volmer-Heyrovsky (Eqs. 4 and 5) or Volmer-Tafel (Eqs. 4 and 6) mechanism
[12]:

M + H,0 + ¢ <> MH,s + OH" (Volmer step) 4)
MH,4 + H0 O+ ¢ < H, + M + OH (Heyrovsky step) (%)
MH,4s + MH,a4s < Ho +2M (Tafel step) (6)

where MH,gs is a hydrogen atom adsorbed on the electrode surface. The strength of the MH s
bond determines the HER rate, with the best electrocatalysts exhibiting intermediate MH,gs
bond strength values [13,14]. High catalytic activity towards HER is a characteristic of noble
metals such as platinum, but their practical application is limited by their low abundance and
high price [15,16]. On the other hand, nickel (Ni) is a promising electrode material for large-
scale application since it has relatively low price and has shown good activity for HER [17—
19]. Recently, attention has been directed towards improvement of HER activity of Ni-based
electrocatalysts, including Ni alloying with other metals [20-24], non-metals or rare earth
elements [25-29], fabrication in the form of foam [30] or nanostructured Ni composites [31—
34], etc. The latest research is focused on Ni-sulphides (NiS, NiS; and Ni3S;) [35],
phosphides (Ni,P and NisP4) [36], nitrides (Ni,N and Ni3N) [37-39] and selenides [40] that
have been shown to possess excellent activity for HER, with high current densities at low

overpotentials (10 mA cm™ at the overpotentials ranging from 49 to 474mV [16].



The best electrocatalytic response towards OER is achieved for nanocomposites of precious
metals, ruthenium and iridium, as they show the lowest OER overpotential, but they suffer
from low stability in alkaline media [16,41]. Ni and its alloys exhibit lower electrocatalytic
activity for OER, but they have long time stability in highly alkaline media (typically,
concentrated KOH) and they are corrosion resistant [42—47]. OER on transition metal
electrodes occurs at surface already covered by oxide layer. Namely, it has been observed
that, during OER on Ni surface, NiO is firstly formed and then it is electrochemically
oxidized to Ni,O3 [41]. Thus, Ni-based electrodes have a rest potential of oxide couple (Ni/
NiO or NiO/ NiyO3) close to the equilibrium potential of the OER. Again, Ni sulphides
(FeNiS,) [48], phosphides (Ni,P, Ni-Fe,P and (Nigs7Feo13)2P—Ni) [32,49], nitrides (Ni3N/Ni)
[50] and selenides (NisSe; and NixFe;Se;) [51,52], deliver high current density at low
overpotentials.

Zeolites are recently finding application in electrochemistry area, in electroanalysis [53,54],
as well as in electrochemical energy conversion and storage [55-59]. Thus, Pt-, Pd- and Ni-
ion exchanged zeolites were tested as anode electrocatalysts in fuel cells for oxidation of fuels
such as alcohols and borohydride [57,59-63]. These zeolites were also tested for HER [55]
and OER [64]. There are more than 40 natural and 200 synthetic forms of zeolites [65,66]
with basic structure made by three-dimensional combination of AlO and SiO tetrahedral [66].
These anionic groups have different negative charge ((AlO4)” and (SiO4)™*) which could be
balanced by a positive ion (Na™, Ag™, Ni*", Mn®", P*", Pd*", etc.). The use of zeolites has a
number of advantages, with some of them being good mechanical, thermal and chemical
stability, and large surface areas [53,67].

In this work, two types of Ni*" cation-exchanged zeolites, NiA and NiX, with different Si/Al
ratio, were prepared. Subsequently, oxygen and hydrogen evolution reactions were studied at
these two Ni zeolites in highly alkaline media by cyclic voltammetry (CV), linear sweep
voltammetry (LSV), electrochemical impedance spectroscopy (EIS) and chronoamperometry

(CA).

2. EXPERIMENTAL

Syntheses and characterization of Ni zeolite materials
Ni** cation-exchanged forms of NaX (Union Carbide) and NaA (BDH) zeolites used in this

work were obtained by conventional ion—exchange procedure [54]. The composition of two
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zeolites was determined by chemical analysis so that NiX and NiA zeolites are represented by
the formula Nay;Niz(AlO;)s7(S102)10s and Nig(AlO3)12(Si03)12, respectively. The Ni zeolite
samples were characterized by X-ray powder diffraction (XRPD), Fourier—transformed
infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) techniques. X-ray
diffraction data were collected on a Philips PW 1050 diffractometer with Cu-Ka, , radiation
(Ni filter) at room temperature. Measurements were done in 20 range of 5-80° with a
scanning step width of 0.05° and time of 3 s per step. FTIR spectra of the powdered samples,
dispersed in KBr and compressed into pellets, were recorded in 4000-400 cm' range at 64
scans per spectrum at 2 cm ' resolution using Avatar 370FT-IR Spectrometer (Thermo
Nicolet). The morphology of the zeolites was investigated using a JEOL JSM 7001F scanning
electron microscope.

Electrical conductivity measurements were done using Precision LCR Meter (LCR-6100) at
the frequency of 1 kHz. Conductivity was measured directly in the die (with hard plastic

interior and steel exterior) at 125 kPa.

Preparation of the working electrodes

In order to prepare catalytic inks, a mixture of zeolite (NiA or NiX, 4 mg) and Vulcan carbon
black (1 mg) was dispersed in 125 ul of polyvinylidene fluoride (PVDF) solution (2 wt.%
PVDF in N-methyl-2-pyrrolidone) and homogenised in an ultrasonic bath for 30 min.
Subsequently, 10 uL of the ink was deposited onto glassy carbon substrates, and then dried at

110 °C overnight to make the working electrodes.

Electrochemical measurements

All measurements were done using Gamry PCI4/750 Potentiostat/Galvanostat in a one—
compartment cell of 50 ml volume with 1 M KOH as electrolyte, and with carbon rod as
counter electrode and saturated calomel as reference electrode (SCE). The values of electrode
potential given in the paper are presented relative to the reversible hydrogen electrode (RHE).
Current densities were calculated by dividing the recorded currents by the geometric surface
area of the electrode.

Cyclic voltammetry (CV) characterisation of the zeolites was performed in the deareated 1 M
KOH in the potential range from 0.08 to 1.85 V at a scan rates ranging from 2 to 100 mV s™',
at room temperature. Prior to recording HER polarization curves, the oxides on the electrode
surface were reduced by a linear scan voltammetry (LSV) from the OCP to -0.43 V at a rate
of 10 mV s, followed by holding the electrode at the potential of -0.45 V for 45 s. HER
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polarization curves were recorded from the open circuit potential (OCP) to -0.43 V at 2 mV s
'. OER polarisation curves were recorded from the OCP to 2.27 V at a scan rate of 10 mV s™".

OER polarisation curves were also recorded using rotating disk electrode (RDE) at rotation
rate of 1200 rpm which was adjusted using a Pine AFCPRB rotator. The polarization curves
were also recorded at different temperatures from 25 to 85 °C, adjusting the temperature by
water circulation using a Haaeke F3 bath. Chronoamperometry (CA) measurements were
performed at the constant potential for 1 h, at room temperature. Electrochemical impedance
spectroscopy (EIS) measurements were conducted in the frequency range of 100 kHz to 0.1

Hz, with 5 mV amplitude, at different potentials.

3. RESULTS AND DISCUSSION

Characterization of Ni zeolites

The crystal structure of the synthesized powders was confirmed by X-ray powder diffraction.

All diffraction peaks of NiA powder can be ascribed to cubic Fi moc space group (No. 226) by
comparison with diffraction card PDF2 No. 73-2340. The most intense peaks of NiA powder
are indexed according to this space group, Figure 1A. There are no additional peaks that can

be ascribed to some other phase. Similarly, by comparison with PDF2 card No. 39-1380, all

diffraction peaks of NiX powder can be ascribed to cubic Fd®m space group (No. 227).

Figure 1B shows diffraction pattern of NiX with the most intense peaks indexed according to

ngm space group. Lattice parameters were determined by using the Le Bail’s whole profile
unit cell refinement [54] within FullProf program and the obtained values are 24.9170 and
24.5027 A for NiX and NiA samples, respectively. Figure 1A also reveals the broadening of
several diffraction peaks, namely those at 20 angle of approximately 11, 24 and 35°, which
originates from the distortion of the zeolite crystal lattice during the ion exchange. In the case
of sample NiX, broad peaks are harder to be observed. Using the X-ray Line Profile Fitting
Program (XFIT) with a Fundamental Parameters convolution approach to generating line
profiles [68], the coherent domain sizes of the synthesized powders was calculated to be 47
and 30 nm for NiX and NiA, respectively. This difference in the coherent domain sizes is in
agreement with the more distorted structure observed for NiA sample.

Presence of the Ni*" ions as the charge balance cations in the NiA promotes the instability and

hydrolysis of the zeolite framework. Namely, the most or all of the Ni*" ions in hydrated NiA



are typically in the form of the aqueous complex, Ni(H,0)s>", so that Ni*" jons in NiA zeolite
retain an aqueous coordination sphere and do not coordinate directly to the anionic zeolite
framework, as the most of the other charge balance cations [68]. Consequently, there is a
large charge separation between charge balance cations and the zeolite framework.
Coordinated water molecules dissociate and provide H™ ions which can then associate with
the zeolite framework and effectively neutralize the zeolite framework. This process does not
directly disrupt the crystallinity of the zeolite framework, but the basic sites near the A1
ions have also been produced by the hydrolysis reaction enabling AI(OH); abstraction from

the zeolite and thus causing the disruption of the framework structure. An increase in the

number of metal ions in the zeolite would favour this reaction by the production of more

protons.
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Figure 1. XRD patterns of NiA (A) and NiX (B) zeolite, with the most intense peaks indexed
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FTIR analysis of NiA confirmed the collapse of the long-range order and the amorphisation of
its structure. The FTIR spectra of NiA and NiX zeolites in mid-infrared region, at room
temperature, are presented in Figure 2A. The main structural absorption bands of FTIR
spectra were observed at 980 and 1015 cm™ for NiX, and NiA, respectively [54,69,70], with
these bands corresponding to the stretching vibrations of Si-O and Al-O bonds, respectively.
In the NiX spectrum, a shoulder was noticed at 1072 cm™ which could correspond to Si-O-Si
vibrations [54,69,70]. The absorption internal Si-O-Al bonds appeared at 427 and 449 cm™
for NiA and NiX zeolites, respectively [70]. Two absorption bands of NiX zeolite at 914 and
748 cm™ could be associated with the stretching of Al-O bonds [54]. In addition, two bands
were detected in the absorption region from 700 to 500 cm™ in spectrum of NiX zeolite, first
band at 682 cm™ attributed to the double rings stretching and second, main structural sensitive
band in the spectrum of faujasite, at 559 cm™ which corresponds to the double six-membered
rings vibration stretching. Also, in the same absorption region of spectrum of NiA zeolite, two
bands appeared at 677 and 545 cm™. They could be attributed to the single six- and double
four-membered rings stretching, respectively [69,71].

Morphological properties of NiA and NiX zeolites were determined by SEM with the
micrographs of the analysed zeolites expected to be different [54,72]. Namely, the particles of
NiA zeolite appeared as well-defined edge-truncated cubes (Figure 2B), while NiX showed
aggregates of octahedral crystals (Figure 2C) [72]. The crystals of NiA and NiX zeolites were

observed to be about 3 pm in diameter.
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Figure 2. FTIR absorption spectra (A) and SEM images of NiA (B) and NiX (C) zeolites.

NiA zeolite (4.4 x 10° S cm™) showed two orders of magnitude higher electrical conductivity
compared to NiX zeolite (7.7 x 10* S ecm™) at room temperature, possibly due to higher
amount of Ni in the former. Furthermore, zeolites’ conductivity is considered as ionic, with a
negligible electronic contribution. Ion conductivity of zeolite is related with the diffusion of
charge balance cations through the zeolite channels. Hydrated zeolites are also proton
conductors and OH" ion conductors. The dissociation of water in the zeolite channels occurs
similarly to that in free water, supplying OH™ and H3;O" ions as charge carriers, moving by
molecular jumps and proton transfer. One could suggest that cation mobility in the channels
of crystalline structure should be higher than that in the amorphous phase, in which the
channels are partially or completely distorted and damaged. However, the amorphisation

could be responsible for the anomalous increase in electrical conductivity of hydrated zeolites



[73]. The amorphisation creates new pathways allowing the higher mobility of the cations
than that through the zeolite channels, which lead to increase of conductivity.

Still, as both NiA and NiX conductivity is measured to be low for practical applications, two
zeolites were mixed with Vulcan XC 72 for electrode preparation, as described in the

Experimental section.

Electrochemical characterization of Ni zeolites

Electrochemical characterisation of NiA and NiX electrodes was performed by CV in 1 M
KOH solution purged with nitrogen (N;) at room temperature, Figure 3. Three CVs were
recorded at each scan rates with no changes in the curves shape nor current density values
being observed. According to the literature, several processes are expected to occur in the
anodic direction in alkaline solutions: formation of nickel oxide (NiO) (Eq. 7) or nickel
hydroxide (Ni(OH),) (Eq. 8), followed by transformation of a- to B-Ni(OH),, and then B-
Ni(OH), to nickel oxyhydroxide (NiOOH) (Eq. 9) [74,75].

Ni + H,0 — NiO +2H" + 2¢° (7
Ni + 20H — Ni(OH), + 2¢~ (8)
Ni(OH), + OH" — NiOOH + H,O + ¢~ )

These processes give a rise to a peak in the anodic direction at around 1.5 V, while on the
cathodic scan, reduction of Ni** to Ni*" is manifested as a peak at 1.35 V. A shoulder on the
reduction scan at around 1.25 V, observed only for NiA, can be ascribed to the Ni** to Ni°
conversion. Additionally, the CVs of both electrodes exhibit a broad cathodic peak at around
0.75 V, which corresponds to the reduction of oxygen which remained within the zeolite
pores, in gaseous or dissolved state [57,76]. However, higher current responses in the regions
of redox processes are observed in the case of the NiA electrode, most likely due to the higher
Ni content in this material (19.68 wt.% of in NiA vs. 13.57 wt.% of Ni in NiX) and due to its

higher conductivity.
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Figure 3. Cyclic voltammograms of NiA (A) and NiX (B) electrodes at room temperature in
Ny-saturated 1 M KOH at different scan rates with CVs of two zeolites at scan rate of 50 mV

s in inset.

The electrochemical characterisation of NiA and NiX reveals important information about
their pseudocapacitive characteristics that are vital for their performance for both the HER
and OER as H/O adsorption (underpotential deposition) on the electrocatalyst’s surface is
precondition for HER/OER. More pronounced pseudocapacitive behaviour is accompanied by
better HER/OER electrocatalytic performance. Namely, high pseudocapacitance shows the
presence of large number of active sites which can participate in the adsorption processes in
the H/O adsorption region. CVs at different scan rates reveal rate capability of NiA and NiX,
i.e., how efficiently they can adsorb a significant H/O amount and desorb with a high
coulombic efficiency. The ideal pseudocapacitive behaviour evidenced by a rectangular shape
of CV curves, is directly associated with higher electrocatalytic activity for HER as can be
characterised by a lower overpotential. Evaluation of the capacitance of the two studied
zeolites shows significantly higher values of capacitance were determined for NiA at all scan
rates. Moreover, sharp peak at ca. 1.4 V in case of NiX indicate absence of pseudocapacitane
in the OER region in case of this zeolite.

Of course, the electrocatalytic reactivity of the active sites depends on their accessibility and
their oxidation state. Thus, amorphous structure of NiA, its porosity and permeability,

contribute to the formation of active sites with minimum overpotential. This might be
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especially important in the case of the OER that is not ideally a surface reaction and it
proceeds within a thin layer (e.g., 10 nm) of the electrocatalyst metal oxide [77].

As for the active sites’ oxidation state, for case of OER, they should be in their high oxidation
states, that occurs at potentials lower than that of OER in case of pronounced

pseudocapacitive characteristics of an electrocatalyst.

Study of HER at NiA and NiX zeolite electrodes

HER polarization curves of NiA and NiX were recorded in 1 M KOH solution in the potential
range from the OCP to -0.43 V. The OCP values at 25 °C amounted to 0.878 and 0.866 V for
NiA and NiX, respectively. The polarization curves at 25 °C revealed that the process
followed by visible bubble formation starts at around 0.5 V, representing the HER, Figure
4A. NiA demonstrated better activity for HER than NiX, most likely due to higher weight
fraction of Ni in the NiA and its higher conductivity. This metal is very attractive as an
electrode material for HER, since the strength of the bond of an adsorbed proton to Ni surface
is intermediate, making Ni the most active pure metal among the non-noble candidates [78].
According to Tafel equation, :

2.3RT 2.3RT
log j, — log j 10
7 logjy——_~—logj (10)

n=a+blogj=

Tafel plots were constructed (Figure 4A inset), where 7 is the overpotential, j is the current
density, R is the universal gas constant, T is the temperature, F' is Faraday’s constant, « is the
charge transfer coefficient, b is the Tafel slope, jj is the exchange current density. NiA gave
lower Tafel slope value of 551 mV dec” compared to value of 857 mV dec™ evaluated for
NiX, Table 1. However, these values of Tafel slope are much higher than those usual for
HER on Ni-based electrodes in alkaline media, Table 2 [24,26-28,33,79-82]. The slopes of
Tafel plots obtained from the data recorded at 45 °C are lower than those obtained at 25 °C,
but still quite high, Table 1. Such high values of Tafel slope indicate hindered electron
transfer through the material [83]. There are various factors influencing the electrode
performance, such as crystal and electronic structure of the material, its morphology, surface
coverage by adsorbed intermediates, the presence of surface oxides, etc [33,83,84] According
to Soares et al. [85], hydride formation at active Ni cathode surfaces changes the HER
pathway to a condition in which hydrogen evolution is limited by the desorption through
recombination, beside decreasing the active Ni area, giving Tafel slopes of 200 - 1000 mV
dec'. Hydride formation and decomposition rates depend strongly on temperature, including

more rapid decomposition at higher temperature [85].
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On the other hand, the j, values obtained for both electrodes are of the same order of
magnitude or even higher than the j, values of most of other Ni-based electrodes in alkaline
media, Tables 1 and 2. However, high specific surface area of the electrocatalyst support
results in the high ratio between real and geometric surface area of the supported
electrocatalyst. Consequently, the number of active sites for the supported electrocatalyst is
higher than for the electrocatalysts without such support, as well as j, provided that geometric

surface area is used for determination of ;.
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Figure 4. HER polarization curves of NiA and NiX at 25 °C with corresponding Tafel plots
in inset (A). HER chronoamperometric curves of two electrodes at the constant potential of -

0.33 V at 25 °C (B). All measurements carried out in 1 M KOH.

Table 1. HER Tafel slopes and exchange current densities of NiA and NiX electrodes at 25
and 45 °C.

Temperature / °C Electrode b/ mV dec” jo/ mA ecm™
NiA 551+3 0.261 +0.004

» NiX 8571 0.580 +0.005

NiA 494 + 1 0.449 +0.001

. NiX 481 +4 0.280 +0.001

Table 2. Parameters of HER activity of some Ni-based electrocatalysts in alkaline solutions at

25 °C.
Electrocatalyst Electrolyte b/ mV dec” jo/ mA cm™ Ref.
Polycrystalline Ni 1 M NaOH 115 1.8x10° [82]
Ni modified by 0.5 M KOH 191 - [24]
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mechanical
polishing
MoNi 1 M NaOH 132-148 0.013-0.079 [80]
NiAlMo 1 M KOH 70-180 15-166 [791]
NiP-TiO, 5M KOH 197 1.43 [81]
NiLa 1 M NaOH 170-198 (4-12.6)x107 [28]
NiCe 1 M NaOH 151-214 (4-50)x10™° [28]
Nip.95Ce.05 8 M KOH 126 1.35x 107 [27].
Nip.9sDyo.05 8 M KOH 101 1.45x107 [26]
Ni.osSmg 5 8 M KOH 74 1.57x107 [26]
Ni 8 M KOH 103 1.15x107° [27]
Ni foam 8 M KOH 109 3.3x10°° [30]
NiCu foam 8 M KOH 131 453%107° [30]
NiO-Ni attached to 1 M KOH 82 - [40]
carbon nanotubes

The stability of the activity of NiA and NiX electrodes for HER was examined by
chronoamperometry in 1 M KOH solution, at the constant potential of -0.33 V for 1 h. The
electrodes exhibited relatively good stability, with a slight increase in current density during
the measurements, Figure 4B. Higher current density was observed in the case of NiA
electrode, as a result of its better activity for HER, which is in agreement with the data
obtained by other electrochemical methods.

The HER at both the electrodes was also studied by EIS. Figure 5 presents the Nyquist and
Bode plots at several temperatures at NiA and NiX zeolites, under an applied potential of -
0.33 V. The intersection of the spectra with the Z’ axis at high frequency in the Nyquist plots
in Figure 5A,B is equal to the sum of the resistances of the wiring, the electrode material and
the electrolyte [86,87]. Additionally, two main relaxations are seen, which are identifiable by
the well-resolved arcs in the Nyquist plots (Figure 5A,B) as well as by the separated peaks in
the Bode plots of Figure SC,D. A high frequency semi-circle can be seen in the insets in
Figure 5A,B, while the largest arc can be observed at low frequencies. The arc diameter
regarding both relaxations seem to change with the temperature in the case of NiA, while in

the case of NiX the arcs of the high frequency relaxation show no effect of the temperature.
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Figure 5. Nyquist (A, B) and Bode (C, D) plots at several temperatures for the HER at NiA
(A, C) and NiX (B, D) electrocatalysts, under an applied potential of -0.33 V.

In the Bode plots regarding NiA (Figure SC) it may be seen that the peaks in the phase angle
are both well-defined and of comparable height, with the low-frequency peak increasing and
the high frequency one decreasing with increasing temperature. The peaks and the transitions
between them are shifted to higher frequencies with the increasing of temperature.

In the case of NiX, Figure SD, the peak at high frequency does not change with the
temperature and shows much lower height than that at low frequencies, meaning that the high
frequency relaxation presents lower phase angles. This is accompanied by somehow
depressed arcs in the Nyquist plots for this relaxation, occurring at slightly higher frequencies
than in the case of NiA, as may be seen in the inset of Figure SB. The flattening of the arcs is
observed in the high frequency relaxation of both electrocatalysts, more evident in the case of
NiX, and may be related to the inhomogeneity of the electrodes surface, due to the porous
nature of the zeolite structure.

Figure 6 presents Nyquist and Bode plots at 25 °C for several applied potentials for both
electrocatalysts. It can be observed that, as expected, the overall impedance decreases with

increasing applied potential in both cases. The general characteristics of the plots are similar
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to those described regarding Figure 5, generally showing two relaxations (with the exception
of NiA at the OCP, Figure 6A, in which the high frequency one seems absent). The applied
potential has an effect on both relaxations in the case of NiA, while NiX shows again clearly
depressed arcs at high frequencies (inset of Figure 6B), independent of the applied potential,
as is the frequency of the corresponding peaks in the Bode plots, Figure 6D. On the other
hand, there is some effect of the applied potential on the low-frequency peak of the Bode plots
in the case of NiX and on both peaks in the case of NiA (Figure 6C).
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Figure 6. Nyquist (A, B) and Bode (C, D) plots at several applied potentials for the HER at
NiA (A, C) and NiX (B, D) electrocatalysts, at 25 °C.

Considering the above described analysis, the impedance data was interpreted using the
equivalent circuits in Figure 7. In order to increase the quality of the fittings, constant phase
elements (CPE) were used in substitution of pure capacitors. CPE elements are usually used in
the interpretation of impedance spectra to account for surface heterogeneity of real systems or
a distribution of time constants on the electrode surface [88,89].

A modified version of the well-known equivalent electric circuit of Armstrong and Henderson

[90-93], comprising two time constants in parallel, is presented in Figure 7A, where R; is the
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resistance of the solution, R, is the charge transfer resistance related with the reaction at the
working electrode, CPE; is related with the double layer capacitance of the working electrode,
R, is the mass transfer resistance of the adsorbed intermediate H,qs, also known as pseudo-
resistance, and CPE, describes the pseudo-capacitance of the working electrode. This
equivalent circuit is normally used when the two relaxations are dependent on the potential,
and therefore, related to the HER [94], as in the case of the HER at NiA. On the other hand,
Figure 7B presents a two-time constant equivalent circuit with the two R-CPE elements in
series, which has been used to model the HER when one of the relaxations is related to the
HER kinetics and the other one is independent of the potential, and therefore not associated
with the HER processes, but with the porosity of the electrode surface [94]. Therefore, this

equivalent circuit was selected to model the HER at the NiX electrocatalyst.

A Rs Rq
YAYA
CPE, Ro
| CPE,
B Rs Ry Ry
VAV -~ N —
CPE, CPE,

Figure 7. Two time constants equivalent circuits used to fit the impedance data of the HER on

the NiA and NiX zeolites with two R-CPE elements (A) in parallel, and (B) in series.

The parameters obtained from fitting the data in Figure 5 with the equivalent circuits in
Figure 7 are presented in Table 3. It may be seen that Ry is coarsely between 3 and 4 Q cm®
in both cases, slightly and systematically decreasing with the increase of temperature. This is
in agreement with a slight increase of the conductivity of the electrolyte with the increasing
temperature, as well as with some increase in the ease of bubble removal from the solution
[95].

In the case of NiA, the charge transfer resistance, R, seems to decrease with the temperature
with most of the values roughly around 11-12 © cm?®. The resistance Ro, related with the
adsorbed hydrogen, seems to have a minimum at 45 °C, showing a value around 75 Q cm”. By
its turn, NiX shows two-fold lower values for the high frequency resistance, R;, related with

the porosity, which shows no effect of the temperature in the measured range. The charge
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transfer resistance, R, in the case of NiX, decrease with the temperature, presenting values
several times higher than those observed for NiA at the studied temperatures.

Regarding the capacitance in the case of NiA, C; shows values of the order of 10° F cm™, in
the range of expected values for the capacitance of the double layer [86,91,96], slightly
decreasing with increasing temperature. For the pseudo-capacitance, C,, higher values of the
order of 10” F cm™ were obtained, in agreement with previously reported values [55,86,90],
with no apparent dependence on the temperature. In the case of NiX, the capacitance

associated with both the high and low frequency relaxations revealed values similar to those

obtained for NiA.

Table 3. Parameters obtained from the EIS data at different temperatures for the HER at NiA
and NiX electrocatalysts, at an applied potential of -0.33 V.

T/°C R,/ Q cm’ R,/ Q cm’ C,/Fcm? R,/ Q cm’ C,/F em?
NiA

25 4.0 67.0+0.5 9.1x10° 196.8 + 6.4 58x 107

35 3.6 12.1+£0.1 83x10° 93.1+0.7 6.0x 107

45 3.6 11.5+0.1 6.6x10° 75.4+0.5 6.0x 107

55 3.5 25.9+0.2 6.3x10° 117.6+1.6 56x107°

65 3.1 10.9+0.3 1.3x10° 15494223 52x107°
NiX

25 3.3 43+0.1 93x10° 563+ 13 12x 107

35 3.3 44+0.1 6.0x10° 463+ 6 41x107

Table 4 presents the parameters obtained from the fitting of the impedance data at 25 °C for
several applied potentials for both electrocatalysts, as shown in Figure 6, using the previously

described equivalent circuits in Figure 7A for NiA and Figure 7B for NiX.

Table 4. Parameters obtained from the EIS data at different applied potentials for the HER at
NiA and NiX electrocatalysts, at 25 °C.

Eapplica/ V R,/ Q cm’ R,/ Q cm? C,/F cm™ R,/ Q cm? C,/F cm™
NiA
0.27 3.7 93.3+0.6 9.8x10° 2271 + 102 4.4x107
-0.13 3.9 71.7+0.5 8.8x10° 745 + 48 55x10°
-0.33 4.0 67.0+0.5 9.1x10° 197+ 6 58x 107
NiX
0.27 3.3 42+0.1 1.0x 107 1099 + 10 6.0x 107
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-0.13 3.2 44+0.1 9.6x 10° 900 + 22 94x10°
-0.33 3.3 43+0.1 9.3x10° 563 + 13 1.2x 107

The values obtained for Ry are similar in both cases and equivalent to those presented in
Table 3. An increasing trend of this resistance with the applied potential may be observed,
which is probably related with the increasing amount of bubbles in the electrolyte. Regarding
the HER related resistances, it can be seen that the charge transfer resistance (R, in the case of
NiA and R; in the case of NiX) is much lower for NiA than for NiX, showing a decreasing
trend with increasing applied potential in both cases. The pseudo-resistance, R in the case of
NiA, clearly decreases with the increase of the applied potential.

Considering the HER related resistances, the sum of R; and R, regarding NiA and only R; in
the case of NiX, it may be seen that they are lower for NiA at high applied potentials, the
potentials of interest for the HER, which suggests higher HER activity of this electrocatalyst
in comparison with NiX.

The double layer capacitance, C;, shows again values of the order of 10° F em™ for NiA,
nearly independent of the applied potential. In agreement with the values presented above, C,
generally shows values of higher magnitude of 10~ F cm™ in both cases, slightly increasing as
the applied potential becomes more negative. For NiX, despite the different models used, the
capacitance values obtained for both the high and low frequency relaxations revealed to be

similar to those obtained for NiA.

Study of OER at NiA and NiX zeolite electrodes

OER polarization curves of NiX and NiA recorded in 1 M KOH from the OCP to 2.27 V at
scan rate of 10 mV s and rotation rate of 1600 rpm are shown in Figure 8A. It was observed
that during OER, NiA zeolite gave a significantly higher value of current density compared to
NiX. Thus, NiA gave five times higher current density (21 mA c¢cm™) than NiX (4 mA cm™) at
2.27 V during OER. Tafel slopes for low overpotential region of NiA and NiX were
calculated (Eq. 10) from the slopes of E vs. log (j) plots (Figure 8A, inset) of polarization
curves in 1 M KOH at 1600 rpm. OER Tafel slopes were found to be 842 mV dec™ for NiX
and 463 mV dec” for NiA, with these values being higher than literature values reported for
similar Ni samples [97,98]. Still, value of 437 mV dec™ was reported for OER at Ni foam [99]
as well as value of ca. 503 mV dec” for OER at Ni foam modified with Pt/C [100], a value
somewhat higher than the value obtained for NiA sample. Furthermore, OER Tafel slope at
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NiA was observed to decrease with an increase of temperature; for instance, value of 356 mV
dec™! was evaluated at 45 °C. Namely, OER polarisation curves were also attained at different
temperatures in the range from 25 to 85 °C (not shown). With increasing temperature, slight
increase in instability of NiA and NiX was noticed, due to formation of gas bubbles. Higher
current densities were obtained with increasing temperature up to 55 °C. These data were used

for calculating apparent activation energy E," by Arrhenius equation (Eq. 11) [27]:

ologj E™
o(1/T) R (1)

where R is the universal gas constant (8.314 JK ' mol ). The values of OER E,*” on NiA and
NiX were determined to be 18.2 and 18.6 kJ mol™, respectively. E,*" values reported in the
literature for OER on different Ni-based electrodes were between 55 [28] and 71 kJ mol™
[65]. Hence, OER at NiA and NiX proceeds with lower E,”" than those reported in the
literature.

Chronoamperometric test of stability of NiA and NiX (Figure 8B) in strongly oxidising
conditions was carried out in 1 M KOH at 1.75 V for 3600 s at 25 °C. NiA gave significantly
higher OER current density than NiX in accordance with the OER LSV results. Current
density was observed to decrease with time, reaching stabile value after 200 s. Thus, NiX

zeolites gave current densities of 0.350 and 0.042 mA cm™ in 3600 s, respectively.
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Figure 8. Polarization curves of NiA and NiX electrodes 1 M KOH at 10 mV s™' and at 1600
rpm with corresponding Tafel plots in inset (A) and chronoamperometric curves at 1.75 V for

3600 s (B).

OER on the Ni-based zeolites was also investigated by EIS. Figure 9 presents the impedance
data at 25 °C (Nyquist and Bode plots) under several applied potentials for the OER at NiA
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(A, C) and NiX (B, D) electrodes. In general, the EIS spectra seems to be controlled by one
single relaxation, as suggested by mostly one RC arc in the Nyquist plots and one peak in the
Bode plots. The insets of Figure 9A, B show the high frequency region of the arcs. However,
the Bode plot for OER at NiA (Figure 9C) at an applied potential of 1.47 V (the lowest
overpotential) shows a second relaxation at low frequencies, which is not so clear for higher
overpotentials, where the high frequency contribution is dominating the impedance response.
The EIS data was then interpreted by the equivalent circuits of Figure 10. The two time
constants equivalent circuit in Figure 10A was used to fit the data of NiA at 1.47 V, and the
one time constant equivalent circuit in Figure 10B used for the remaining OER impedance
data. Regarding the OER, R; may be related to the overall rate of the OER, incorporating the
charge transfer resistances of the various steps, while R; is again correlated with the formation
of intermediates [101,102]. The resistances and capacitances obtained as fitting parameters

are presented in Table 5.
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Figure 9. Nyquist ((A, B) and Bode (C, D) plots at several applied potentials for the OER at
NiA (A, C) and NiX (B, D) electrocatalysts, at 25 °C.
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Figure 10. (A) Two time constants equivalent circuit used to fit the data of NiA at 1.47 V,
and (B) one time constant equivalent circuit used for the remaining data. Ry is the ohmic

resistance of the solution, R; and R, are resistors, and C; and C, are capacitors.

Table 5. Parameters obtained from the EIS data at different applied potentials for the OER at
NiA and NiX electrocatalysts, at 25 °C.

E.ppiica! V R,/ Q cm’ R,/ Q cm? C,/F cm™ R,/ Q cm? C,/F cm™
NiA
1.47 93.6 2692 + 156 6.6x 107 18541 + 1209 41x10*
1.67 134.7 420+5 6.0x 107 - -
1.87 162.1 116+ 1 5.0x 107 - -
NiX
1.47 237.1 15182 + 1505 40x10* - _-
1.67 2472 923 + 19 23x 107 - -
1.87 214.1 12242 8.8x 107 -- -

The values obtained for the electrolyte resistance are much higher in this case than those
previously obtained for the HER study, which should be related to some systematic increase
of the resistance of the wiring used in the OER measurements and not solely to the electrolyte,
since the same electrolyte was used for both HER and OER studies. Nevertheless, higher R
values were obtained when using NiX electrocatalyst than when NiA was used.

The OER impedance data analysis shows that the charge transfer resistance, R;, strongly
decreases with increasing overpotential in both cases. Furthermore, these values are lower for
NiA than for NiX at all the applied potentials.

Another important aspect is the fact that R,, the resistance associated with the lower
frequency relaxation, related to the formation of intermediates, which was detected at NiA for
applied potential of 1.47 V, is much higher than R;, clearly dominating the impedance

response. For higher overpotentials, this time constant is absent, and the OER impedance
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response is dominated by the charge transfer process itself, which is the opposite of what was
observed regarding the HER at NiA.

The capacitance values obtained for the OER are close to the range of expected values for the
double layer and the pseudo-capacitance [55,86,91,96]. The capacitance of the double layer,
C1, shows values of the order of 10~ in the case of NiA and slightly higher (10°- 10 F cm™)
in the case of NiX, slightly decreasing with the applied potential. These capacitance values
are somewhat higher than those observed for the HER. The pseudo-capacitance, C,, shows

again higher values than C; for NiA, as observed for the HER.

4. Conclusion

NiA and NiX zeolites were prepared by ion-exchange method with XRD, FTIR and SEM
analysis revealing differences in both structure and morphology of the two zeolites resulting
further in difference of their conductivities. Despite a higher degree of amorphisation of NiA
zeolite, only one phase was detected by XRD for both synthesized powders. Coherent domain
sizes of 47 and 30 nm were obtained for NiX and NiA, respectively, in agreement with a more
distorted structure observed for NiA sample after ion-exchange. Zeolites were subsequently
studied as electrode materials for HER and OER in alkaline media by LSV, CA and EIS
techniques. All electrochemical measurements showed that NiA has higher activity for both
studied reactions giving higher current density and lower Tafel slope values than NiX zeolite.
At room temperature, Tafel slopes of 463 and 842 mV dec” were obtained for OER at NiA
and NiX zeolites, respectively, while in the case of HER, these slopes amounted to 551 and
857 mV dec™ at 25°C. Chronoamperometric measurements revealed relatively good stability
of both zeolites during HER and OER. Analysis of the impedance data revealed that the HER
is controlled by the adsorption of the H,ys intermediate in the case of NiA, while the overall
resistance related to the HER is lower for NiA than for NiX. On the other hand, in the case of

the OER, the impedance response is controlled by the charge transfer.
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