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Abstract

A major obstacle in achieving massive operations water splitting is the slow rate of the
anodic reaction. To address this issue, metal phosphates have been extensively employed as
efficient materials for the oxygen evolution reaction (OER). In this study, ZIF-67 structures were
synthesized in both single-metal and bimetallic forms with different molar ratios of cerium. The
structure with the best electrochemical activity ((5 present) cerium doped ZIF-67 ((5)CeZIF-67))
was subjected to a phosphatization process, resulting in the formation of the amorphous and hollow
cerium doped cobalt phosphate (Ce-CPO) structure as a novel and highly efficient OER
electrocatalyst. To the best of authors knowledge, this is the first report on the synthesis and
application of Ce-CPO structure for boosting OER process. This resultant structure exhibited
suitable electrochemical performance in the oxygen evolution reaction (OER), achieving an
overpotential of 286 mV at a current density of 30 mA cm and a Tafel slope of 74.4 mV decade”
!, Furthermore, the final structure demonstrated satisfactory stability during a 10 h operation
period. The notable improvement in the Ce-CPO structure was due to the use of a bimetallic
framework combined with phosphorus and an amorphous porous structure. The distinctive
configuration achieved greatly amplifies the effective surface area, hence improving electron
transfer. The findings of this research can contribute to the development of electrodes with

improved performance in OER.

Keywords: Metal phosphates, Oxygen evolution reaction, Amorphous and hollow structure,

Cerium doped cobalt phosphate
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1. Introduction

The growing need for energy, coupled with the swift depletion of conventional fossil fuels, has
propelled the rapid advancement of efficient energy storage as well as conversion technologies
[1,2]. Water splitting processes has prompted significant research because of its exceptional
effectiveness in energy conversion and environmentally friendly characteristics [3,4]. This process
is divided into two reactions: the cathodic hydrogen evolution reaction (HER), and the anodic
oxygen evolution reaction (OER) [5,6]. The anodic process needs much more efficient materials
because of its slow kinetics [7,8]. Ruthenium and iridium-based catalysts exhibit a comparatively
small overpotential and demonstrate excellent catalytic activity in OER [9,10]. However, its
expensive price and limited availability hinder its extensive utilization [11]. Given these factors, it
is essential to make effective and strong electrocatalysts using materials that are plentiful on earth

to study their efficacy in OER [12,13].

Recently, phosphate-based transition metals have shown significant promise as materials for
electrochemical water splitting, owing to their proton-accepting capacity that enhances the
oxidation of metal atoms and their tendency to alter catalyst structure [14]. For instance, Shaikh et
al. [15] reported Ru-doped copper phosphate with an overpotential of 340 mV at a current density
of 10 mA cm™. This work showed that using this phosphate-based structure creates an effective
electrochemically active surface that improves ion transport at the electrode-electrolyte contact.
Moreover, ZIF-67 is a structure with crystallinity and porosity that is created by combining organic
ligands with cobalt ions [16]. It serves as an excellent intermediary for producing porous cobalt-
based compounds, and there are several efficient techniques to enhance the performance of this

structure in terms of OER optimization [17].
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Firstly, the process of metal doping has the ability to enhance the catalytic performance [18].
Hence, bimetallic structures exhibit better adsorption and desorption behavior toward
intermediates that have oxygen than monometallic materials [19]. Cerium (Ce) is an element that
has a 4f electrons; metals with these kinds of electrons possess distinct chemical and electronic
characteristics [20,21]. As a result, when 4f electrons are transferred, materials containing Ce often
exhibit a smooth change from the +3 and +4 valence states [22,23]. This property allows for easy
combination with 3d transition metals like cobalt (Co), which exists in the ZIF-67 structure, to
control the distribution of electrons [24]. For example, Liu et al. [25] synthesized Ce-doped hollow
mesoporous NiCo204 nanoprisms, which shows an overpotential of 290 mV at current density of
10 mA cm™. This research demonstrated that doping Ce into the MOF structure significantly

enhances its performance in the OER.

Furthermore, surface structure engineering of a catalyst is an important approach for setting up its
surface characteristics, which play a crucial role in defining the ultimate electrocatalytic activity
in the OER [26]. In one hand, a hollow structure is advantageous for increasing both mass and
electron transport, resulting in improved conductivity [27]. On the other hand, amorphous
materials have attracted considerable interest because of their improved ability in OER [28,29].
Actually, amorphous structures provide a significant number of active sites, which greatly
improves electrocatalytic activity [30]. Moreover, the presence of local structural disorder at short
distances enhances the performance of the synthesized structure, as a result of the significant

interaction between electrons and the lattice [31].

Given the mentioned factors and the synergistic effects they can have on improving the
performance of electrocatalysts used in OER, in this study, the ZIF-67 structure was synthesized

in both monometallic form and bimetallic form with cerium as a dopant. Furthermore, the effect
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of the molar amount of cerium on the performance of this structure in the OER was investigated.
After optimizing the cerium doping amount in the ZIF-67 structure, (5 present) cerium doped ZIF-
67 ((5)CeZIF-67) (optimized material) underwent phosphatization process in a tube furnace,
resulting in the formation of amorphous and hollow cerium doped cobalt phosphate (Ce-CPO)
structure as a novel and highly efficient OER electrocatalyst. Additionally, to examine the
beneficial effect of cerium incorporation in the final structure, we synthesized the CPO structure
using the same method as for Ce-CPO. It was demonstrated that the bimetallic phosphatized Ce-
CPO structure exhibited superior performance compared to the cobalt phosphate (CPO) structure.
To the best of authors knowledge, this is the first report on the synthesis and application of Ce-
CPO structure for boosting OER process. The synthesized materials underwent structural studies,
including Fourier transform infrared spectrometer (FT-IR), X-ray diffraction (XRD), energy
dispersive spectroscopy (EDS), inductively coupled plasma-optical emission spectrometry (ICP-
OES), field emission scanning electron microscope (FESEM), and transmission electron
microscope (TEM). Electrochemical analyses revealed that the optimization of the bimetallic
structure of ZIF-67, followed by surface engineering on the optimized structure, led to improved
electron transfer, increased active surface area, and consequently, the suitable performance of the
Ce-CPO structure in the OER process. The Ce-CPO structure, when subjected to a current density
of 30 mA cm, had an overpotential of 283 mV. Furthermore, the Tafel slope recorded for this
configuration was 74.4 mV dec!. Stability tests further confirmed that the Ce-CPO structure
consistently maintained exceptional performance over extended usage, thereby showing its

appropriateness for long-term applications.
2. Experimental

2.1. Materials
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Cobalt(Il) nitrate  hexahydrate  (Co(NO3)2.6H>O), cerium(Ill) nitrate  hexahydrate
(Ce(NO3)3.6H20), sodium hypophosphite monohydrate (NaH»PO>.H>0O), 2-methylimidazole
(C4HgN>), potassium hydroxide (KOH), nitric acid (HNOs3), hydrochloric acid (HCI), acetone
(C3Hs0O), N-methyl-2-pyrrolidone (CsH9oNO), and carbon black (C) were purchased from Merck
(Germany). Nickel foam (NF, thickness:0.3 mm) was obtained from American Elements (United
States). Polyvinylidene fluoride (-(CoH2F2)n-) was purchased from Alfa Chemistry (United States).

Methanol (CH30OH) with purity of (99%) was obtained from Neutron Pharmacochemical Co (Iran).

2.2. Synthesize of ZIF-67, (X)CeZIF-67 (X=1, 3, 5, 7), CPO and Ce-CPO

In order to synthesize the ZIF-67 structure, a solution was prepared by dissolving 0.0039 mol of
cobalt in 30 ml of methanol in beaker A. In beaker B, 0.0159 mole of 2-methylimidazole were
dissolved by adding and mixing 30 ml of methanol. Subsequently, the solution contained in beaker
B was gradually introduced into beaker A, resulting in the transformation of the solution into a
purple color. The resulting combination was then agitated for a duration of 30 minutes. The
resultant solution was allowed to remain undisturbed at ambient temperature for a duration of 24
h, after which the resulting precipitate was subjected to three successive washes using pure
methanol. Afterwards, the sample was subjected to a drying process for a duration of 12 h at a

temperature of 60 °C inside an oven in order to get ZIF-67.

To synthesize the bimetallic structure, 0.003861 mol of Co(NO3)2.6H>0 and 0.000039 mol of
Ce(NO3)3.6H20, were dissolved in methanol. The previous procedure was then repeated. The
powder obtained was designated as (1 present) cerium doped ZIF-67 ((1)CeZIF-67). Similarly, the
synthesis was conducted using three, five, and seven molar percentage of cerium, resulting in the

formation of (X)CeZIF-67 (X =3, 5, 7), respectively.
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For the synthesis of the Ce-CPO structure, 0.1 g of the optimized bimetallic structure ((5)CeZIF-
67) was placed in one porcelain boat, and then 0.5 g of NaH>PO,.H>O was added to another
porcelain boat. These boats were placed in a tube furnace under a nitrogen atmosphere for the
phosphatization process. The process was carried out at 300 °C with a heating rate of 5 °C per min
and maintained at this temperature for 2 h. The resulting material was named Ce-CPO. To better
compare the electrochemical performance, CPO was synthesized using the monometallic ZIF-67

structure following the same method.
2.3. Materials characterization

The FT-IR spectra were obtained using the PerkinElmer instrument (United States), including a
wavelength region of 4000—400 cm™!. The X-ray diffraction (XRD) analyses of the materials have
been recorded utilizing a PANalytical equipment (United Kingdom) with Cu—Ka radiation. The
elemental mapping properties of synthesized materials were assessed utilizing energy dispersive
spectroscopy (EDS) using the TESCAN (Czech Republic) instrument. The electron microscopy
was used to analyze the morphology and structure of the produced samples (FE-SEM, TESCAN
(Czech Republic); TEM, Zeiss (Germany)). The Ce content of the synthesized materials was
determined using inductively coupled plasma-optical emission spectrometry (ICP-OES) on a

Varian-Inc (United States) equipment.
2.4. Electrochemical measurements

The working electrode was fabricated by the following procedure. Initially, nickel foam, cut into
1 x 1 cm? pieces, was subjected to ultrasonic waves in acetone, 2 M KOH solution, and 1 M HCI
solution for 10, 4, and 2 min, respectively. Finally, it was treated with ultrasonic waves in acetone

for 5 min and then dried at room temperature. Subsequently, a solution of CsHoNO and (CoHzF2),
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was prepared in a 9:1 weight ratio. A mixture containing 12 mg of the synthesized catalyst and 2
mg of carbon black was then dissolved in this solution. The resulting slurry was then applied to
the surface of the NF. Ultimately, the NF that had been coated was subjected to a temperature of

120 °C in an oven for a duration of 2 h.

An electrochemical workstation (RADstat, Kianshar Danesh, Iran) was used to perform
electrochemical evaluations of synthesized structures. The electrochemical evaluations were
performed utilizing a three-electrode setup. Ag/AgCl (sat. KCl) and platinum (Pt) wire were used
as reference and counter electrodes, respectively. The working electrodes were the coated NFs,
which were mentioned previously. A 1.0 M solution of KOH was used as the electrolyte for
electrochemical measurements. The potentials were determined with respect to a reversible

hydrogen electrode (RHE), which is demonstrated by the equation (1).

Erie = Eagagcr + Exgiager T 0.059 pH (1)

. & o E

Co(NO;),.6H,0 Ce(NO;);.6H,0 Methanol

i\_)/ CHy-OH 6

2-Methylimidazole  Methanol Stirred for 30 Remain undisturbed
min for24 h

[ouryjoux
aand Yy paysesy

(5)CeZIF-67

Ce-CPO Phosphatization under nitrogen
atmosphere
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Scheme 1. Schematic of synthesis for Ce-CPO
3. Results and discussion
3.1. Materials characterization

The Ce-CPO were synthesized following the technique shown in Scheme 1. FT-IR analysis was
performed to examine the functional groups of the synthesized materials, and the spectrum of all
single-metal and bimetallic ZIF-67 structures is visible in Fig. 1a. The peak at 425 cm™ indicates
the Co-N stretching mode [32]. The peaks in the range of 600 to 1500 cm! represent the stretching
and bending modes of the imidazole ring, alongside the peak at 1584 cm™! which is related to the
C=N stretching bond [33-35]. Additionally, the peaks at 2925 and 3128 cm’! respectively represent
the aliphatic and aromatic C-H bonds [36,37]. All these peaks in the single-metal and bimetallic
structures with different ratios of Ce confirm that the materials are well-synthesized and consistent

with the ZIF-67 structure.

Furthermore, as shown in Fig. 4a, the phosphatization of the (5)CeZIF-67 structure resulted in the
disappearance of some previous peaks and the emergence of new peaks in the FT-IR spectrum of
Ce-CPO. This indicates the effectiveness of the phosphatization process in altering the structure
and forming new bonds. Specifically, the peaks at 1080 and 908 cm™! indicate the asymmetric and

symmetric stretching of PO?{, respectively [38]. Additionally, the peak that appears at 540 cm™! is

related to the stretching mode of POf{ [39].

XRD analysis was performed on the manufactured substances in order to determine their
crystalline structure. The peaks of ZIF-67 are illustrated in Fig. 1b at specific 20 angles: 7.32,
10.70, 12.80, 14.79, 16.68, and 18.28. Additionally, the peaks also confirm the structural

arrangement of ZIF-67 [40]. The planes associated with the specified angles could be observed in



193  Fig. 1b. The bimetallic structures exhibit diffraction peaks at identical angles with strong intensity,
194  demonstrating their homogeneous synthesis and high crystallinity [41]. The incorporation of Ce
195  with different ratios into the ZIF-67 structure has not caused any major alteration in its crystalline
196  phase, thereby highlighting the dopant role of Ce in the ZIF-67 structure [42]. Moreover, the
197  observed pattern for the Ce-CPO structure reveals the absence of distinguishable peaks, indicating
198  its amorphous structure. Additionally, to better compare the structures, the rescaled XRD image in

199  the 20 range of 0 to 30 degrees is shown in Fig. Ic.
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Fig. 1. (a) FT-IR spectra and (b) XRD patterns of ZIF-67, (1)CeZIF-67, (3)CeZIF-67, (5)CeZIF-
67, (7)CeZIF-67, and Ce-CPO; (c) The XRD patterns of ZIF-67, (1)CeZIF-67, (3)CeZIF-67,

(5)CeZIF-67, (7)CeZIF-67, and Ce-CPO were recorded in the 26 range from 0 to 30 degrees.

EDS analysis was utilized to investigate the elemental dispersion and to examine the weight
percentages of elements present on the surface of the synthesized materials. In Fig. (S1-S5,
Electronic Supplementary File), EDS analyses and elemental mapping of the structures ZIF-67,
(1)CeZIF-67, (3)CeZIF-67, (5)CeZIF-67, and (7)CeZIF-67 are respectively presented. The EDS
spectrum indicates the presence of carbon (C), nitrogen (N), oxygen (O), and cobalt (Co) elements
in the ZIF-67 structure. Furthermore, the structures (1)CeZIF-67, (3)CeZIF-67, (5)CeZIF-67, and
(7)CeZIF-67 contain the cerium (Ce) element in addition to the elements present in the ZIF-67
structure. Additionally, the elemental mapping of these structures shows that all elements are
uniformly dispersed across the surface, indicating the appropriate synthesis of the desired

structures.

11
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Moreover, Fig. (2a-2g) exhibit the EDS analysis and elemental mapping of the Ce-CPO structure.
This research demonstrates that phosphorus has been assimilated into the structure as a result of
the phosphatization process and the degradation of some organic ligands. The atomic ratio of cobalt
to phosphorus (Co:P) in the Ce-CPO structure is around 3:1.73, which closely matches the
predicted ratio of 3:2 [43]. This outcome validates the existence of the Co3(POs); structure [44].
Additionally, the elemental mapping indicates a uniform dispersion of elements such as carbon
(C), cerium (Ce), cobalt (Co), nitrogen (N), oxygen (O), and phosphorus (P) throughout the
structure. This demonstrates the effective integration and even distribution of these elements

within the Ce-CPO structure.

To accurately assess the presence of Ce in the structures and ensure its incorporation, ICP-OES
analysis was employed. Initially, the targeted structures were dissolved in 1.0 mL of acid, prepared
by mixing HCI and HNO; in a 3:1 ratio, and then diluted to the desired volume. The ICP-OES
analysis revealed that the cerium content in the (1)CeZIF-67, (3)CeZIF-67, (5)CeZIF-67,
(7)CeZIF-67, and Ce-CPO structures was 0.47%, 0.72%, 1.44%, 1.54%, and 1.33% by weight,
respectively. The results indicate that as the amount of cerium added during the synthesis

increased, the cerium content incorporated into the bimetallic ZIF-67 structure also increased.

B Map Sum Spectrum

Ce! ICelCe Ce

Ce Co
) @
(@) P
(® (e

Fig. 2. (a) EDS spectrum of the Ce-CPO; (b-g) elemental mapping of Ce-CPO.
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To examine the structure of the synthesized particles, FE-SEM images were utilized. Fig. 3a
displays the ZIF-67 structure, which clearly shows that the ZIF-67 nanocrystals possess a rhombic
dodecahedral formation. Fig. (3b — 3e) clearly demonstrate that the addition of cerium with various
ratios to the ZIF-67 structure has not significantly affected the structure, and the polyhedral shape
is well-preserved. Additionally, in Fig. 3f, the FE-SEM image of Ce-CPO is visible. The image
clearly shows that through the phosphatization process, the (5)CeZIF-67 structure has transformed
into a porous and hollow structure. Moreover, as observed in the FE-SEM micrographs of the CPO
structure (Fig. S6a, Electronic Supplementary File), the phosphatization process, similar to that in

the Ce-CPO structure, has resulted in the formation of a porous and hollow structure.

TEM analysis was utilized for further investigating the morphology of the CPO and Ce-CPO
structure. The TEM micrographs in Fig. S6b (Electronic Supplementary File) and Fig. (3g, 3h)
clearly depict a porous and hollow structure, which aligns with the findings from the FE-SEM

investigation [45].
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Fig. 3. FE-SEM micrographs of (a) ZIF-67, (b) (1)CeZIF-67, (c) (3)CeZIF-67, (d) (5)CeZIF-67,

(e) (7)CeZIF-67, and (f) Ce-CPO; (g,h) TEM micrographs of Ce-CPO.
3.2. Electrochemical measurements

The electrocatalytic activity of the produced compounds for the OER was examined using linear
sweep voltammetry (LSV) in a range of 1.0 to 1.7 V vs. RHE with a scan rate of 5 mV s™!. As
shown in Fig. 4a, the performance of the electrocatalysts ZIF-67, (1)CeZIF-67, (3)CeZIF-67,
(5)CeZIF-67, (7)CeZIF-67, CPO, and Ce-CPO has been evaluated, displaying overpotentials of
411, 409, 393, 381, 396, 300, and 286 mV, respectively, at a current density of 30 mA cm™. The
results indicate that the performance of the ZIF-67 structure improved due to bimetallic
modification with Ce, mainly because of the increased active sites and consequently better electron
transfer [46]. This performance is optimized in the (5)CeZIF-67 structure. The findings suggest
that including an optimal quantity of cerium (Ce) into the ZIF-67 framework can augment its
electrochemical efficacy. It has been reported that Ce sites play a significant role in the OER
process by enhancing the adsorption of Oz onto the catalyst surface. These sites facilitate the
dissociation of adsorbed O into O atoms, which are essential for the OER. Moreover, the Ce sites
contribute to the formation of oxygen vacancies, which support the dissociation of water
molecules, further enhancing the overall electrocatalytic performance [47]. In addition, cobalt (Co)
plays a crucial function in enhancing the performance of the electrocatalyst in the process of OER.
A larger concentration of Co improves the probability of CoOOH formation during OER, hence
improving efficiency of the electrocatalyst [48]. The enhanced performance of the redesigned
structure can be attributed to the presence of an ideal quantity of Ce and Co metals within the
structure. Furthermore, as demonstrated, the electrocatalytic performance of both CPO and Ce-

CPO structures showed a significant improvement after the phosphatization process compared to
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their initial states. This indicates the positive effect of this process on enhancing the structure and
performance of the electrocatalysts. Additionally, the Ce-CPO structure exhibited better
performance compared to the CPO structure without the Ce metal, highlighting the improved
performance due to the bimetallic nature of the final structure. Moreover, the enhancement can be
credited to the formation of a porous structure, which increases the active surface area that is vital

for improving the OER process [49].

The Tafel slope is a highly suitable parameter for examining the kinetics of electrochemical

reactions. Based on the following equation, the Tafel slope was determined [50]:

n = Db log (j/jo) ()

where b, j, jo, and n refer to Tafel slope, current density, exchange current density, and
overpotential, respectively. Fig. 4b illustrates the Tafel plots (determined using equation (2)) for
the produced structures. The Tafel slopes found for ZIF-67, (1)CeZIF-67, (3)CeZIF-67, (5)CeZIF-
67, (7)CeZIF-67, CPO, and Ce-CPO were 121.0, 114.1, 106.7, 102.0, 112.3, 81.5, and 74.4 mV
decade™!, respectively. The results obtained demonstrate the effectiveness of the strategies used to
enhance the electrochemical performance of the catalysts for OER. The bimetallic modification of
the initial structure followed by optimizing the amount of Ce in ZIF-67 significantly reduced the
Tafel slope. This indicates that an appropriate amount of Co and Ce metals is present in the
optimized structure, aiding the reaction kinetics to reach their peak in the bimetallic ZIF-67
structure. Ultimately, the Tafel slope for the Ce-CPO structure reached its lowest level, indicating
the fastest OER reaction kinetics among the synthesized structures. Moreover, the higher Tafel
slope observed for CPO compared to Ce-CPO indicates that, alongside the structural
improvements achieved through the phosphatization process, the presence of an appropriate

amount of cerium also plays a significant role in enhancing the reaction kinetics. The decreasing
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trend in the Tafel slope indicates that the approach used in the synthesis of the materials has been

suitable.

Fig. 5 displays the observed overpotentials at current densities of 30 and 40 mA cm™, as well as

the Tafel slopes of the compounds.
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Fig. 4. (2) LSV curves and (b) Tafel plots of ZIF-67, (1)CeZIF-67, (3)CeZIF-67, (5)CeZIF-67,

(7)CeZIF-67, CPO, and Ce-CPO.
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Fig. 5. Measured overpotentials in different current densities, and Tafel slopes of ZIF-67,

(1)CeZIF-67, (3)CeZIF-67, (5)CeZIF-67, (7)CeZIF-67, CPO, and Ce-CPO.

The method of electrochemical impedance spectroscopy (EIS) was utilized to gain a more
comprehensive understanding of the kinetics of OER, which was conducted within the frequency
range of 0.1-10° Hz. As shown in Fig. 6a, the Nyquist plots of the synthesized compounds are
displayed, and the obtained results have been fitted to an equivalent circuit model, which is
depicted in the diagram included in Fig. 6a. Rs represents the solution resistance, whereas Rt
indicates the charge transfer resistance linked to the OER occurring at the interface between the
catalyst and the solution. The R values for structures ZIF-67, (1)CeZIF-67, (3)CeZIF-67,

(5)CeZIF-67, (7)CeZIF-67, CPO, and Ce-CPO are respectively 24.99, 24.27, 20.44, 18.64, 22.16,
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8.72, and 6.28 Q. The results suggest that the introduction of Ce into the structure and the
phosphating of the bimetallic structure led to an improvement in electron transfer in the amorphous
hollow compound [51]. The Rs values employed to adjust for the ohmic drop caused by the
solution are 4.59, 4.50, 4.11, 4.05, 4.35, 3.83, and 3.60 Q for ZIF-67, (1)CeZIF-67, (3)CeZIF-67,

(5)CeZIF-67, (7)CeZIF-67, CPO, and Ce-CPO , respectively.

The electrochemical active surface area (ECSA) level is a crucial parameter for evaluating the
performance of electrocatalysts. To compute ECSA, the value of the double-layer capacitance (Cai)
needs to be determined first. This parameter was obtained using cyclic voltammetry (CV) testing,
where scans were performed at various scan rates in the non-Faradaic region of the materials (Fig.

S7, Electronic Supplementary File).

It is noteworthy that Cqi, which correlates directly with ECSA, is derived from plotting Aj at a
constant voltage versus scan rate [52]. The results from Fig. 6b indicate that Cq values for ZIF-
67, (1)CeZIF-67, (3)CeZIF-67, (5)CeZIF-67, (7)CeZIF-67, CPO, and Ce-CPO materials are
0.32,0.35,0.44, 0.53, 0.41, 1.12, and 1.49 mF cm™ respectively. These findings suggest that
initially, (5)CeZIF-67 exhibited the highest Cq value, indicating successful optimization of

cerium incorporation into the ZIF-67 structure.

Subsequently, the results for CPO and Ce-CPO indicate that the bimetallic composition of the final
structure, incorporating an optimal amount of Ce, and the utilization of a suitable phosphatization
method for ZIF-67 based structures yielded remarkable results, leading to a significant

enhancement in the Cgq value.

Since, according to equation (3), Cq is directly proportional to ECSA, where Cs is a constant,

ECSA values vary accordingly for the mentioned materials. Initially, ECSA reached an optimal
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330 state for (5)CeZIF-67, and thereafter, due to phosphatization process, it achieved its best state. The
331 improvement in ECSA signifies a greater number of active sites for the electrochemical process,
332  leading to enhanced electron transfer rate [53].
333 ECSA=Ca/Cs 3)
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7'(Q) Scan Rate (mV s™)
334 Fig. 6. (a) Nyquist diagrams of ZIF-67, (1)CeZIF-67, (3)CeZIF-67, (5)CeZIF-67, (7)CeZIF-67,
335 CPO, and Ce-CPO (inside schematic represents an equivalent circuit); (b) The electrochemical
336 double layer capacitance of ZIF-67, (1)CeZIF-67, (3)CeZIF-67, (5)CeZIF-67, (7)CeZIF-67,
337 CPO, and Ce-CPO. (The solid lines depict the linear regression model that has been applied to
338 the dataset.)
339  Inaddition to the OER operation, the long-term durability of electrodes is also an important factor
340 in assessing their usage [54]. Consequently, we conducted chronopotentiometry and 1000 cycles
341 of cycle voltammetry experiments to evaluate the Ce-CPO stability. The extended
342  chronopotentiometry test assesses the exceptional durability of the synthesized Ce-CPO, as
343  evidenced by the little occurrence of potential fluctuations after 10 h of activity (Fig. 7a). In

19




344

345

346

347

348

349

350

351

352

353

354
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356

357

addition, the inset graph in Fig. 7 demonstrates a little variation in the LSV Curve after 1000 cycles
of scanning. To further investigate, following the chronopotentiometry test, structural analyses
including FESEM, EDS, and elemental mapping were conducted on the Ce-CPO electrode. In Fig.
7(b, c¢), micrographs of the Ce-CPO electrode before and after use are shown. As evident in Fig.
7c, after 10 h of electrode usage, the Ce-CPO structure undergoes a reconstruction process. Due to
prolonged oxidation, the initial structure transforms into aggregated sheets [54]. Additionally, as
shown in the EDS analysis before and after the chronopotentiometry test (Fig. S8(a, b), Electronic
Supplementary File), the elements present on the surface of the Ce-CPO structure remained
unchanged after the test. This suggests that the elements were well preserved, indicating the
suitable stability of the synthesized material. Finally, the elemental mapping analysis before and
after electrode usage (Fig. S9(a-1), Electronic Supplementary File) shows that the distribution of
elements on the surface did not change significantly during the OER process. The elements
remained uniformly dispersed on the surface, as in their initial state, indicating the satisfactory

performance of the electrode used.
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358 Fig. 7. (a) Chronopotentiometry test of Ce-CPO for 10 h (in set is the LSV curves before and
359 after 1000 cycles of CV); FESEM micrographs of Ce-CPO (b) before chronopotentiometry test,

360 (c) after chronopotentiometry test.

361 Table 1 displays a comparative analysis of the OER efficiency of Ce-CPO in relation to other
362  materials. It is obvious that the performance of the Ce-CPO structure at a current density of 30 mA
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cm?, which is higher than the current densities reported for other electrodes (10 mA cm?),
demonstrates a significantly better performance. This indicates the suitable OER performance of
the synthesized amorphous hollow structure. The satisfactory performance of the synthesized

electrocatalyst in this process indicates that the improvement in the structure, due to its

amorphization and hollowing, enhances electron transfer and increases active sites. Alongside the

utilization of the bimetallic structure of ZIF-67, these factors have synergistically contributed to

the enhanced performance of the final electrode.

Table 1. Comparison of the performance of phosphate materials in the OER process.

Name of electrode Overpotential (MV)@10 mA cm™ Reference
FeCoNi sulfide 298 [55]
NCP@waste paper-based carbon aerogel 351 [56]
Ni—Co phosphate 310 [57]
Ni-doped CoPi 320 [58]
Hydrous cobalt phosphate thin films 292 [59]
Ni-Co hydrogen phosphate 320 [60]
Ce-CPO 286@30 mA cm? This work

371

372

373

374

375

376

4. Conclusion

In summary, initially, single-metal and bimetallic ZIF-67 structures with varying amounts of
cerium were synthesized using a co-precipitation method. Electrochemical investigations revealed
that the (5)CeZIF-67 structure exhibited the lowest overpotential. Subsequently, the (5)CeZIF-67

structure was subjected to a phosphatization process under nitrogen gas in a tube furnace, resulting
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in the formation of the amorphous and hollow Ce-CPO structure as a novel and highly efficient
OER celectrocatalyst. In the resultant structure, the presence of active phosphate ions enhanced
material activity, hence enhancing electron transport and redox processes. Furthermore, the
formation of an amorphous and hollow structure led to significant porosity, providing extensive
active surfaces and thereby increasing the surface contact area, which in turn enhanced the rate of
electron transfer. Moreover, the superior performance of Ce-CPO compared to CPO demonstrated
that the presence of cerium enhanced electron transfer. The bimetallic nature, along with the
structural improvements induced by the phosphatization process, played a significant role in
improving the overall performance of the final structure. Ultimately, the results obtained from the
final structure showed an overpotential of 286 mV at current density of 30 mA cm™ and a Tafel
slope of 74.4 mV decade™!. Additionally, the resulting structure demonstrated satisfactory stability

after a 10 h usage process and even after 1000 cycles.
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