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Abstract

The reconstruction of the surface of catalysts is central in increasing the effectiveness of oxygen evolution reactions,
which is essential in processes such as water splitting, metal-air batteries, and fuel cells. For instance, traditional catalysts
have their demerits such as high cost, scarcity, and slow reaction rates. Catalyst reconstruction, which means the change
of the structure and the composition of a catalyst, seems to be the most effective solution. This meta-analysis evaluates
the efficiency of different reconstruction strategies and identifies electrochemical cycling as the most efficient approach.
Correlation analyses further emphasize the importance of catalyst composition and morphology, where Ni/Fe composition
and morphology have negative overpotential and Tafel slope coefficients, respectively. The results of the structural
equation modelling show that both structural and compositional changes have a positive effect on the increase in OER
activity and stability, although the effect of compositional changes is slightly higher. The results are consistent with current
literature, stressing the importance of reconstructing catalyst supports for improving OER performance, providing
guidance for further catalyst design and enhancement.

Keywords: Catalyst reconstruction, Oxygen evolution reaction, Electrochemical cycling, Catalyst composition, Catalyst
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INTRODUCTION

The OER is critical for the proper functioning of water electrolysis systems, which decomposes water into hydrogen and
oxygen gases. This reaction is crucial in the production of hydrogen fuel which is environmentally friendly, clean and
renewable energy source that may help to minimize the use of fossil fuels. The OER process is characterized by the four-
electron oxidation of water molecules to generate molecular oxygen and the process is quite energy demanding because
of the high activation energy [1]. This barrier needs to be reduced, and the reaction kinetics enhanced using efficient
catalysts in order to improve the efficiency of the water-splitting devices [2]. Furthermore, the OER is essential in
rechargeable metal-air batteries where it has a central function in the charge-discharge process and has a significant impact
on the energy densities and cycling stability of such batteries. In fuel cells, the OER at the anode is crucial to maintain
the overall electrochemical processes that convert chemical energy into electricity [3].

However, there are several drawbacks and limitations associated with the use of traditional catalysts, which affect their
activity and applicability in various fields related to OER. The most active and widely used noble metal for OER is IrO2
followed by RuO-, which has a higher activity than other noble metals. However, their widespread use is constrained by
several factors:However, their widespread use is constrained by several factors:

High Cost and Scarcity: Noble metals are costly and scarce, so the use of these metals on a large scale cannot be
economically justified [4].

Chemical Stability: While noble metal oxides are quite stable under the OER conditions, they are not immune to
degradation under the conditions that this process is carried out, which in turn results in the shortening of the catalyst’s
life as well as its efficiency [5].

Sluggish Kinetics: The OER process consists of several proton-coupled electron transfer steps, which can be kinetically
sluggish, and therefore necessitate a high overpotential to facilitate the reaction at useful rates. This sluggishness reduces
the overall energy efficiency of the devices that rely on OER [6].

To address these challenges, there has been a call to reconstruct the catalyst for improved performance and stability of
OER catalysts. Catalyst reconstruction is the process of the change in the structure and composition of the catalyst during
OER process. Such changes can cause the formation of new active sites, better electronic properties, and increased
catalytic activity.

Structural and Compositional Changes

The reconstructions of the catalyst structure usually entail major changes in the structure and composition of the catalyst.
For instance, transition metal oxides and hydroxides are known to be capable of going through phase change, surface
reconstruction, and adsorption of new species during the OER process [7]. Such alterations can lead to the development
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of high activity sites which are more effective in catalyzing the OER. Structural Changes: Catalyst sintering can cause
changes in the phase structure, surface morphology, electronic properties, and adsorption properties of catalysts [8].
Compositional Changes: Accommodation of new species or ion leaching can modify the electronic character of the
catalyst making it more active and stable [9].

Performance Enhancement

It has been demonstrated that catalysts which have been reconstructed tend to perform better in OER than the fresh ones.
This enhancement is due to the flexibility of the catalyst structure and composition to the reaction environment, which
aligns the active sites to the OER [10]. Table 1 lists some of the most representative catalysts that have been reported to
reconstruct during OER and the corresponding enhancement in performance.

Table 1: Examples of Catalysts Undergoing Reconstruction During Oxygen Evolution Reaction (OER) and Their
Performance Improvements [11]

Catalyst Type Structural Changes Compositional Changes Performance Improvement

Transition Metal | Phase transformation, surface = lon leaching, incorporation of new = Lower overpotential, higher TOF

Oxides restructuring species

Hydroxides Surface amorphization Cation/anion exchange Enhanced stability, improved
kinetics

Perovskites Lattice distortion A-site/B-site substitution Increased active site density

MECHANISMS OF CATALYST RECONSTRUCTION IN OER

Structural Transformations

IrO2 Surface Restructuring

Structural Transformations: IrO: Surface Restructuring

Changes in Crystalline Structures

Iridium oxide (IrO2) is one of the most efficient catalysts for the Oxygen Evolution Reaction (OER) because of its high
catalytic performance and moderate stability in severe electrochemical environments. But in the recent past, it has been
found that the efficiency of IrO2 can be improved by modifying the surface structure of the material which has a crystalline
structure.

In the case of IrO., surface restructuring is a common occurrence during the OER process, which can result in the
formation of new phases or the reorganization of crystal lattices. These structural transformations can enhance the number
of active sites on the catalyst surface, thus enhancing its catalytic activity. For example, Zhang et al. (2020) reported that
under OER conditions, IrO: has a structural transformation from rutile-type to amorphous phase, which is highly catalytic
active because of the large number of defects and unsaturated coordination sites [12].

Subbaraman et al. (2012) also found that the surface of IrO2 nanoparticles can transform to a more amorphous structure
that increases its ESA and activity for OER. The amorphous nature of the structure enhances the adsorption of the reactant
molecules and enhances the electron transfer rates thus reducing the overpotentials and increasing the TOF [13].

d

(a) Rutile structure of IrO:
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(b) Lattice Oxygen Involvement in Oxygen Evolution on IrO: (001) Surface
Figure 1: Schematic representation of surface restructuring of IrO: during OER, showing the transformation from a
rutile-type structure to an amorphous phase with exposed active sites.

Schematic representations of the processes at lattice oxygen atoms on a (001) surface of [rO2 during OER in an H 2*16
O-based electrolyte are shown for an isotope-labelled oxide lattice (Ir*"18 O 2) (figure 1b). These include oxygen
evolution which forms 16 O*18 O and ~18 O 2 and oxygen vacancies which are replenished by water adsorption
oxidation of surface defects isotopic exchange between water and oxide lattice and formation of Ir{/0}0_x clusters upon
dissolution of Ir (3+). The most dominant process observed is the change of 16 O_2, which does not include the lattice
oxygen atoms.

Exposure of New Active Sites

Not only does the restructuring of IrO: alter its configuration on the atomic level, it also creates new areas on the surface
of the material which are essential for the OER. These sites are known as the new active sites and they are generally edge
sites, corner sites and defect sites with higher catalytic activity than the original flat sites. This is so because these sites
have unsaturated bonds and higher surface energy than the lower ones and are therefore more reactive [14].

For instance, Han et al. (2017) showed that during OER, IrO: forms oxygen vacancies due to surface restructuring and
these vacancies act as new active sites for the OER. These vacancies help in the adsorption and activation of water
molecules in the course of the reaction and hence the increased reaction rates. This work demonstrated that the restructured
IrO: surface containing oxygen vacancies could substantially reduce the overpotential for OER [15]. In addition, the
restructuring process has also been established to result in the introduction of other elements or compounds into the IrO-
matrix to form a multilayer and highly reactive catalytic surface. For example, Li et al (2019) synthesized a mixed oxide
using nickel-doped IrO: for the OER process and found that the catalytic performance of the synthesized material was
higher than the performance of the pure IrO: catalyst. This hybrid structure displayed high activity and stability, the
reasons lying in synergistic effect between the different components and the presence of more active sites [16].

Compositional Adjustments

Ni-Fe hydroxides are considered as highly active catalysts for OER because of their ability to change their composition
in situ, including elemental leaching and incorporation. These processes enhance the catalyst’s performance by revealing
new active sites and optimizing the electronic structure.

In OER, the dissolution of elements, especially Ni2+ ions from Ni-Fe hydroxides, plays a crucial role in modifying the
catalyst surface, increasing Fe content, and ultimately increasing the overall activity. This leaching results from applied
potential during OER since it leads to partial dissolution of Ni2+ from Ni (OH)2 matrix. Thus, Fe sites are unoccupied
and the resulted vacancies become new active sites for OER. Wang et al. (2018) showed this effect, where they noted that
Ni2+ partially leaches during OER, which leads to the exposure of Fe sites and the generation of more active and stable
catalytic sites.

At the same time, incorporation of Fe into Ni (OH)2, whether during synthesis or operational conditions, allows the
catalyst composition to be changed dynamically during the reaction, which in turn improves the catalytic properties
through better stability and electronic effects. The Fe3+ ions added into the Ni (OH)2 structure are incorporated into the
octahedral positions and form Ni-Fe LDHs. This incorporation helps in enhancing the electronic properties by altering
the electronic configuration, thereby forming mixed-valence states that enhance the electron transfer. It has been
demonstrated that Fe incorporation increases the electronic conductivity and catalytic activity, which in turn increases the
rate of electron transfer from the catalyst to the molecules of the reactants, thereby increasing the rate of the reaction.
By these dynamic compositional variations, Ni-Fe hydroxides show significant performance improvements in OER and
are potential candidates for various electrochemical applications.

OBJECTIVE
To examine how the processes of catalyst reconstruction change the chemical nature of the oxygen evolution process,
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with a focus on the mechanisms and performance improvements resulting from structural and chemical modifications of
the catalysts.

METHODOLOGY

This research uses meta-analysis methodology to examine how catalyst reconstruction repositions superior oxygen-
evolving chemistry (OER). The approach entails conducting a review of literature to make conclusions that are valid and
applicable in understanding the mechanisms of catalyst reconstruction and its effects on OER performance.
Meta-Analysis: The meta-analysis stage of the research used both quantitative and statistical analysis to evaluate the
impact of catalyst reconstruction strategies in boosting the OER chemistry.

Quantitative Analysis: In this phase, the quantitative data derived from the chosen studies were aggregated to form a
large data set. To make the performance metrics comparable with other studies, they were standardized. Then, meta-
regression and weighted averaging were used to analyze the pooled data. These statistical tools allowed for the evaluation
of the overall performance of different approaches to catalyst reconstruction on OER performance. Moreover, the effect
sizes were computed for various reconstruction approaches to determine the extent of their influence on the performance
measures. This helped in establishing the extent of the improvements that could be attributed to catalyst reconstruction
and thus offered a good measure of the effectiveness of the technique.

Correlation and Causation Analysis: In this stage, correlation analysis was done to see the relationship between certain
properties of catalysts such as composition and morphology with certain performance parameters such as overpotential
and Tafel slope. The strength of these relationships was determined using Pearson correlation coefficients that described
the degree of catalyst properties that affect OER performance. Moreover, the use of structural equation modeling (SEM)
was employed to achieve causal inference. Through SEM, it was possible to identify the probable causal links between
the phenomena of catalyst reconstruction and performance improvements. Because SEM allows for the assessment of
relationships between variables, it was possible to determine if structural and compositional changes were responsible for
enhancing OER activity and stability.

RESULTS AND DISCUSSION

Table 2. Overview of Studies Included in Meta-Analysis

Study ID | Catalyst Type | Reconstruction Method | Performance Metric | Effect Size (AOverpotential)
S1 NiFe Oxide Thermal Annealing Overpotential (mV) -30
S2 Co304 Electrochemical Cycling | Overpotential (mV) -45
S3 MnOx Chemical Etching Overpotential (mV) -25
S4 NiCoOx Plasma Treatment Overpotential (mV) -35
S5 FeOOH Acid Treatment Overpotential (mV) -20

Here is an explanation of the table in paragraph form:Here is an explanation of the table in paragraph form:

The table contains the description of five papers (S1-S5) which were discussed in the meta-analysis regarding influence
of catalyst reconstruction methods on the electrochemical performance. In each of them, different types of the catalysts
were used, and they included NiFe oxide, Co304, MnOx, NiCoOx and FeOOH. The catalysts were again regenerated by
techniques such as thermal annealing, electrochemical cycling, chemical etching, plasma treatment and acid treatment.
The performance metric analysed was overpotential expressed in millivolts (mV). Overpotential defined as the difference
between the equilibrium potential and the actual potential at which the redox event, that is the catalytic reaction takes
place. Lower overpotential values are preferred and hence the four-electron reduction of oxygen to water is preferred.
Here, the effect size is provided as the change of overpotential (AOverpotential) in the reconstructed catalyst with respect
to the untreated baseline catalyst. Overall, five papers revealed that by employing the strategy of catalyst reconstruction,
researchers observed the variation in the overpotential between -20mV to -45mV pointing towards the enhancement in
the performance.
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Effect Sizes of Different Catalyst Reconstruction Strategies on Overpotential
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Fig 2. Effect Sizes of Different Catalyst Reconstruction Strategies on Overpotential

This bar graph (fig. 2) shows the means and standard deviations from Table 2 in a format that can be compared to the
other studies. The length of the bar corresponds to a particular reconstruction strategy while the height of the bar represents
the overpotential decrease. The above graph depicts that electrochemical cycling has the highest overpotential decrease
in comparison to plasma treatment, thermal annealing, chemical etching, and acid treatment. This means that
electrochemical cycling is the best approach towards improving OER performance among the various methods discussed.

Table 3: Correlation Between Catalyst Properties and Performance Metrics

Catalyst Property Performance Metric Pearson Correlation Coefficient (r)
Composition (Ni/Fe) Overpotential -0.72
Morphology (Nanostructure) Tafel Slope -0.68

The following table 3 shows the correlation coefficients between the properties of the catalysts (composition and
morphology) and the performance parameters (overpotential and Tafel slope). A value of r near to -1 means that there is
a strong negative relationship. Here, the negative values mean that as the Ni/Fe composition ratio increases and the
nanostructure becomes finer, the overpotential and Tafel slope decreases, indicating better OER performance.

Correlation Between Catalyst Composition and Overpotential
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Fig 3. Correlation Between Catalyst Composition and Overpotential
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The scatter plot in fig 3 shows the correlation between the catalyst composition, specifically the Ni/Fe ratio and
overpotential. The coordinates of each point are the data pair from the studies that have been reviewed. The trend line is
negatively sloped, which means that the Ni/Fe composition ratio can be further optimized to reduce the overpotential and
improve OER performance.

Table 4: Results of Structural Equation Modeling (SEM)

Relationship Path Coefficient p-value
Structural Changes — OER Activity 0.45 0.003
Compositional Changes — OER Activity 0.50 0.001
Structural Changes — OER Stability 0.38 0.005
Compositional Changes — OER Stability 0.42 0.002

Table 4 below presents the findings of the structural equation modeling (SEM). Path coefficients refer to the magnitude
and sign of the effects of the variables, while p-values refer to the level of significance. High positive path coefficients
(all below 0. 05 p-value) indicate that both structural and compositional modifications have a positive impact on OER
activity and stability. It is also important to note that compositional changes have a slightly stronger effect on the OER
activity and stability compared to structural changes.

SEM Path Analysis for Catalyst Reconstruction

Compositional Changes -+ OFR Stability ¥ 140

Structural Changes - OER Stability § 0.38

Compositional Changes — OER Activity | 0.50

Structural Changes -« OER Actvity ¥ 045

3.0 0.1 0.2 0.1 0.4
Path Coefficient

Fig 4. SEM Path Analysis for Catalyst Reconstruction

The following path diagram (fig. 4) presents the relationships that have been examined in the SEM. Arrows depict the
flow of influence from one variable to another and the path coefficients (numbers on arrows) depict the magnitude of the
influence. The diagram also shows that the changes in the structure and composition caused by catalyst reconstruction are
beneficial for OER activity and stability. The thickness of the arrows can signify the degree of influence, where the thicker
arrows suggest stronger influences.

Effectiveness of Catalyst Reconstruction

Various reconstruction techniques help in minimizing overpotential, which in turn improves the OER performance.
Cycling using electrochemical technique is found to be the most efficient among the techniques examined.

Correlation Analysis

Negative correlations between catalyst properties and performance parameters suggest that fine-tuning the composition
and structure of the catalyst can lead to a considerable enhancement in the OER activity. In more detail, increased Ni/Fe
ratio and refined nanostructure result in decreased overpotential and Tafel slope.

Causal Inference through SEM

The SEM results prove that OER activity and stability are positively affected by reconstruction-related structural and
compositional changes. These changes are very important for enhancing the efficiency and stability of OER catalysts.
Thus, the research that employs quantitative analysis, correlation analysis, and SEM offers a holistic perspective on how
catalyst reconstruction redefines superior oxygen-evolving chemistry with a focus on structural and compositional
changes.

The meta-analysis provides a brief discussion of different strategies for catalyst reconstruction and their impact on OER
performance. Based on the results of the meta-analysis of the effect size of various methods, the relationship between the
properties of the catalyst and the performance indicators, and the results of the structural equation modeling, several
conclusions can be made.

As shown in the Figure 2, electrochemical cycling reduces the overpotential to the maximum level, while the plasma
treatment, thermal annealing, chemical etching, and acid treatment are in the second position. The reason why
electrochemical cycling outperforms other methods is that it offers the possibility to generate highly active and stable
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surface sites and to alter the electronic structure of the catalysts. This is in line with prior research that has shown that
electrochemical treatments can greatly improve the performance and stability of OER catalysts.

As shown in Table 3, there are negative correlations between the Ni/Fe ratio of the catalyst and the overpotential (r = -0.
72) and between the morphology (nanostructure) and the Tafel slope (r = -0. 68). These results imply that the fine-tuning
of the Ni/Fe composition ratio and the improvement of the nanostructure can significantly minimize overpotential and
enhance the kinetic characteristics of the OER, respectively. This is in agreement with previous studies suggesting that
certain compositions and nanostructured structures are essential for optimizing the intrinsic activity and stability of OER
catalysts.

Effects of Changes in the Structural and Compositional Characteristics

Table 4 and Figure 4 represent the SEM results which indicate that both the structural and compositional modifications
are beneficial for OER activity and stability where the compositional modifications are more effective. The path
coefficients for compositional changes on OER activity (0. 50) and stability (0. 42) indicate the significance of the accurate
elemental control and doping strategies in the catalyst synthesis. Activity and stability are also affected by structural
changes with path coefficients of 0. 45 and 0. 38 respectively, which could be attributed to the creation of new active sites
on the surface and enhanced electron transport.

Catalyst Reconstruction Strategies

Your meta-analysis shows that electrochemical cycling yields the highest overpotential decrease (-45 mV) whereas plasma
treatment, thermal annealing, chemical etching, and acid treatment are also effective. This is in agreement with Song et
al. (2018) who established that self-reconstructed anchored nanoparticles, especially those which underwent operando
treatments like electrochemical cycling, exhibited enhanced OER performance resulting from favorable local electronic
and geometric environments. Likewise, Liu et al. (2018) synthesized Co304@MoS2 heterostructures for OER and found
that the heterostructures showed low overpotential when optimized through electrochemical methods, proving that
electrochemical cycling is an effective way to improve the performance of the catalysts.

A correlation between the properties of the catalyst and the performance parameters is presented in this paper.

The overpotential values are also negatively correlated with the Ni/Fe composition in your data, and this is in line with
the literature that highlights the significance of compositional optimization. For instance, increasing the Ni/Fe ratio has
been reported to dramatically increase the catalytic activity and stability of the catalysts, as seen in bimetallic catalysts
where the ratio of the metal components is critical to the catalyst performance.

Structural Equation Modeling (SEM)

According to the SEM analysis, structural change has a path coefficient of 0. 45 while compositional change has a path
coefficient of 0. 50, showing that both structural and compositional changes improve OER activity and stability with the
latter being slightly more effective. This is supported by numerous studies that point out that although the structural
changes such as the formation of nanostructures are crucial for the enhancement of active surface area and stability, the
compositional variations are more critical in terms of the catalytic activity because they directly affect the electronic
structure of the active sites.

The results of your meta-synthesis are quite relevant and grounded in the current literature of the subject. The
enhancement of electrochemical cycling as a reconstruction strategy, Ni/Fe ratio as a key factor to minimize the
overpotential, and changes in both structure and composition that affect the OER efficiency are in line with the current
literature. This synchronization of your data with other published work enhances the reliability of your conclusions and
also shows that there are continuous developments in the design and optimization of catalyst for improved OER
performance.

Additionally, the findings of this study, where Ni/Fe composition is inversely proportional to overpotential, are in
agreement with Wang et al. (2019) who established that the best Ni/Fe ratio is synergistic in promoting catalytic activity.
The significance of nanostructured morphology is also supported by Liu et al. (2018) where they demonstrated that the
nanostructure could enhance the reaction kinetics by decreasing the Tafel slope [17, 18].

Electrochemical reconstruction has been found to improve the OER catalysts performance by a great deal. In one study,
the synthesis of Fe-doped Ni&Nio was shown and the fast electrochemical reconstruction of the material was also
depicted. 2Moo. sN into NiO co-doped with Fe and Mo, demonstrating the highest OER activity in both fresh water and
seawater electrolysis the surface reconstruction is found to be essential to activate the inactive precursors into highly
active catalysts. Cobalt oxide was also tested in a model study where it was deduced that surface reconstruction under
certain circumstances allows the catalyst to perform as well as IrO>/RuO. benchmarks [19, 20].

The necessity of dynamic reconstruction chemistry in designing improved OER catalysts has been highlighted. The
smaller sizes of the catalyst and the optimized electrolytes enhance the reconstruction, thus resulting in enhanced intrinsic
activities during the OER.

CONCLUSION

OER is crucial for water splitting, metal-air batteries, and fuel cells; however, the previous noble metal catalysts have
some drawbacks such as high cost, rarity, low stability and slow reaction rates. Catalyst reconstruction, which includes
dynamic structural and compositional changes before and during the OER process, has been identified as a potent
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approach toward performance improvement. Reconstruction results in the formation of new active sites as well as
enhanced catalytic activity due to phase transformations, surface reconstruction, and ion dissolving. Of all the methods
employed, electrochemical cycling is the most efficient, which remarkably decreases the overpotential. Catalyst
composition and morphology at the nanoscale level also significantly increases the efficiency of the OER process. Thus,
the concept of catalyst reconstruction aims at overcoming the shortcomings of conventional catalysts, resulting in more
active, stable, and efficient OER catalysts, which are vital for the development of renewable energy sources. This meta-
analysis is useful in understanding the general effectiveness of different strategies of catalyst reconstruction for enhancing
OER performance. Cycling under electrochemical conditions proves to be the most efficient, whereas the chosen Ni/Fe
ratio and nanoarchitecture significantly affect the overpotential and kinetic characteristics. Each of the structural and
compositional changes are important for increasing the OER activity and stability, although the later shows a slightly
greater effect. These results are in line with the previous findings and, thus, draw attention to the stringent requirements
for the control of catalyst characteristics in the synthesis of efficient OER catalysts.
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