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Abstract: An ion-exchange procedure of synthetic zeolite ZSM-5 (Si/ Al = 15) was used to prepare
three cobalt ZSM-5 zeolites (CoM-ZSM5 (M = Zn and Ni)) that were examined for OERs in alkaline
media. The structural, morphological, and surface properties of the prepared materials were studied
by X-ray powder diffraction, Fourier transform infrared spectroscopy, scanning electron microscopy
with energy dispersive spectroscopy, and low-temperature nitrogen adsorption. All three electrocata-
lysts showed OER activity where CoNi-ZSMS5 presented the highest current density (9.5 mA cm 2
at 2 V), the lowest Tafel slope (134 mV dec1), and the lowest resistances of the charge transfer
reaction (31.5 (2). Overpotential (Nonset) at an onset potential of 410 mV for both CoNi-ZSM5 and
Co-ZSM5 and 440 mV for CoZn-ZSM5 electrodes was observed. Co-ZSM5 showed somewhat lower
OER catalytic activity than CoNi-ZSM5, while CoZn-ZSM5 demonstrated the lowest OER catalytic
activity. The Rt of CoZn-ZSMS5 is significantly higher than the Rct of CoNi-ZSM5, which could lead
to their different OER activities. Good OER stability and low price are the main advantages of the
synthesized CoM-ZSM5 samples in this study.

Keywords: ZSM-5 zeolite; water electrolysis; oxygen evolution reaction; bimetal electrocatalyst;
transition metal electrocatalyst

1. Introduction

Among the most popular electrochemical devices in the recent decades is an electro-
chemical water-splitting device (EWSD), which presents the most efficient way to produce
oxygen (O,) and hydrogen (H;) by oxygen evolution reaction (OER) and hydrogen evolu-
tion reaction (HER), respectively [1]. The efficiency of these devices mainly depends on
electrocatalysts used for both reactions, especially for OER because of its sluggish kinetics
via the transfer of four electrons [1]. It is common knowledge that the oxides of precious
metals (iridium oxide (IrO;) and ruthenium oxide (RuQ,)) are the most active electrocata-
lysts due to their low overpotential and high OER rates with good stability [1-4]. On the
other hand, their high prices and scarcity limit their use for widely commercial applica-
tions [1-4]. One of the solutions could be preparing these precious electrocatalysts with a
reduced amount of Ir and Ru [5,6] or preparing precious metal-free electrocatalysts, such as
transition metals (TMs) electrocatalysts [1,4,7-9], TM oxides [1,2,7], and TM sulfides [2,10].

Different types of zeolites exchanged or doped with TMs were examined for OERs [11-17].
Four samples of cerium-exchanged zeolites, synthetic 13X, and natural clinoptilolite (Ce-13X cal,
Ce-13X, Ce-Cli cal, and Ce-Cli) were prepared and investigated for OERs in alkaline media [13].
Ce-13X cal showed the highest OER current and the lowest onset potential (1.60 V) [13]. ZSM-5
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and 3 zeolites were ion-exchanged with cerium and calcined to prepare four different OER
electrocatalysts (Ce-ZSM-5 cal, Ce-ZSM-5, Ce-f3, and Ce-f cal) [16]. In this case, Ce-f3 cal
demonstrated the highest OER catalytic activity showing the highest current density and the
lowest Tafel slope (114 mV dec™!) in 1 M KOH [16]. Additionally, NiA and NiX zeolites showed
OER activity in alkaline media [11]. NiA showed higher OER activity because of a higher
amount of Ni than in the NiX sample [11]. 13X zeolite and an aniline monomer in nickel foam
were used to synthesize 13X/PANI-10, -15, -20, and -25 electrodes by electropolymerization
and tested for OERs [12]. A Tafel slope of 168 mV dec™! was obtained for 13X/PANI-15 [12].
A bimetal porous zeolite imidazole framework carbon-based electrocatalyst of a Mog g4Nig 14-
Mo,C@NC nanosphere was synthesized by hydrothermal treatment and tested for OER in
alkaline media [14]. Mog 84Nig 16-M0,C@NC showed high OER activity with a current density
close to 100 mA cm ™2 at ~1.7 V and a low Tafel slope of 60 mV dec™1 [14].

ZSM-5 (Zeolite Socony Mobil No. 5) zeolite, composed of 96 TO, tetrahedra (T = Si, Al)
that form a three-dimensional network, is the most investigated zeolite because of its vast
industrial applications [18]. The crystalline structure of inorganic ZSM-5 zeolite is built of
zigzag 10-membered ring channels (5.1 A x 5.5 A) connected with other 10-membered ring
channels (5.3 A x 5.6 A) that are perpendicular to each other, with a channel intersection
size of ca. 8.5-9.0 A [19]. The microporosity of ZSM-5 zeolite, a high specific surface area,
and well-defined pores and channels [20] have also led to its wide investigation for energy
storage purposes [21-24]. One of the typical features of zeolites is the ability to easily
exchange cations that are located in their pores at specific sites. This can be used to modify
the characteristics of zeolites that are influenced by the type, number, and location of
extra-framework cations. Hence, simple ion-exchange procedures can be used to introduce
electroactive metal centers in zeolitic structures. The cation-exchange capacity of zeolites
presents the amount of exchangeable cations, and it increases with a decreasing Si/Al
ratio. Synthetic aluminosilicate zeolites usually compensate for the negative charge of the
zeolitic framework with NHy*, alkaline, or earth alkaline metals, which can be exchanged
by cations of transition metals [25]. Thus, inexpensive zeolite-based electrodes can be
prepared by the aqueous ion exchange of zeolites.

The aim of this work was to obtain mono- and bimetallic electroactive catalysts based
on ZSM-5 zeolite. Three different CoM-ZSM5 (M = Zn and Ni) zeolites were prepared, char-
acterized by scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS),
Fourier transform infrared (FTIR) spectroscopy, X-ray powder diffraction (XRPD), and
low-temperature nitrogen adsorption, and were investigated in detail for OER in alkaline
media. OER measurements of CoM-ZSM5 electrodes were performed by cyclic voltamme-
try (CV), linear sweep voltammetry (LSV), electrochemical impedance spectroscopy (EIS),
and chronoamperometry (CA).

2. Materials and Methods

The materials investigated in this work were prepared from the hydrogen form of
synthetic zeolite ZSM-5 (Si/ Al = 15) bought from Zeolyst, denoted in this work as ZSM5.
An ion-exchange procedure was accomplished in the diluted aqueous solution of divalent
salt: 5 g of ZSM-5 zeolite was stirred for 7 days at room temperature in 1 L of a 0.003 M
Co(NO3); x 6H0O (purity > 98%, Fluka) solution, then filtered, rinsed with deionized
water, and dried for two hours at 80 °C in air.

The bimetallic sample was prepared by mixing 2 g of cobalt-exchanged ZSM-5 zeolite
and 400 mL of a 0.003 M solution of Zn(NO3), x 6HpO (purity > 98%, Fluka) on a magnetic
stirrer for 7 days, at room temperature. The obtained bimetallic CoZn-ZSMb5 sample was
filtered, rinsed with deionized water, and dried for two hours at 80 °C in air. The same
procedure was performed for the aqueous ion exchange of cobalt-exchanged ZSM-5 zeolite
with a 0.003 M solution of Ni(NO3), x 6HpO (purity 99%, Merck).

All ion-exchanged zeolites were calcined at 500 °C for 5 h in air and denoted as
Co-ZSM5, CoZn-ZSM5, and CoNi-ZSM5.
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The characterization of all materials investigated in this work was performed using
the following experimental techniques. X-ray powder diffraction (XRPD) patterns were
used for the investigation of the crystallinity of prepared materials that were obtained
with a Rigaku Ultima IV diffractometer in Bragg—Brentano geometry by Cu K« radiation
(A =1.54178 A, from 4° to 50° 26 in a 0.020° step with an acquisition rate of 1°/min).

A Thermo Nicolet Avatar 370 spectrometer in a wavenumber range from 4000 cm ™
to 400 cm~! using the KBr pellets technique, with a 4 cm ™! resolution and 64 acquisitions
was used for collecting Fourier transform infrared (FTIR) spectra. The results were used to
study the structural features of the investigated zeolites.

Morphological characterization was performed using a Tescan Mira 3 XMU field
emission scanning electron microscope (FESEM). Before the FESEM analysis, the powders
were coated with Cu using a CY-PSP180G-1TA plasma-coated sputtering apparatus from
Zhengzhou CY Scientific. An energy dispersive spectrometer (EDS) equipped with an
INCA x-act X-ray detector and Aztec 4.3 software package (Oxford Instruments, UK),
coupled to TESCAN Mira3 XMU, was used for elemental analysis. The applied acceleration
voltage was 20 kV. A minimum of three areas of 190 x 190 um? were analyzed on each
sample to obtain a representative composition.

The surface area and porosity measurements of the obtained samples were performed
by a Microtrac Belsorp Mini X instrument. Before the analysis, zeolites were degassed
under vacuum for 2 h at 400 °C (heating rate 1°/min). The textural parameters were
calculated from N; adsorption—desorption isotherms using Brunauer-Emmett-Teller (BET),
t-plot, and Barrett, Joyner, and Halenda (BJH) methods.

All electrochemical measurements were performed using an Ivium V01107 Potentio-
stat/Galvanostat. A graphite rod and saturated calomel electrode (SCE) were set as counter
and reference electrodes, respectively. All potentials in this study are presented versus the
reversible hydrogen electrode (RHE). Three CoM-ZSMS5 electrodes were set as working
electrodes. The catalytic ink-preparation procedure is presented in ref. [16]. Namely, 5 and
0.6 mg of the powder and Vulcan XC-72R, respectively, were ultrasonically mixed in 20 pL
of a 2% polyvinylidene difluoride solution in N-methyl-2-pyrrolidone (PVDF) for 30 min.
Because of the low electric conductivity of the zeolites [26], Vulcan XC-72R was added
to increase the electric conductivity of CoM-ZSMS5 electrocatalysts. Before pipetting the
catalytic ink, the glassy carbon tip was cleaned with ultrapure water in an ultrasonic bath
for several minutes. Then, 10 uL of the prepared catalytic ink was pipetted onto a cleaned
glassy carbon tip to prepare the working electrode, which, afterward, was dried for 12 h
at 100 °C. A geometrical surface area of the glassy carbon tip (0.945 cm~2) was used for
calculating the current densities presented in this work.

A cyclic voltammetry (CV) investigation in an Nj-saturated 1 M KOH solution at
different scan rates ranging from 10 to 100 mV s~ ! was performed for the calculation of
double-layer capacitance (Cq).

The investigation of CoM-ZSM5 (M = Zn and Ni) zeolites” activity for OER was
performed by linear sweep voltammetry (LSV) ina 1 M KOH solution at 20 mV s~!. Stability
tests were completed at 1.9 V for 3600 s by chronoamperometry (CA). Electrochemical
impedance spectroscopy (EIS) measurements with three electrodes were performed in the
frequency range of 100 kHz to 0.1 Hz, with a 5 mV amplitude.

1

3. Results
3.1. Characterization of CoM-ZSM5 Electrocatalysts

X-ray powder diffraction analysis was used to investigate the crystallinity of parent
and ion-exchanged zeolites, as shown in Figure 1, because the ion-exchange procedure can
modify zeolite structure.

The XRD patterns of Co-ZSM5, as well as CoZn-ZSM5 and CoNi-ZSMS5 catalysts, show
only characteristic reflections of parent zeolite ZSM5 (Figure 1A). The main diffraction
peaks of ion-exchanged zeolites are detected at the 26 0of 7.9, 8,8, 23.1, 23.9, and 24.3°, which
are in the range 20 = 7-9° and 23-25° characteristic of the ZSM-5 crystal structure [19].
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The characteristic diffraction peaks of starting zeolite, presented in diffractograms of all
ion-exchanged samples, reveal that the structure of ZSM5 is retained after ion exchange
with transition metals, and no differences in crystallinity are detected. In addition, no other
phases related to Co, Ni, or Zn species were observed. These findings indicate that only a
small fraction of transition metals, Co, Ni, and Zn species, is introduced by ion exchange
inside the zeolite framework and it is highly dispersed.
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: oNi- 2

i CoNi-ZSM5 § m,\ /_.\/\

-‘g CoZn-ZSM5 % m\ /__\

E E ZSM5 ’\ [\r\g
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Figure 1. Diffractograms of parent and ion-exchanged ZSM-5 zeolites (A), and FTIR spectra of parent
and ion-exchanged ZSM-5 zeolites (B).

The FTIR spectra of starting and ion-exchanged ZSM-5 zeolites are shown in Figure 1B.
The bands characteristic for vibrations of the ZSM-5 zeolite aluminosilicate framework are
present in the FTIR of starting and cation-exchanged zeolites at 453, 545, 794, 1095, and
1221 em ™!, which correspond to the bending vibration of the T-O bond, external double-
ring vibration, external symmetric T-O stretching vibration, T-O-T asymmetric stretching,
and external T-O-T asymmetric stretching, respectively [27]. FTIR spectra do not show
any evidence of perturbation of the zeolite framework due to the ion-exchange procedure,
which is consistent with the XRD results. In addition, the relative bands’ intensities are the
same for Co-ZSM5, CoZn-ZSM5, and CoNi-ZSM5.

The N, adsorption—-desorption isotherms and pore distribution of starting and ion-
exchanged ZSM-5 zeolites are presented in Figure 2. Also, the BET surface area and pore
structure results of all synthesized samples are summarized in Table 1. All investigated
zeolites showed typical type I isotherms corresponding to microporous materials [28]. A
little influence of the ion-exchange procedure on the textural properties was confirmed by
the investigation of the obtained results (Table 1) because all N, adsorption-desorption
isotherms were similar to each other. This finding is in accordance with the XRD and FTIR
spectroscopy results.

However, a slight decrease in the BET surface area was detected for both Co-ZSM5
and CoZn-ZSM5 zeolites. This finding could have originated from pore blocking, which
might have occurred due to cobalt and/or zinc species either dispersed in the channels or
deposited on the outer surface of the zeolite. The microporous volume was not affected
by the ion-exchange procedure, demonstrating the preservation of the structure of the
investigated zeolites.

Total pore volume slightly increased after the introduction of metals in the ZSM-5
zeolite, indicating some surface mesoporosity.

The representative results obtained by the SEM-EDS analysis of the investigated
electrocatalysts are presented in Figure 3. SEM micrographs show that all metal-exchanged
electrocatalysts have a close resemblance or identical morphologies. This finding is in
accordance with the results obtained by other applied characterization techniques, XRD,
FTIR spectroscopy, and low-temperature nitrogen adsorption; namely, the structural and
textural characteristics of the parent ZSM-5 zeolite were not significantly affected by the
ion-exchange procedure.



Processes 2024, 12, 907 50f12

—s— adsorption —=— adsorption
—s— desorption (A) . —=— desorption (B)
w1501 '°D150-
“ 18M5 o) Co-ZSMS
g =)
%) ~
— 100+ ~ 100 ;’” —— pore size distribution
@ 2 g 0015
= : < -
-E 50 §0_010 -E 50 § o ]
- S omsf [ - g oms i
: 0.000 \"' % o 0 '.FZPO_.ED 80 100 120
0 - 60 0 . . D
02 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
p/p0 p/ P,
200 . 2004
—— adsorption (C) —— adsorption
—s— desorption _ —e— desorption (D)
'onl501 o0 150
o0 5
- CoZn-ZSM5 "’E CoNi-ZSM5
g © ”
~ 101 - - —— pore size distribution \“ 100 }n = pore size distribution
s g o0, - g WIS
E - = 'f 0.010
?:_ ~ E 0010 = 50- § h
> S ous)} - g sl
= o) z oomg kd’rlwls.o 8 100 120
0 ‘ ' 0 Z"D/nm‘w 60 0 . 'I D /nm . -
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
p/p, P/p,

Figure 2. Nitrogen adsorption-desorption isotherms of parent and ion-exchanged ZSM-5 zeolites.

Table 1. Zeolite’s textural properties obtained by BET analysis and t-plot methods.

Sample o s e o
ZSM5 349 40 0.147 0.255
Co-ZSM5 344 45 0.142 0.303
CoZn-ZSM5 342 46 0.142 0.263
CoNi-ZSM5 360 54 0.145 0.307

@ Sgpr—specific surface area calculated using the Brunauer-Emmett-Teller (BET) method from N, isotherms.
b S, ternal—calculated by t-plot (t = 0. 5-0.75). ¢ Vicro—micropore volume, calculated by t-plot (t ~ 0. 5-0.75).
d v i—total pore volume calculated from the desorption isotherm at P/Py = 0.985.

Chemical compositions, shown in Table 2, determined on the surface of investigated
electrocatalysts by EDS analysis show that low amounts of transition metals were intro-
duced into the zeolitic structure (about 1 wt%). The amount of Co introduced during the
first ion-exchange procedure does not seem to be affected by an additional ion-exchange
cycle with Zn or Ni cations.

Table 2. Elemental compositions detected on the surface of investigated zeolites by EDS analysis.

ZSM5 Co-ZSM5 CoZn-ZSM5 CoNi-ZSM5
Element

wt %
(@] 57.94 £+ 0.35 54.59 + 0.37 58.65 + 0.40 55.10 £+ 0.27
Si 39.51 £ 0.33 4257 +0.34 37.88 + 0.36 41.75 +0.25
Al 2.55 £0.10 2.54 +0.09 2.52 £0.11 2.71 £ 0.07
Co 0.27 £ 0.13 0.24 +0.14 0.25 £+ 0.09
Zn 0.71 £0.23

Ni 0.20 £0.19
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50 pm . 50 pm 50 pm

Figure 3. SEM micrographs of Co-ZSM5 (A), CoZn-ZSM5 (B), and CoNi-ZSM5 (C) with the cor-
responding EDS spectra of Co-ZSM5 (D), CoZn-ZSM5 (E), and CoNi-ZSM5 (F), and the elemental
mapping of CoNi-ZSM5.

3.2. Oxygen Evolution Reaction Investigation

Figure 4 shows cyclic voltammograms (CVs) obtained in an Nj-saturated solution for three
studied zeolites recorded in the non-Faradaic potential region at different scan rates [13,16].
These results (Figure 4D) are used for the calculation of the double-layer capacitance (Cqy)
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that is directly proportional to the electrochemical active surface area (ECSA) [13,16]. Cq
values were found to be of the same order of magnitude, though somewhat higher in the
case of Co-ZSM5 (2.8 mF cm™2) of CoZn-ZSM5 (1.6 mF cm~2) and CoNi-ZSM5 (1.6 mF cm™2)
electrodes, implying a somewhat higher ECSA and number of active sites for OERs in the case
of Co-ZSM5 [29]. Still, the accessibility and oxidation state of the active sites play an important
role in the material’s activity for the OERs, so a higher ECSA /number of active sites does not
always lead to higher current densities [13,30-33]. Moreover, some studies emphasize the fact
that a non-Faradaic Cy was obtained by measuring the current density due to electrolytes’
adsorption/desorption, while the OER current was obtained due to electron transfer, which is a
clear Faradaic process [29].

0.41
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< O o 01

g 0.0] g /
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Figure 4. CVs of Co-ZSMS5 (A), CoZn-ZSM5 (B), and CoNi-ZSM5 (C) in an Nj-saturated 1 M KOH
solution at different scan rates ranging from 10 to 100 mV s~! with the corresponding double-layer
capacitance plots (D).

The activities of Co-ZSM5, CoZn-ZSM5, and CoNi-ZSM5 toward OER catalysis were
next investigated by LSV in alkaline media (Figure 5A). An onset potential (Eonset) 0of 1.61 V
was observed for both CoNi-ZSM5 and Co-ZSM5 and a 30 mV higher value for CoZn-
ZSM5 (1.64 V). Accordingly, the corresponding overpotential (nonset) at onset potential was
found to be 410 mV for both CoNi-ZSM5 and Co-ZSM5 and 440 mV for CoZn-ZSM5. The
overpotential value determined for CoNi-ZSM5 and Co-ZSM5 was equivalent to that of
calcined Ce-f (410 mV), but was 110 mV lower than that of Ce- (520 mV) (Table 3) [16].
Furthermore, the nonset value was 80 and 50 mV lower compared to Ce-ZSM-5 (480 mV) and
Ce-ZSM-5 cal (460 mV), respectively [16]. Similarly, synthetic 13X and natural clinoptilolite
exchanged with Ce (Ce-Cli, Ce-Cli cal, and Ce-13X) showed values of nonset 60 to 120 mV
higher than the CoNi-ZSM5 and Co-ZSMS5 in this study [13]. The only exception was
Ce-13X cal, with a comparable 1onset of 400 mV [13].
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CoNi-ZSMS5 reached the highest current density of 9.5 mA cm 2, followed by Co-ZSM5
(6.8 mA cm’z), while CoZn-ZSM5 showed the lowest current density of 2.3 mA cm—2 at

2V (Figure 5A).
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Figure 5. Polarization curves (iR-corrected) of Co-ZSM5, CoZn-ZSM5, and CoNi-ZSM5 at 20 mV s 1
with the corresponding Tafel plots in the inset (A); Nyquist plots of three CoM-ZSMS5 electrodes
at—1.9 V (B) and of CoNi-ZSM5 at three different potentials (1.7, 1.8, and 1.9 V), with the corre-
sponding equivalent circuit used to fit the experimental data; (C) and chronoamperometric curves of
CoM-ZSMS5 electrodes at 1.9 V at 3600 s (D) in a 1 M KOH solution.

Table 3. Kinetic parameters of OER at Co-ZSM5, CoZn-ZSM5, and CoNi-ZSM5 compared with those
of similar zeolite electrodes from the literature reports.

glﬁi{trocatalysts Eonset/V. Tonset/mV gleTX ]crilt 32 VimA References
Co-ZSM5 1.61 410 269 6.8 This work
CoZn-ZSM5 1.64 440 234 2.3 This work
CoNi-ZSMb5 1.61 410 134 9.5 This work
Ce-ZSM-5 1.68 480 207 1.6 [16]
Ce-ZSM-5 cal 1.66 460 202 17 [16]
Ce-3 1.72 520 312 2.6 [16]
Ce- cal 1.61 410 114 7.3 [16]
Ce-Cli 1.73 530 220 12 [13]
Ce-Cli cal 1.69 490 278 1.54 [13]
Ce-13X 1.67 470 280 2.14 [13]
Ce-13X cal 1.60 400 296 4.6 [13]
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Table 3. Cont.
glli?trocatalysts Eonset/V. Monset/mV ZQTX Lrilt*sz/mA References
NiA / / 463 ~13 [11]
NiX / / 842 ~3 [11]
Co304/NCN / ~380 102 / [34]
Co-O@HNC / / 105.7 / [35]
CoRu-A@HNC / / 180.6 / [35]
Co@NC / / 90 / [36]
Co30,@NCNs / / 220 / [36]
CoPt/mpg-CN 1.62 / 160 / [37]
CoPt/C (46.7 wt% Pt)  1.59 / 208 / [37]

Tafel slopes of 134, 234, and 269 mV dec~! were determined for CoNi-ZSM5, CoZn-
ZSM5, and Co-ZSM5 respectively (Figure 5A inset). CoNi-ZSM5 showed the lowest value of
the Tafel slope reflecting the highest rate of OER in this zeolite. These values are comparable
with different types of zeolites exchanged with Ce [13,16]. On the other hand, Ce-3, Ce-Cli
cal, and Ce-13X cal presented higher Tafel slopes than all the zeolites examined in this
study [13,16]. Tafel slope values as high as 842 and 463 mV dec™! were obtained for OERs
of NiX and NiA zeolites, significantly higher than the values presented in this study [11].
Moreover, the Tafel slope value evaluated for CoNi-ZSM5 was comparable to that of OER
electrocatalysts of different classes of materials. For instance, the cobalt oxide compound
on nitrogen-doped carbon nanosheets (CozO4/NCN) tested for OER in alkaline media
showed a somewhat lower Tafel slope of 102 mV dec™! than CoNi-ZSMS5 [34]. Co/Co30;
with a small fraction of RuO, integrated into a hollow carbon matrix (Co-O@HNC and
CoRu-A@HNC) showed Tafel slopes of 105.7 and 180.6 mV dec !, respectively, in 0.1 M
KOH [35]. Defect-rich N-doped carbon nanosheets supported with Co3O4 nanoparticles
(Co@NC and Co304@NCNs) showed high OER activity, where Tafel slopes of 90 and
220 mV dec™! were calculated for Co30;@NCNs and Co@NC, respectively [36]. It is
interesting to note that Coss5Pts5 alloy nanoparticles synthesized on mesoporous graphitic
carbon nitride (CoPt/mpg-CN) and commercial CoPt/KB [37] showed Tafel slopes of 160
and 208 mV dec ! in alkaline media during OERs, respectively. These values are higher
compared to this of CoNi-ZSM5, which does not contain precious metals that directly
impact the catalyst’s price.

Table 4 shows the EIS parameters for Co-ZSM5, CoZn-ZSM5, and CoNi-ZSM5 elec-
trodes obtained by fitting EIS data using an appropriate equivalent circuit (Figure 5B inset).
The validity of EIS data before the fitting procedure was checked by the Kramers-Kronig
validation test (KK test) [38]. The two-times-lower charge-transfer resistance, R¢t, was
evaluated for CoNi-ZSM5 (31.5 ) instead of for Co-ZSM5 (68.7 (), which can be observed
in the Nyquist plots presented in Figure 5B. The highest Rt was noticed for the CoZn-ZSM5
electrode (133.4 2). These EIS parameters are in agreement with the OER results obtained
by LSV. Figure 5C shows the Nyquist plots of the CoNi-ZSM5 electrode recorded at three
different potentials. R¢¢ values of CoNi-ZSMS5 of 31.5, 45.4, and 106.8 () were obtained at
1.9,1.8 and 1.7 V, respectively. The Rt value of CoNi-ZSM5 decreases with the increasing
potential value.

CA curves of Co-ZSM5 and CoZn-ZSMS recorded at 1.9 V showed stable current
densities after the first 50 s, while the current density of CoNi-ZSM5 became constant after
1500 s during the OER. The drop in current density values partially came from the existence
of oxygen bubbles covering the electrode surface and thus reducing the ECSA. Still, CoNi-
ZSM5 showed the highest current density during the OER, which is in agreement with the
results obtained by CV and EIS. This behavior could be a consequence of the highest BET
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surface area of CoNi-ZSM5 due to the higher number of free pores than in the cases of Co
and CoZn/rGO. Moreover, CoNi-ZSM5 displayed the highest pore size that assisted the
mass transport to/from the electrode leaving the active sites available for fresh electrolytes.

Table 4. Electrochemical impedance spectroscopy (EIS) parameters of Co-ZSM5, CoZn-ZSM5, and
CoNi-ZSM5in1 M KOH at 1.9 V.

Electrocatalyst R () R.t () Q. (mF)

Co-ZSM5 4.8 68.7 6.5 x 1074
CoZn-ZSM5 109.3 133.4 1.1 x 1073
CoNi-ZSM5 29.5 315 6.4 x 1074

Rs—electrolyte resistance, Rs—resistances of the charge transfer reaction, and Q.—constant phase element.

It is well known that cobalt metal electrocatalysts have centers that are potentially
active for OERs in alkaline rather than in acidic media [39]. The most investigated cobalt
centers are CoOy and CoOOH in alkaline media [39]. Density functional theory (DFT)
calculations of OER pathways in cobalt-based electrocatalysts (CoCat) suggest three op-
tions [40]. The first option, the rate of H" mobility at the CoCat/H,O interface, has a direct
impact on the distribution of terminal Co(IlI)-OH groups [39,40]. The second option shows
that OERs start by releasing a proton from terminal Co-OH sites, which favor the existence
of proton-acceptor species or the formation of a Co(IV)=0* oxyl radical in solution [39,40].
The third option offers the coupling of Co=0 radicals with Co-OH or Co—-pO-Co species to
make hydroperoxo and peroxo intermediates, which presents the irreversible chemical step
where an attachment of the external water molecule to Co=0 radicals is discouraged by a
high-energy barrier [39,40].

4. Conclusions

Catalytic activity regarding OERs in alkaline media was exhibited by the studied
Co-ZSM5, CoZn-ZSM5, and CoNi-ZSMS5 electrocatalysts. The electrocatalysts, prepared by
simple and inexpensive aqueous ion-exchange procedures, were characterized in detail
by XRD, FTIR, SEM-EDS, and low-temperature nitrogen adsorption techniques. Eonget 0f
1.61 V was found for both CoNi-ZSM5 and Co-ZSM5 electrodes, 1.64 V for CoZn-ZSM5,
a corresponding overpotential Nonset 0f 410 mV for both CoNi-ZSM5 and Co-ZSMS5, and
440 mV for CoZn-ZSM5 electrodes. The highest OER current was noticed for CoNi-ZSMS5,
followed by Co-ZSM5, while the lowest OER current density was obtained for CoZn-ZSM5
electrocatalysts. This behavior could be the consequence of the remarkable difference in
Rct, where the R¢t of CoZn-ZSMS5 is almost four-times higher than the R¢; of CoNi-ZSMS.
Tafel slopes of 134, 234, and 269 mV dec~! were observed for CoNi-ZSM5, CoZn-ZSMS5,
and Co-ZSM5, respectively. Finally, the highest OER activity was observed for CoNi-ZSM5,
and slightly lower activity was noticed for Co-ZSM5. These CoM-ZSMS5 electrodes could
be good potential candidates for renewable energy devices because of their low price and
stable activity during OERs.
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