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Unique activity of a Keggin POM
for efficient heterogeneous electrocatalytic OER

Chandani Singh,’? Dan Meyerstein,?> Zorik Shamish,* Dror Shamir,** and Ariela Burg'->*

SUMMARY

Polyoxometalates (POMs) have been well studied and explored in electro/photochemical water oxidation
catalysis for over a decade. The high solubility of POMs in water has limited its use in homogeneous con-
ditions. Over the last decade, different approaches have been used for the heterogenization of POMs to
exploit their catalytic properties. This study focused on a Keggin POM, Ks[CoW,0,4,], which was entrap-
ped in a sol-gel matrix for heterogeneous electrochemical water oxidation. Its entrapment in the sol-gel
matrix enables it to catalyze the oxygen evolution reaction at acidic pH, pH 2.0. Heterogenization of
POMs using the sol-gel method aids in POM's recyclability and structural stability under electrochemical
conditions. The prepared sol-gel electrode is robust and stable. It achieved electrochemical water oxida-
tion at a current density of 2 mA/cm? at a low overpotential of 300 mV with a high turnover frequency
(TOF) of 1.76 [mol O, (mol Co) s~ 1. A plausible mechanism of the electrocatalytic process is presented.

INTRODUCTION

The energy crisis and increased environmental issues in the current social development scenario have motivated everyone to find alternative
energy sources and sustainable ways to store this energy.'™ Using fossil fuels, which most countries’ energy systems are based on,” causes
climate change and global warming.”® This has highlighted the need for new sustainable and renewable energy sources that are cost-
competitive compared to crude oil and coal.”

As a carbon-free energy source, hydrogen is a promising energy carrier. Therefore, a sustainable and greener approach can be used for
energy development and storage.®'? Electrochemically splitting water is one method that obtains the hydrogen required for hydrogen en-
ergy. The water splitting process (WSP), comprises two half-reactions: oxygen evolution reaction (OER), and hydrogen evolution reaction
(HER), reactions 1 and 2 at acidic solutions and 3 and 4 at basic solutions.

2H,0 > O, + 4H" +4e™ (Equation 1)
AH* + de” > 2H, (Equation 2)
40H™ - O, + 2H,O+4e” (Equation 3)
4H,0 + 4e™ — 2H, +40H" (Equation 4)

Due to sluggish kinetics and high thermodynamics barrier, OER is considered the bottleneck process for water splitting; hence the need to
develop catalysts for OER."*""” The unfavorable kinetics of this reaction under neutral or alkaline electrolytes necessitates highly efficient elec-
trocatalysts in acidic conditions. Acidic conditions reduce the overpotential and accelerate the reaction rate.'®° Therefore, HER is favored in
acidic conditions due to the high concentration of protons and proton exchange membranes that can support high current densities (greater
than 1 A/ecm?), minimizing the crossover and resistance losses.”?° Hence, by designing a catalyst for OER at low pH, the overall energy
requirement for water splitting could be substantially reduced.”*’

Electrochemical OER catalysis under acidic pH poses a challenge as many well-known catalysts of electrochemical OER suffer from struc-
tural instability at low pH levels (acidic condition).”®?’ Well-known catalysts for acidic OER are precious metal oxides such as IrO, and
RuO,.*> In the last few years, many catalysts comprising earth-abundant metal oxides were reported for electrochemical acidic OER,
but molecular catalyst are still scarce.””*' Most molecular catalyst comprise organic ligands that protonate at low pH, disrupting the structural
stability of such compounds.® Designing a molecular catalyst for acidic OER could help understand the kinetics at the molecular level and, in
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turn, could help devise a better OER catalyst. In this regard, polyoxometalates (POMs), a molecular oxide containing only inorganic units with
excellent structural stabilities at low pH values, can be an alternative approach. There are few reports with different POMs as electrochemical
OER catalysts at low pH.?*°

POMs belong to a particular class of metal oxides that self-assemble under different reaction conditions to acquire interesting struc-
tures.”’™° POMs generally consist of transition metals that are connected by an oxo-bridge. The reaction conditions during the synthesis
of these oxyanions play a critical role in assembling POMs. Keggin POMs, belong to a class of hetero-polyanions, have the general formula
of [XM1,040]"~ where X is a heteroatom (such as Si'"V/P"/Co'/Fe") and M is an addenda atom (e.g. M= WO /Mo®%).2044 The central atom
forms a tetrahedron, which corresponds to “XO,". This “XO4" unit shares the vertices with the four “M3O43" (triad). The oxygen in the “XO,"
unit is shared by the MOy octahedral, which forms the triad. The activation of the central heteroatom (X), surrounded by the addenda
(M) oxides, for catalyzing the electrochemical water oxidation process is challenging. The highly accepted and predominantly proposed
mechanism for water oxidation is the water nucleophilic attack (WNA) to the high-valent metal-oxo species or metal-oxyl radicals, where
O-0 bonds are formed. In the case of Keggin POM, such a WNA mechanism is not probable due to the unavailability of a site for a water
molecule to attack the heteroatom (X).>° Hence, the majority of POM-based water oxidation catalysts (WOC) are Keggin-derived POMs,
such as lacunary Keggin POM or sandwiched POMs.**=? In 2018, Mukhopadhyay et al. reported a Keggin POM, K¢[CoW;,040] (Co-POM),
as a WOC which could only be achieved by encapsulating it into ZIF-8 cavity.** The change in the microenvironment around the POM
due to the encapsulation made it stable toward electrocatalytic OER at neutral pH.*¢ Following this study, the Co-POM was again studied
by hydrogenizing using ionic liquids and fabricating it onto a graphene surface, exhibiting great catalytic behavior.”'

The first-ever report for water oxidation by POM was made by Sortel et al. 2008.°” They reported a di-y-decatungstosilicate embedding a
tetra-ruthenium(lV)-oxo core as a water oxidation catalyst where a Ru"Y center was the active site for the catalysis.52 In2011, Yin et al., reported
a Co-based sandwiched POM, [Cou(H20)a(B-0-PWoO34),]'°~ for OER catalysis.” This work revolutionized the POM chemistry and helped
designing and understanding POM-based OER catalysts.* "> Due to POM's high solubility in an aqueous medium, most POM-based elec-
trocatalytic OER studies are done in a homogeneous medium.***’ This limits their catalytic study to homogeneous aqueous conditions,
which reduces the recyclability of the catalyst as well as the feasibility of the process. There are many approaches studied till now in an effort
to heterogenize POMs, increasing their reusability. *°*“° One such technique is to entrap the POM anion within a matrix such as sol-gel. The
sol-gel matrix is common for the entrapment of various active species such as organic and inorganic compounds, nanoparticles of metals and
metal oxides, enzymes, and many more active species.”’*' " Preparing SiOx-based matrices using the sol-gel method has gained attention
due to the simplicity and versatility of the process. Recent results indicate that the pH affects the k... of the electrochemical process, and the
sol-gel precursors type affect the hydrophobicity of the matrix and influence the electro-catalytic process.”’ Those features of the sol-gel
matrix could improve the OER process; therefore, in the present work, we used the sol-gel process to entrap POM inside a sol-gel matrix
and prepare a stable, robust, heterogenized POM for electrocatalytic OER at acidic pH. The sol-gel matrix provides stability and heteroge-
neity to the POM, allowing the recyclability of the electrode for prolonged use and making it a sustainable and feasible approach.®’*¢

In this work, we have used a Keggin POM, Kg[CoW1,040], entrapped in a sol-gel matrix prepared from tetramethyl orthosilicates (TMOS) to
prepare the working electrode for OER. The prepared electrode is highly robust and stable in the electrochemical OER process. This work is
the first of its kind where a Keggin POM, K¢[CoW12Q40], which is entrapped in a sol-gel matrix, and is used as an electrocatalyst for the acidic
OER. This study opens up new pathways for designing molecular catalysts for efficient electro-catalysis processes.

RESULTS AND DISCUSSION

Synthesis, fabrication, and morphology

The sol-gel electrodes, Co-POM-TMOS (working sol-gel electrode with Ks[CoW;,040)), and TMOS (working sol-gel electrode without
Ke[CoW1,040]) electrodes (Table S3) were prepared following the protocol aforementioned and characterized using experimental techniques
such as powder X-ray diffraction (PXRD) (Figure 1A), X-ray photoelectron spectroscopy (XPS) (Figures 1B and S4), fourier-transform infrared
spectroscopy (FTIR) (Figure S3), Raman spectroscopy (Figure S5), and energy-dispersive X-ray spectra (EDX) (Table S1).

As a control, a set of Co-POM-TMOS electrodes (Table S3) was prepared for characterization without graphite so that the strong features
of carbon/graphite could be avoided from the experimentally obtained physical characterizations. It was used for PXRD. The PXRD obtained
was compared with the simulated PXRD pattern of Co-POM (Figure 1A). The PXRD confirms the entrapment of Co-POM inside the TMOS sol-
gel matrix. Only the main peaks are seen in the PXRD spectrum, this could be because of the binding of the Co-POM to the sol-gel matrix.*®
(Figure 1A). The matched PXRD pattern is also an indirect proof of the Co-POM to be present in the hybrid heterogeneous electrode
prepared from TMOS sol-gel matrix.

The comparative study of FTIR analysis of Co-POM, Co-POM-TMOS, TMOS sol-gel electrodes, and Co-POM confirms the successful
entrapment of Co-POM inside the sol-gel matrix (Figure S3).

The characteristic IR stretching of Co-POM arising from W-O-W and W=0O could be spotted for the Co-POM-TMOS sol-gel electrode with
a negligible shift in any of this IR stretching. The IR stretching for Co-POM-TMOS; 942, 882, 766, 452 cm ™. Furthermore, XPS was performed
for both the Co-POM-TMOS electrodes and Co-POM (Figures 1B and S4 for tungsten and oxygen, respectively. The cobalt couldn’t be de-
tected by XPS%’). The X-ray photoelectron spectra of Wy of Co-POM-TMOS were similar to that of Co-POM (the spectrum of the latter is
similar to the published spectrum®®) with no significant shift and directed toward +6 oxidation state of W (Figure 1B). The small shift of
the Co-POM-TMOS, compared to Co-POM, could be due to the covalent binding of Co-POM to the matrix, which is supported by published
results.®®
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Figure 1. Physical characterization of Co-POM-TMOS
(A) Powder-XRD of Co-POM-TMOS compared with simulated PXRD pattern of Co-POM.
(B) XPS of Co-POM-TMOS sol-gel electrode and Co-POM.

Thus, with the help of various physical characterizations, we could successfully prove the entrapment of Co-POM in the sol-gel matrix in the
case of Co-POM-TMOS sol-gel electrode and also understood the modifications of the electronic properties of both the constituents of the
guest entrapped sol-gel matrix. Heterogenization followed by modification of the electronic properties of the Co-POM can be advantageous
for electrochemical applications. Thus, we were interested in studying the Co-POM-TMOS sol-gel electrode’s electrochemical behavior and
comparing it with its constituents i.e., the TMOS sol-gel and the Co-POM.

Electrochemical characterization
The Co-POM-TMOS sol-gel electrodes were studied as working electrodes by cyclic voltammetry (Figure 2). The electrodes showed three
redox waves labeled A1, A2, and A3 at 1.15-1.16 V, 1.11-1.12V, and 0.91-0.92 V, respectively (Figure 2A).

A reduction peak A2 at 1.11-1.12 V is observed for both TMOS sol-gel electrode and Co-POM-TMOS sol-gel electrode. The redox peaks
A1 and A3 represent the Co' to Co" oxidation reaction and Co" to Co"" reduction reaction, respectively.”” The redox peak A1 seen in the
cyclic voltammogram (CV) of the Co-POM-TMOS sol-gel electrode is followed by a current arising due to water oxidation with an onset
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Figure 2. Electrochemical characterization of Co-POM-TMOS

CVs in solutions containing 0.20 M NaClO, at pH 2, at a scan rate of 20 mV/s. (A) Co-POM-TMOS sol-gel electrode and TMOS sol-gel electrode as working
electrodes.

(B) Glassy carbon electrode as a working electrode. The solution contains 1.0 mmol Co-POM.
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Figure 3. Tafel plot of 0Co-POM-TMOS
iR-corrected, Recorded in 0.2 M NaClO,, pH 2.

potential of 1.52V. No such onset current is seen for TMOS sol-gel electrode referring to the catalysis by Co-POM entrapment in the matrix of
TMOS based sol-gel. The redox potentials in the homogeneous system are similar to the redox potentials in the heterogeneous system
(an anodic peak A4 at 1.1 V and cathodic peak A5 at 1.0 V) as seen in the homogeneous system (Figure 2B).”° CVs for Co-POM-TMOS
sol-gel electrodes were recorded by varying the scan rate (Figure S6). The anodic peak current and the cathodic current concerning the
root of the scan rate follow a linear relationship (Figures 57 and $8),°° which could be inferred to diffusion-controlled redox reaction as
well as a catalytic process for Co-POM-TMOS sol-gel electrodes.

Comparing the cyclic voltametric results, it can be concluded that the electrochemical OER of the Co-POM-TMOS sol-gel-electrode is due
to the Co-POM entrapment. Co-POM acts as the active catalytic center for the electrocatalytic OER. The entrapment of Co-POM in the sol-gel
electrode permits the Co-POM to act as a catalyst in OER at pH as low as 2.0.

To further understand the electrochemical OER performed by Co-POM-TMOS sol-gel electrode, the kinetic parameters of the electro-
chemical OER were determined and analyzed.

The turnover frequency (TOF) was determined by calculating the surface coverage of electrochemically active “Co” species as described in
STAR Methods Section, by constructing the plot of anodic peak current vs. scan rate (Figure S9). The TOF obtained for Co-POM-TMOS sol-gel
electrode is 1.76 [mol O, (mol Co)~'s™"]. The overpotential of OER was calculated by constructing a Tafel plot (Figure 3). Tafel plot was
derived from the catalytically active region of a linear scan voltammogram (LSV) of Co-POM-TMOS sol-gel electrode recorded at an extremely
low scan rate (1 mV/s) (Figure S10).

The overpotential requirement for the Co-POM-TMOS sol-gel electrode was found to be 300 mV (at the current density of 2 mA/cm?). The
observed overpotential requirement is lower for Co-POM-TMOS sol-gel electrode than most other Keggin-based heterogeneous systems
reported (Table 1).

Moreover, high observed TOF combined with the requirement of low overpotential for electrochemical OER at low pH makes Co-POM-
TMOS sol-gel electrode a promising candidate for electrocatalytic OER studies. Similar electrocatalytically active systems can be designed
using POMs, which will be entrapped in sol-gel matrix in the future. The CV features show a resistive behavior of the Co-POM-TMOS sol-gel
electrode arising from the TMOS sol-gel compared with the homogeneous Co-POM.

The electrochemical surface area (ECSA) for the Co-POM-TMOS and TMOS sol-gel electrodes was calculated using the CVs recorded in
the non-faradic region at various scan rates (Figures 4, S11, and §12).2174

The double-layer capacitance (Cq)) of Co-POM-TMOS and TMOS sol-gel electrodes is 16.57 pF/ecm? and 8.55 pF/cm?, respectively (Fig-
ure 4). Generally, the ECSA is directly proportional to the determined Cqy values according to Equations 5 and é:

Cdl .

ECSA = s (Equation 5)
ECSA1 CdI1 .

ECSA2 ~ Cdi2 (Equation 6)

As observed from Figure 4, the Cyj of Co-POM-TMOS is two times the Cq of TMOS sol-gel electrode. The same should be the trend of the
ECSA of the Co-POM-TMOS and TMOS sol-gel electrodes. Thus, the Co-POM entrapment inside the sol-gel matrix increases the ECSA. The
increase in the ECSA can be considered an essential factor behind the increased electrochemical OER performance of the Co-POM-TMOS
electrode. The high ECSA of the Co-POM-TMOS electrode signifies that the in-situ entrapment of the Co-POM in the hydrophilic and highly
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Table 1. Comparison of overpotential of different POM related heterogeneous OER catalysts

Compound Op @ 1TmA/cm? Reference
INi(2,2-bpy)slsIPW+1NiO35(H,0)]; - 1.08H,0 591 mV Wang et al., 2016
Ni(2,2-bpy)sl1 5[Ni(2,2-bpy)2(H,0)BW1,040] 632 mV Wang et al., 2016"
{INi(2,2bpy)ss 5[Ni(2,2bpy)2(H20)PW12040] ¥ 616 mV Wang et al., 2016"
{INi'(2,2"-bpy)2(H,O)INi"(2,2-bpy)sls 5} [H(CO"W12040)]- 2H,0} 457 mV Singh et al., 2018%°
(INILI(PF¢)2 (L = bis(2-pyridyl-methylimidazolylidene) methane) 800 mV @ 0.65 mA/cm? Shahadat et al., 201977
5,15-diphenylporphinatonickel(ll) 400 mV @ 0.7 mA/cm? Krishna et al., 20187°
[HgCoW1,040] @ ZIF-8 784.19 mV Mukhopadhyay et al., 2018
Co-POM-TMOS 300 mV @ 2 mA/cm? Present Work

porous matrix of TMOS sol-gel matrix can be considered as an efficient strategy for developing POM-based heterogeneous electrodes. In this
regard, choosing the appropriate sol-gel matrix can be crucial. The role of porosity and hydrophilicity of TMOS sol-gel matrix cannot be ne-
glected behind the observed ECSA of the hybrid electrode.

Furthermore, an overall decrease in the resistance was observed as a result of the entrapment of the Co-POM in the TMOS sol-gel, from
the Nyquist plot obtained by electrochemical impedance spectroscopy (EIS) measurement shown in Figure 5.

We fitted the Nyquist plot with the equivalent circuit “R1+C1/(R2+Q2/R3)+C4/R4" depicted in Figure S13. As expected, with the introduc-
tion of POM molecule in the sol-gel cavity, a drop in R is observed. The parameters of each component are provided in Table S4 in the Sup-
porting Information. A considerable decrease in the bulk resistance (Rs) for the Co-POM-TMOS sol-gel electrode compared to the TMOS sol-
gel electrode can be observed from the EIS measurements. Such lowering of Rs is advantageous for electrocatalytic applications. Entrapment
of Co-POM inside the hydrophilic porous matrix of TMOS with the scope of electrostatic interactions between the POM anions i.e.,
[CoW1,0401%, and TMOS causes this lowering of the overall resistance of the hybrid electrode because POMs are well-known for being effi-
cient charge transfer agents. Besides helping the charge transport process, the Co-POM, in case of Co-POM-TMOS s also the catalytically
active center for the electrocatalytic OER. This implies that the ease of electron transport in Co-POM-TMOS may have helped the observed
catalytic process. The efficient charge transfer may have contributed along with the hydrophilicity and porosity of the sol-gel matrix behind the
high ECSA observed for Co-POM-TMOS.

As indicated by the high slope (1.35 V/decade) of the Tafel plot (Figure 3) a proton-coupled sluggish multi-electron transfer process can
occur as the rate-determining step. Furthermore, a detailed understanding of the structural properties of the nano particular metal oxide i.e.,
the Co-POM, which is the molecular electrocatalyst in the case of Co-POM-TMOS sol-gel electrode, can help to understand the complex
electrochemical process happening during the catalytic OER. The data obtained are not sufficient to prove a detailed mechanism of the elec-
tro-catalytic process reported; however, some ideas concerning the plausible mechanism are justified; considering the structure of the Keggin
POM, itis unlikely that the central Co"V can bind to the water molecule, which in this case, is the substrate. The following mechanism seems
probable:

204 ¢ Experimental points of Co-POM-TMOS
e Experimental points of TMOS

164 Linear Fit Co-POM-TMOS

Linear Fit TMOS

B

C,=8.55 pFlcm’

j (mA/em?)

C,= 16.57 pFlcm’

10 20 30 40 50
Scan rate (mV/s)

Figure 4. Electrochemical surface area (ECSA) for the Co-POM-TMOS and TMOS sol-gel electrodes
Linear fits for the anodic current @ 0.41 V (vs. NHE) for CO-POM-TMOS and TMOS sol-gel electrodes.
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Figure 5. EIS measurements of Co-POM-TMOS and TMOS
Nyquist plot of (A) Co-POM-TMOS and (B) TMOS sol-gel electrodes, recorded in 0.2 M NaClO,4 and pH 2.

Co"N-0-W(OR), = O™ + H,0—Co""-O-W(OR),-OOH™-H* (Equation 7)

Co""-0-W(OR),-O0H " ""-2e" - Co"/V-O-W(OR),,-OOH ™" (Equation 8)

Co"/N-O-W(OR),-OOH™"" — Co™"-0-W(OR), """ + HO,- (Equation 9)

Co"V-O- W(OR),-O0H"™"" + H,0 — Co""-O-W(OR),” = O™ + O, + 3H" (Equation 10)

Co"".0-W(OR),""" 4+ H,0 - Co"M-O-W(OR), = O™ 4 2H* (Equation 11)

Reaction (7) is analogous to the commonly accepted mechanism of water oxidation by high-valent metal oxides.”® Reaction (8) is an anodic
process. Reactions (9)—(11) are reasonable steps. Since POM is well-known to be an efficient charge transfer agent, the electron transfer to the
central Co¥" is reasonable (it is known from the literature that the POM without cobalt, for example [PW1,0,0]> and [SiW;,040]* are used for
HER’®). The electrochemical stability of the prepared sol-gel electrodes was confirmed by constant potential electrolysis (CPE) at 1.6 V, and
LSV measurements are presented in Figure 6.

From constant potential electrolysis (CPE) measurement in Figure 6A, the Co-POM-TMOS electrode was found to be stable for more than
30 min, and this measurement was taken after reusing the electrode repetitively for more than two months. As shown in Figure 6B, The LSV
recorded after the electrochemical studies are in good comparison with LSV recorded with the new electrode. The same electrodes were
dried completely and were used for spectroscopic analysis and relevant physical characterizations to understand the electrochemical study
and reusability of the Co-POM-TMOS hybrid sol-gel electrode.

The structural stability of the electrodes was studied by spectral analysis before and after electrochemical studies (Figure 7).

The Raman Spectral analysis and FTIR spectra of Co-POM-TMOS sol-gel electrode before and after the electrochemical study for Co-
POM-TMOS are similar, with no significant changes. This result indicates that the sol-gel electrodes are stable, and the matrix saves the
Co-POM structure even after the electrocatalytic OER.

SEM images were recorded for the electrodes (Figure 8) before and after the electrochemical study to check for any change in their
morphology, but no such changes were observed.

Energy-dispersive spectra (EDS) analysis was done for all the electrodes to check the elemental composition. The chemical composition of
the Co-POM-TMOS sol-gel electrodes before and after the electrochemical studies was similar. This also points toward the stability of the
catalyst, Table S1.

The inductively coupled plasma (ICP) analysis of the electrolyte after the CPE analysis was done to check for any leaching of the metal ions
into the electrolyte. The results are presented in Table S2. The results prove that some slow leaching of Co-POM into the solution occurs, the
structural integrity of Co-POM remains intact. The leaching could be associated to the hydrophilic nature of TMOS, due to which water is
entering inside the electrode-holder and since, the interaction between POM and matrix is only electrostatic interaction, once, in contact
with water, the high solubility of Co-POM in water leads to this slow leaching.

The sol-gel electrodes were prepared with maintaining the pH of the solution phase at approximately 2 or slightly below 2. The point of
zero charge (PZC) of Si-OH-containing TMOS lies between pH 1.5-4.5.” For the pH of the precursor solution of the sol-gel electrode 2 or
below, the accumulation of positive charge on the siliceous species could be observed.”® TMOS, being hydrophilic in nature, once these
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Figure 6. Electrochemical stability of Co-POM-TMOS electrode
(A) Constant Potential Electrolysis (CPE) recorded at 1.6 V for Co-POM-TMOS sol-gel electrode.
(B) Comparison of LSVs of Co-POM-TMOS before and after continuous reusing for electrochemical study for 30 days, scan rate: 50 mV/s, 0.2 M NaClO,, pH 2.

electrodes are dipped in aqueous solutions, a capillary action could be seen by which water enters the matrix. Interestingly, Co-POM in
aqueous solution possesses an inherent high negative charge as it loses the protons in the process of solvation. Thus, the [CoW1,040]% anion,
with the high negative charge should be getting trapped in the sol-gel matrix in the process of the electrode formation.

The experimental condition of the preparation of the electrodes (a low pH of pH 2), suggests that the resulting electrodes should have high
negatively charged [CoW;,Q40]° anion trapped inside the sol-gel matrix bearing excess of positive charge, leading to highly probable elec-
trostatic interaction between the POM anion and the matrix. As a result of these electrostatic interactions, POM anions are stabilized in the
sol-gel matrix and promote the catalytic OER process under acidic conditions. The probability that the active species in the OER is free cobalt,
which is released from the POM, is low, which is also according to the literature.>>’?

Conclusions

In this work, we have designed and studied a Keggin POM sol-gel electrode by entrapping K¢[CoW12040], for electrocatalytic OER for the first
time. The Co-POM-TMOS sol-gel electrode is highly robust and can be reused for electrocatalytic OER for more than 90 days with a low over-
potential of 300 mV and high TOF of 1.76 [mol O, (mol Co)™'s™']. Heterogenization of Co-POM, using a hydrophilic sol-gel precursor, results
in electrostatic interaction between the POM and the matrix. The composite, thus prepared, allows facile hydrogen bonding of water
molecules onto the surface of Co-POM. Our results indicate that the Co-POM-TMOS sol-gel electrodes stabilize the structural integrity of
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Figure 7. Structural stability of Co-POM-TMOS electrode
Spectral analysis of Co-POM-TMOS before and after the electrochemical study using (A) Raman analysis, (B) FT-IR analysis.
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Figure 8. Morphological stability of Co-POM-TMOS electrode
SEM images of the Co-POM-TMOS sol-gel electrodes were recorded (A and C) before and (B and D) after the electrochemical analysis.

Co-POM under electrochemical conditions of OER catalysis at pH 2. According to the results a plausible mechanism for the electrocatalytic
OER process is outlined.

Limitations of the study

The research is mainly based on electrochemical results with a unique sol-gel electrode for heterogeneous OER, which are supported through
several electrochemical techniques, such as EIS and CV. The results and mechanism only represent the specific POM that were synthesized
and studied in this research.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Cobalt acetate Sigma-Aldrich CAS# 71-48-7
Glacial acetic acid Sigma-Aldrich CAS# 64-19-7
Graphite Sigma-Aldrich CAS# 7782-42-5
Hydrochloric acid Sigma-Aldrich CAS# 7647-01-0
Potassium chloride Sigma-Aldrich CAS# 7447-40-7
Tetramethyl orthosilicates (TMOS) Sigma-Aldrich CAS# 681-84-5
Sodium perchlorate Sigma-Aldrich CAS# 7601-89-0
Sodium tungstate dihydrate Sigma-Aldrich CAS# 10213-10-2
Ultrapure water with a final resistance of 18.2 MQ cm TKA-GenPure Cat# 50131217
Software and algorithms

PSTrace 5.9 software PalmSens BV https://www.palmsens.com/software/ps-trace/

Origin 8.5 software

OriginLab Corporation

https://www.originlab.com/

Other

X-ray Powder Diffraction (PXRD)
Fourier transform infrared spectroscopy
Raman spectral analysis

X-ray photoelectron spectroscopy (XPS)
Scanning Electron Microscopy (SEM)

Cryogenic Scanning Electron Microscopy (Cryo-SEM)

Elemental analysis by Inductively Coupled Plasma

Optical Emission Spectroscopy (ICP-OES)

PanAnalytical
Nicolet
Horiba
Thermo Fisher
TESCAN
ZEISS
SPECTRO

Empyrean Il
Impact 410
LabRam HR Evolution

ESCALAB™ QXi X-ray Photoelectron Spectrometer Microprobe

VEGA4LMS
Gemini 300
ARCOS

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Ariela Burg (arielab@sce.ac.il).

Materials availability

This study did not generate new materials.

Data and code availability

e This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

The research was composed from four main stages: 1. Co-POM synthesis, 2. Electrodes preparation according to a published procedure. 3.
Characterization of the Co-POM and the electrodes by various methods. 4. Electrochemistry experiments.

Materials

All chemical reagents were of analytical grade and used without further purification. All solutions were freshly prepared with ultrapure

water.
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Co-POM synthesis
Ke[CoW;5040] (Co-POM): The Keggin POM, K[CoW;,040], was synthesized by slightly modifying the reported procedure in the literature.®*%
The synthetic process is as follows:

A solution of sodium tungstate dehydrate was prepared, and the pH of the solution was adjusted to 6.5-7.5 by the addition of glacial acetic
acid. This solution was heated to near boiling point and to this a solution of cobalt acetate was added dropwise while stirring. The mixture was
boiled for 10 min and then filtered in hot conditions. Then a hot aqueous saturated KCl solution was added to the filtrate, and the mixture
was kept for 24 h in room temperature. The green precipitate formed was separated, and 2M sulfuric acid was added to it. Then the mixture
was boiled to decrease the volume and filtered. The filtrate was kept in an ice bath for 24 h to obtain good-quality bluish-green crystals, which
were separated using Buckner funnel, washed with ice-cold water, and then dried in air.

Co-POM was characterized by powder-XRD (PXRD) and FT-IR (Figures S2 and S3) before incorporating into the sol-gel electrodes.

Working electrode preparation

Working Electrode preparation (Co-POM-TMOS): The sol-gel electrodes were prepared by optimizing the literature protocol according to
our needs.®’ % The starting mixture of Co-POM-TMOS sol-gel electrode comprises TMOS (300 pL, 2 mmol), Graphite (0.15 g, 12.5 mmol),
and aqueous solution of Co-POM (1 mmol of Co-POM in 600 plL (33.3 mmol) H,O). The pH of the aqueous solution of the Co-POM was
adjusted to 2.0 by adding 0.1 M HCl before adding it to the mixture for electrode preparation. The slurry obtained was mixed until a single
phase was acquired, then transferred to a homemade electrode holder and kept for air drying for 3 weeks for porous heterogeneous elec-
trode fabrication (Figure S1).

Blank electrode preparation

Blank electrode preparation (TMOS): The TMOS sol-gel electrode preparation methodology is similar to Co-POM-TMOS electrode prepa-
ration, with the only difference of having no Co-POM in its mixture.

Characterization methods
Sample characterization was performed by X-ray Powder Diffraction (PXRD) on an Empyrean lll (panalytical). X-ray diffractometer with the
X-ray source: Philips ceramic sealed tube (1.8kW) with the wavelength: Cu Ke (1.5405 A).

Infrared (FTIR) spectra were acquired from KBr pellets using a Nicolet Impact 410 spectrophotometer.

Raman spectral analysis was performed on LabRam HR Evolution Horiba Raman with laser of 532 nm.

X-ray photoelectron spectroscopy (XPS) studies were performed on ESCALAB QXi X-ray Photoelectron Spectrometer Microprobe.

Scanning Electron Microscope (SEM) images and Energy-dispersive X-ray spectra (EDS/EDX) were acquired using Desktop Scanning Elec-
tron Microscope (Tescan VEGA4LMS + Oxford 15mm EDS AztekOne) and Cryogenic Scanning Electron Microscopy (Gemini 300, ZEISS cryo-
SEM, and LEICA sample preparation equipment.

Elemental analysis of ions in solutions after electrochemical studies was performed by Inductively Coupled Plasma Optical Emission Spec-
troscopy (ICP-OES) using an SPECTRO model ARCOS.

Electrochemical studies

All the electrochemical experiments were carried out using a PalmSens EmStat3 potentiostat operated with PSTrace 5.9 software. Electro-
chemical experiments were accomplished using a three-electrode electrochemical cell using prepared sol-gel electrodes as working elec-
trodes, Ag/AgCl (3 M) as reference electrodes and Pt-Wire as counter electrodes. Using 0.20 M NaClOy, pH 2.0 as an electrolyte. For the
connection of the sol-gel electrodes to the cell, dry graphite powder of around 200 mg is added on top of the dried electrodes, (Figure S1)
and a platinum wire was inserted through the dry Graphite to complete the circuit without damaging the electrodes. The surface area of the
outer exposed part of the sol-gel electrodes is 0.077 cm? and is used to calculate current density. Cyclic voltammetry scans were recorded by
scanning the anodic side first, followed by a cathodic scan. Three cycles were taken consecutively for each set of cyclic voltammetry measure-
ments. Cyclic voltammograms (CVs) were also recorded at various scan rates. Linear Sweep Voltammograms (LSVs) were initiated at the open
circuit potential (OCP). The represented cyclic voltammogram (CV) in the article is the 2" cycle of CV scan. Glassy carbon, with a geometrical
area of 0.071 cm?, was used to record homogeneous electrochemical measurements. All the electrochemical measurements are converted
into NHE by using Equation 12:

E(NHE) = E(Ag/AgCl) +0.197 (Equation 12)
The electrochemical impedance spectroscopy (EIS) measurements were recorded using a PalmSens EmStat4s potentiostat, and the Ny-

quist plots were fitted with PalmSens software PSTrace 5.9.

QUANTIFICATION AND STATISTICAL ANALYSIS

PSTrace 5.9 software was used to operate the potentiostat, collect electrochemical data and fit the Nyquist plots. Origin 8.5 software was used
to compile figures and analyze data.
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Calculation of surface coverage and number of active cobalt atoms

We have calculated the active Co atoms/cm? on the electrode surface using a method described in the literature®’ by measuring the surface
coverage (I'g) from the slope (2.02 107* F) of the ip vs. scan rate (Figure S9) using the Equation 13.

Slope = n?F’ALg/4RT (Equation 13)

Where 'n’ = No. of electrons involved, here 1, For Co(ll) — Co(lll) conversion.
‘F'=1F=96,500 C.
‘A" = Geometrical surface area of electrode.
‘R" = Ideal Gas Constant.
‘T' = Temperature during experiment (298 K).
‘To' = Surface density of active cobalt atoms.
Thus, obtained surface density of active cobalt atoms is 2.95 x 10~ mol/cm?.

Calculation of turnover frequencey (TOF) for O, evolution from Tafel plot

The activity of a catalyst can be well-expressed in terms of turn over frequency (TOF). It is defined as the number of reactant molecules getting
converted into product molecules in unit time per active site. The TOF is measured as follows in Equation 14:

Current density at given over potential
4 x F x No. of active cobalt

TOF at any given over potential = (Equation 14)

Here, 4 appears because OER is a 4e-process. Hence division of current density at a particular overpotential by 4F (F = Faraday constant)

gives one catalytic turnover number and further division of turnover number by the number of active cobalt atoms results in turnover
frequency (TOF).

-3
TOF, 210

j=2mafer = I Fx2.95%10 7 (Equation 15)

Thus (TOF) =2 ma = 1.76 [mol O (mol Co) 's™"].
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