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interconversion in neutral water

Abhishek Saini,1 Chandan Das,1 Surabhi Rai,1,3 Aritra Guha,1 Dependu Dolui,1 Piyali Majumder,1

and Arnab Dutta1,2,3,4,*

SUMMARY

TheO2/H2O redox couple is vital in various renewable energy conversion strategies. This work delves into
the Co(L-histidine)2 complex, a functional mimic of oxygen-carrying metalloproteins, and its electrochem-
ical behavior driving the bidirectional oxygen reduction (ORR) and oxygen evolution (OER) activity in
neutral water. This complex electrocatalyzesO2 via two distinct pathways: a two-electronO2/H2O2 reduc-
tion (catalytic rate = 250 s�1) and a four-electronO2 toH2Oproduction (catalytic rate = 66 s�1). The forma-
tion of the key trans-m-1,2-Co(III)-peroxo intermediate expedites this process. Additionally, this complex
effectively oxidizes water to O2 (catalytic rate = 15606 s�1) at anodic potentials via a Co(IV)-oxo species.
Additionally, this complex executes the ORR and OER under photocatalytic conditions in neutral water in
the presence of appropriate photosensitizer (Eosin-Y) and redox mediators (triethanolamine/ORR and
Na2S2O8/OER) at an appreciable rate. These results highlight one of the early examples of both electro-
and photoactive bidirectional ORR/OER catalysts operational in neutral water.

INTRODUCTION

The application of small molecule activation reactions for transducing renewable energy resources into readily usable forms has been

bolstered by the current interest in sustainable and eco-friendly power generation.1,2 Here, the conversion between two distinct redox states

of a small molecule ensures facile energymediation via specific chemical bonds.3 Amongmultiple accessible options, O2/H2O transformation

has emerged as one of the leading choices due to the natural abundance of water and oxygen.4 In this regard, the chemically opposite re-

actions of oxygen reduction and oxygen evolution from water become critical.5 Thus, the research community searches for suitable catalysts

for supporting both oxygen reduction reaction (ORR) and oxygen evolution reaction (OER), preferably operational under ambient natural

conditions.6,7 The metal-air batteries (MAB) and unitized regenerative fuel cell (URFC) setup require the application of both ORR and OER

catalysts to operate in their respective charging/discharging and electrolyzer/fuel cell modes.8–13 Hence, the generation of bidirectional

OER/ORR electrocatalysts is reckoned as a pivotal step for small molecule redox-cycle-based renewable energy conversion.14–21 The func-

tional modeling of the natural metalloenzymes has emerged as one of the popular choices for replicating the catalytic properties with

synthetic model complexes.22 The natural metalloenzymes hint at the potential infrastructure of catalysts based on inexpensive and readily

available first-row transition elements.23 The Mn4Ca inorganic core of oxygen-evolving complex (OEC) present in the photosystem II (PS II)

catalyzes the WOR,24,25 which has sparked the development of a plethora of artificial molecular OER catalysts.26–31 Cobalt-based complexes

have appeared as a viable option for OEC core replication due to their functional similarity.32–34 Thus, the development of catalysts with

Co4O4 cubanes and derivatives has received appreciable attention.35–37 Furthermore, the in-depth functional analysis of these catalysts

unveiled the involvement of high-valent metal oxo intermediates.38,39 Despite their impressive OER activities, these catalysts fail to showcase

appreciableORR activities. The same trend continues even with traditional ligand templates where iron-porphyrin complexes40,41 and cobalt-

based complexes28,42–45 display either ORR or OER activity in water. The inclusion of a dynamic ligand environment is considered to be a key

factor in instigating bidirectional catalysis by accommodating the dynamic coordination geometries and variable metal oxidation states.

Following this strategy, Dey and co-workers developedMn-porphyrin complexes for active bidirectional ORR/OER catalysis in both directions

in an aqueous solution.46 Lei and co-workers developed cobalt-corrole complexes to get the same kind of catalytic behavior.47 However,

these catalysts become operational only after their surface immobilization. Very recently, Dutta and co-workers designed a hemilabile ligand

scaffold to generate aCu-N4-core, which displays remarkable bidirectionalORR/OER activity in an aqueous solution.48 This was one of the first
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examples of homogeneous bidirectional O2 reduction/O2 evolution electrocatalysis. Therefore, constructing a homogeneous bidirectional

active ORR/OER molecular electrocatalyst still remains in its early stages.

Here, in this study, we have attempted to model the reversible O2-bindingmetalloproteins for creating a new genre of bidirectional ORR/

OER electrocatalysts. The majority of the natural oxygen carrier proteins (hemoglobin, hemerythrin, hemocyanin) exist in two distinct forms:

O2-bound oxy and O2-less deoxy, which exhibit distinct spectroscopic signatures. This feature was aptly replicated with a relatively simple

cobalt-histidine complex [Co(L-His)2] in a neutral aqueous solution.49,50 The deoxy and oxy versions of this complex were probed in detail

by our group recently, where we discovered a redox shuttling between molecular oxygen and peroxide intermediate.51 This change was

aided by a change in the molecularity and oxidation state of the cobalt center as follows: Deoxy complex (mononuclear, Co(II)) and Oxy

complex (Dinuclear, Co(III)). The spontaneous stoichiometric conversion of Deoxy to Oxy state following O2 exposure led us to probe the

[Co(L-His)2] further for possible electrocatalytic ORR activity. Our studies have displayed a two-stage electrocatalytic oxygen reduction by

the cobalt complex at pH 7.0. A series of spectroscopic and electrochemical studies indicated the occurrence of O2 to H2O2 reduction in

the first step (catalytic rate = 250 s�1, overpotential 0.6 V), whereas the application of further cathodic potential enables a full four-electron

reduction of O2 to water (catalytic rate = 66 s�1, overpotential 1.55 V). Interestingly, this complex was also found to be active for water oxida-

tion in the identical neutral aqueous media as it produces O2 during the anodic scan (catalytic rate = 15606 s�1, overpotential = 0.29 V). The

existence of trans-m-1,2-Co(III)-peroxo andCo(IV)-oxo species, which are the key intermediates forORR andOER pathways, respectively, were

identified during the electrocatalytic experiments via spectroelectrochemical experiments. We were also able to unlock the photocatalytic

activity of this complex in the presence of Eosin-Y photosensitizer and appropriate redox mediator (triethanolamine/TEOA during ORR

and Na2S2O8 during OER). The [Co(L-His)2] complex displayed appreciable photocatalytic ORR (TON 249) and OER (TON 540) in a neutral

aqueous solution. Such a dual-active and bidirectional OER/ORR catalysis has rarely been achieved in neutral water. Hence, this study sets

up a unique template for designing multi-functional catalysts with rational incorporation of earth-abundant transition metals into natural

amino-acid-based ligand frameworks for variable energy-relevant applications.

RESULTS AND DISCUSSION

Recently, we have colorimetrically probed the reversible O2-binding metalloproteins with a synthetic Co(L-His)2 complex (M). This complex

equilibrates between spectroscopically distinct deoxy- (Deoxy-M) and oxygen-bound (Oxy-M) species in a neutral aqueous solution. This

feature was utilized for measuring a wide-range O2 concentration (0%–100%) determination.51 The Deoxy-M complex was synthesized via

the addition of two equivalents of L-histidine into an aqueous solution (pH 7.0) of Co(II) under anaerobic conditions (Figure S1). Single crystals

of Deoxy-M were obtained following the slow evaporation of a methanol/diethyl ether blend, which specifically indicated the formation of a

1:2 complex [Co(L-His)2]. As shown in Figure 1, each L-histidine acts as a tridentate ligand with linkage via carboxylate, amine, and imidazole

motifs, producing an octahedrally coordinated cobalt ion. Here, the imidazole groups are oriented in a trans geometry, whereas the carbox-

ylates and amines are cis-coordinated. The details of the crystal structure, including the notable bond lengths and bond angles, are provided

in the supporting information (Tables S1 and S2).

Figure 1. The chemical structure

The molecular structure of Deoxy-M present in the unit cell with appropriate atom labeling [Co (blue), C (gray), N (sky blue), Oxygen (Red)]. Hydrogen atoms are

omitted for clarity. Displacement ellipsoids for non-hydrogen atoms are drawn at 50% probability level.
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The exposure of this paramagnetic Deoxy-M complex (Figures S4 and S5) to O2 resulted in a sharp change in the solution color with the

generation of diamagnetic Oxy-M species (Figure S7). A series of complementary spectroscopic experiments validated a two-electron

reduction of O2 to peroxo species (O2�
2 ), where two Co(II) ions share one electron each. Hence, the Oxy-M molecule showcases a binuclear

trans-1,2-Co(III)-peroxo core, where the rapid reorientation of L-histidine facilitates the O2 binding (Figure S2).

Electrochemical investigation

The reversible alteration between Deoxy-M andOxy-M in an aqueous solution indicated that this Co(L-His)2 complex could easily activate O2

via a two-electron reduction. Therefore, we decided to further probe this natural O2 reducing activity of the cobalt complex in water via

electrochemistry. Here, all the potential values are reported against standard hydrogen electrode (SHE) unless otherwise mentioned, which

wasmeasured with an internal standard after each experiment. The initial study was performedwith aDeoxy-M sample dissolved in a buffered

aqueous solution (pH 7.0) under an Ar atmosphere. During this study, a distinct reversible signal centered around�0.2 V was observed during

a reductive scan ranging from 0.75 to �0.75 V (Figures 2A and S8A). The current response of this signal varies linearly with O(scan rate) to

illustrate the stoichiometric nature of this signal (Figure S8B). Next, a complementary spectroelectrochemical measurement was conducted

to decipher the origin of this reversible feature. Here, a chronocoulometric experiment was performed at�0.23, ensuring the complete reduc-

tion of the Deoxy-M sample beyond the stoichiometric signal. The gradual change of the sample was monitored in tandem with an optical

spectroscopic setup that exhibited a uniform decrease of the Co(II)-centric absorption band near 500 nm (Figure 2B). Hence, this experiment

validated the presence of a stoichiometric Co(II/I) reduction process.

Next, the same Deoxy-M solution was saturated with molecular oxygen with controlled purging to produce the Oxy-M sample in situ. The

cyclic voltammogram of this sample displayed three reductive features during a reductive scan spanning from 0.75 V to �1.25 V (Figures 2A

and S9). Initially, a reversible electrochemical signal was noticed at�0.25 V, whose linear variation with O(scan rate) indicates the presence of a
possible stoichiometric redox step here (Figure S10). The strong LMCT bands attributed to trans-m-1,2-Co(III)-peroxo core present in the

Oxy-M sample gradually disappeared along with the emergence of a Co(II)-centric 500 nm band when a spectroelectrochemical experiment

Figure 2. The electrochemical oxygen reduction studies

(A) Comparative cyclic voltammograms of Deoxy-M complex under 1 atm Ar (Red trace), Oxy-M complex under 1 atm O2 (Black Trace), and the control blank

under Ar (Sky Blue trace) and O2 (Yellow trace) at pH 7. Oxy-M displays two catalytic ORR signals at 0.6 V and 0.9 V (versus SHE) along with stoichiometric

Co(III/II) signal. A 1 mm glassy carbon disc electrode, a Pt wire, and Ag/AgCl in saturated KCl were used as working, counter, and reference electrodes,

respectively, during this experiment. The data were recorded at 1 V s�1 scan rate. The horizontal black arrow indicates the initial scan direction.

(B) Spectroelectrochemical studies of deoxy-M displaying a uniform decrease of the absorption profile around 500 nm, indicating a role for the redox shift of Co

(II/I) during the catalytic cycle.

(C) Spectroelectrochemical studies of oxy-M showcasing a consistent decline in the absorption profile (bands at 350 and 410 nm), with the concomitant formation

of 500 nm band suggesting the involvement of Co (III/II) redox change during catalytic cycle.

(D) Measuring the amount of oxygen reduced during bulk electrolysis at the applied potential of�0.7 V and�1.1V versus SHE in a 1.56mMoxy-M sample in 0.1M

MES buffer solution at pH 7.0 under 1 atm O2 in a closed vessel.
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was executed at this feature (Figure 2C). Thus, this first reversible reduction signal was attributed to Co(III/II) reduction. Two irreversible reduc-

tive peaks followed next, centered around�0.6 and�0.9 V, respectively (Figure 2C). The current responses of both these signals plateaued at

elevated scan rates displaying their catalytic nature (Figures S11 and S12). The corresponding spectroelectrochemical data demonstrated the

continued presence of the Co(II) feature with a slight drop in the corresponding absorbance to showcase the key role of Co(II) species in

catalysis (Figures 2C and S14‒S16).
As these reductive catalytic signatures appeared only in molecular oxygen, they are possibly linked with electrocatalytic oxygen reduction

reactions (ORR). As mentioned earlier, the Oxy-M species contain a peroxo motif, which can be extracted as H2O2 with the addition of a pro-

ton source.51 Hence, we have attempted to rationally probe the two electrocatalytic oxygen reduction reactions. Here, two-electron reduction

to H2O2 and four-electron reduction to H2O emerge as the possible fate of the electrocatalytic ORR observed here.

O2 + 2H+ + 2e�# H2O2 (Equation 1)

O2 + 4H+ + 4e�# 2H2O (Equation 2)

Next, bulk electrolysis (chronocoulometric) experiments were performed at both the catalytic features (�0.7 and �1.1 V) with Oxy-M

sample in an oxygen-saturated aqueous solution to further validate the course of electrocatalytic ORR. This experiment was executed in

an air-tight electrochemical cell fitted with a fluorometric oxygen sensor to probe the change in oxygen concentration during the experiment.

During this experiment, a gradual drop in O2 concentration was noticed along with a constantly increasing reductive current (Figures 2D and

S17). Interestingly, the consumption of O2 and amplitude of reductive current were higher at �1.1 V compared with �0.7 V experiment. The

signature ORR signal currents vary significantly with an altered O2 concentration (Figure S20). A concomitant drop in the O2 level was also

detected at both the potentials in the electrochemical cell headspace (Figures 2D and S21). A complementary rotating ring disc electrode

(RRDE) experiment was carried out during the oxygen reduction process to investigate the potential formation of partially reduced peroxide

species (Figure S22). In this experiment, a glassy carbon disc-Pt ring RRDE setup was utilized. The Pt ring electrode was held at a constant

potential of 0.8 V, where it can oxidize the in situ generated H2O2 and provide us a quantitative measurement of the two-electron ORR pro-

cess. We observed that 91.25% of H2O2 was produced when the applied potential in the glassy carbon disc electrode was �0.7 V. The for-

mation of �92% H2O2 around the first reduction peak was corroborated further with the xylenol orange assay following a chronocoulometric

experiment performed at �0.7 V.48,52 Interestingly, the H2O2 concentration reduced significantly to 11% as the glassy carbon disc electrode

potential was shifted to further cathodic zone (�1.1 V) (Supporting information). The drop in the H2O2 production during the second reduc-

tion wave was also noticed in the complementary RRDE experiment (Figure S23). These data indicated that the major product of the first

reduction process is H2O2 (via a two-electron reduction process, Equation 1). On the other hand, the electrocatalytic reduction at �1.1 V

primarily proceeds through a complete four-electron ORR to water (Equation 2). Field emission scanning electron microscopy coupled

with energy-dispersive X-ray spectroscopy (FE-SEM/EDS) was used to investigate the plastic chip working electrode used in the bulk electrol-

ysis experiment. These data showed that the complexes were stable under electrocatalytic ORR conditions by the absence of cobalt depo-

sition on the electrode material (Figure S18).

The electrochemical behavior of oxy-M in the oxidation directionwas also investigated in a buffered aqueous solution (pH 7) under 1 atmof

O2. The oxidation scan revealed two irreversible signals during an anodic run ranging from 0 V to 1.55 V (Figure 3A). The first irreversible wave

was observed at 0.75 V. To assign the redox couple associated with this wave, an auxiliary spectroelectrochemical measurement was

Figure 3. The electrochemical oxygen evolution studies

(A) Cyclic voltammograms acquired at different scan rates for 0.1 mM Oxy-M in an aqueous buffered solution (pH = 7). The inset figure depicts the amount of

oxygen produced during bulk electrolysis at 1.45 V versus SHE in a 1.56 mM oxy-M solution in a closed vessel. All the CVs were recorded with a 1 mm diameter

glassy carbon disc working electrode, Pt wire counter electrode, and Ag/AgCl (in saturated AgCl) reference electrode in the presence of a 0.1 M Na2SO4

electrolyte. The horizontal arrows denote the initial scan direction.

(B) Spectroelectrochemical measurements of oxy-M at 0.9 V versus SHE revealing a consistent increase in the absorption profile around 610 nm indicate that the

redox shift of Co (III/IV) plays a part in the catalytic cycle. Inset shows the spectroelectrochemical investigations of oxy-M at 1.45 V versus SHE demonstrating a

shift in the absorption profile (bands at 550 and 610 nm) during the catalytic cycle are depicted in the figure inset.
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performed. It is interesting to note that the signature LMCT band of Oxy-M sample’s trans—1,2-Co(III)-peroxo core eventually faded during

this oxidation with the simultaneous appearance of a new band around 625 nm (Figure 3B). A similar peak was noticed earlier during an

analogous irreversible anodic electrochemical process related to cobalt(IV)-oxo species generation.39 Hence, this first oxidation signal is

attributed to Co(III)/Co(IV)-O redox change.53 Upon further scanning toward more positive potential, the second oxidative peak at 1.35 V

was observed with a significant increase in the current response.

The relationship between this second oxidative signal and Oscan rate confirmed its catalytic nature (Figure S25). A bulk electrolysis exper-

iment was performed next to determine the chemical nature of this secondwave. This electrolysis was performed at 1.45 V for 1 h using a 1 cm2

vitreous carbon electrode as the working electrode in an air-tight cell, which exhibited a constant increase in charge accumulation during the

experiment along with a stable anodic current (Figure S26). The change in the head-space atmosphere of the electrochemical cell during

the bulk electrolysis was probed with a calibrated phase fluorometric oxygen sensor, where a continuous growth of O2 was noticed over

the course of the experiment (Figure 3A, inset). The evolution of O2 during this anodic oxidation at 1.45 V was also validated with a gas

chromatography experiment following the injection of the head-space gas via an air-tight syringe (Figure S27). These findings point to the

bidirectional electrocatalytic behavior of Oxy-M, which allows for the interconversion of water and dioxygen in either direction in an aqueous

solution. During the bulk electrolysis experiment, the working electrode of a plastic chip was examined using field emission scanning electron

microscopy in conjunction with energy-dispersive X-ray spectroscopy (FE-SEM/EDS). The absence of cobalt deposition on the electrode

material indicated the robustness of the complexes under electrocatalytic OER conditions, as indicated by the data (Figure S18).

The electrocatalytic performance of Oxy-M for ORR and OER was assessed by the two traditional parameters: turnover frequency (TOF or

kobs) and overpotential (h). The calculation of kobs depends on the particular catalytic pathway followed during the reaction. Here, both the

electrocatalytic processes are proceeding with the initial change in the oxidation state of the central cobalt ion. Hence, it can be assumed that

the Oxy-M-driven catalytic process follows an ErCi mechanism. The catalytic rate (kobs) was calculated from the ratio of the catalytic current

(icat) and stoichiometric current (ip) demonstrated in Equation 3:

icat
ip

=
1

0:4463

ffiffiffiffiffiffiffiffi
RT

nFn

r
kobs (Equation 3)

where R, T, n, F, and n refer to the universal gas constant, absolute temperature (in K) of the experimental condition, the number of electrons

exchanged between the catalyst and electrode during the catalysis, Faraday’s constant, and scan rate, respectively.

For ORR, the catalytic rate for the first reduction step (majorly producing H2O2 from O2) was calculated to be 250 s�1. On the other hand,

the full four-electron oxygen reduction to water was occurring at a rate of 66 s�1. For OER, the rate of four-electron oxidation of water to

oxygen was evaluated to be 15606 s�1.

The overpotential values (h) in aqueous solution are estimated using Equation 4:41,54

h =

�
EO2=H2O2 or H2O � �

0:0591 3 pH
� � Ecat

2

�
V (Equation 4)

Here EO2=H2O2
= 0.695V versus SHE and EO2=H2O = 1.23V versus SHE and Ecat/2 is the potential at which the half maxima of the maximum

catalytic current is achieved. This equation was employed to compute the overpotential at neutral aqueous conditions (pH 7.0). As illustrated

in Table 1, the overpotential values for electrocatalytic O2/H2O2 (reduction), O2/H2O (reduction), and H2O/O2 (oxidation) were 0.6 V, 1.55 V,

and 0.29 V, respectively.

Next, we have attempted to unravel the possible reaction pathways leading to the bidirectional ORR/OER showcased by the Co(L-His)2
complex in its respective reduced and oxidized states. The spectroscopic experiments from our previous study on this molecule have estab-

lished the formation of trans-m-1,2-Co(III)-peroxo species (Oxy-M) following the reaction between two molecules of mononuclear Deoxy-M

andanO2molecule.51 Theperoxo-containingOxy-Mcan liberateH2O2 following the exchangeof twoprotons froman aqueous solution along

with the production of two Co(III) centric molecules, which will spontaneously reduce to Co(II)-containing Deoxy-M, considering the applied

potential favored it below�0.2 V. As shown in Scheme 1A, the first reductive feature possibly proceeds through this catalytic cycle to produce

H2O2 as the major product. A spectroelectrochemical-IR experiment was devised to support the hypothesized catalytic mechanism by

Table 1. The electrocatalytic and photocatalytic ORR/OER parameters recorded for Oxy-M

Parameters ORR OER

Measured electrocatalytic parameters for Oxy-Ma

TOF (kobs, s
�1) @�0.7V @�1.1V 15606 (G100)

250 (G5) 66 (G2)

OP (h, V) 0.6 (G0.01) 1.55 (G0.01) 0.29 (G0.01)

Measured Photochemical Parameters for Oxy-Ma

TON (versus Catalyst) 249 540
aThe standard deviations were calculated from a replicate of three studies.
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following the fate of the distinct peroxo stretching band at 790 cm�1 observed for Oxy-M species. As illustrated in Figure S28, the intensity of

the peroxo signal in FTIR gradually disappeared when the reduction potential was held at �0.7 V. These data confirmed the cleavage of the

cobalt-peroxo bondwith a concomitant Co(III/II) reduction.When the same experiment was repeated at the second reduction feature��1.1

V, a new peak emerged at 815 cm�1 following the disappearance of the peroxo stretching band at 790 cm�1 (Figure S28). This new signal was

attributed to the formation of Co(III)-OH intermediate, which can be generated following a reductive splitting of the trans-m-1,

2-Co(III)-peroxo species.55 This Co(III)-OH intermediate can produce water and Co(III) centers following protonation (Scheme 1A). Then,

the Co(III) centers can follow the analogous pathway to complete the catalytic cycle. Hence, the Oxy-M species can proceed through a bifur-

cated catalytic pathway to produce either H2O2 (2e
�/2H+ process) or water (4e�/4H+ process), depending on the applied potential.

Next, we probed the potential catalytic mechanism for the OER (H2O/O2) process (Scheme 1B). The spectroelectrochemical (optical)

measurements of the sample at 0.9V displayed the appearance of a new signal �625 nm, indicating the generation of Co(IV)-O species (Fig-

ure 3B) (vide supra). This highly reactive Co(IV)-oxo intermediate presumably interacts with a water molecule next to generate the Co(II)-OOH

(hydroperoxo) species following a two-electron exchange with the central metal, as observed even for transition metal-oxo-species-based

water oxidation reactions.56,57 The critical O-O bond formation step occurs along with the release of a proton (Scheme 1B). Next, the hydro-

peroxo species loses another proton alongwith the release of O2molecule. The synchronous exchange of two electrons and a watermolecule

during this step results in the formation of Co(II)-aquo intermediate, which readily regenerates the starting Co(III)-aquo species in the

oxidizing environment. Here, the proton transfer step is critically connected with the key O-O origination step. An analogous electrocatalytic

experiment was performed inD2Owith the identical amount of sample at neutral conditions to better understand the role of proton exchange

in this step. Interestingly, the electrocatalytic OER response was reduced in D2O sample (Figure S29). The corresponding calculation of cat-

alytic rates for O2 production in H2O versus D2O displayed a primary kinetic isotope effect of (KIE) of 2.53 (determined from
kobs ðH2OÞ
kobs ðD2OÞ

). These

data supported our hypothesis, indicating the key role of proton transfer during the electrocatalytic OER.

Table 2. List of the leading homogeneous OER electrocatalysts active in neutral aqueous media along with their catalytic parameters (TOF/OP)

Complex Aqueous media condition TOF (kobs) Overpotential (h, V) Reference

CoHbFCX-CO2H

Hangman scaffold

pH = 7 0.81 0.58 Dogutan et al.59

Na[(L1-3)Co
III]

L: o-Diphenylene dicarboxamide

pH = 7 7.53–8.81 0.38 Du et al.42

[CoIII(dpaq)(Cl)]Cl

H-dpaq: 2-[bis(pyridin-2-ylmethyl)]

amino-N-quinolin-8-yl-acetamide)

pH = 7 85 0.5 Biswas et al.28

CuII(cis-(OH)-IndPY2)

Ind: Indane, PY2:bis[2-pyridyl(ethylamine))

pH = 7 n.d. 0.28 Kafentzi et al.60

CuII tetrakis(4-N-methylpyridyl)porphyrin pH = 7 30 0.31 Liu et al.61

[Ni(meso-L)](ClO4)2

L: (5,5,7,12,12,14-hexamethyl-1,4,8,

11-tetraazacyclotetradecane)

pH = 7 n.d. 0.17 Zhang et al.62

Oxy-M pH = 7 15,606 0.29 This work

Scheme 1. The catalytic mechanism

(A) The possible scheme of ORR mechanism catalyzed by Deoxy-M complex followed by the addition O2 under reducing conditions.

(B) The potential OER mechanism scheme followed by Deoxy-M sample during anodic oxidation of water. Here, the ligand structure is omitted in the catalytic

cycles for clarity.
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Photocatalytic ORR and OER

The facile bidirectional electrocatalytic response displayed by the Co(L-His)2 complex in water led us to probe its reactivity even under photo-

catalytic conditions. Here, a photosensitizer (Eosin-Y) and an appropriate sacrificial electron donor (triethanolamine/TEOA) were deployed

along with the cobalt complex present in a neutral aqueous solution during the photo-driven ORR experiment. While, a sacrificial electron

acceptor (Na2S2O8) was utilized in the place of TEOA during the photocatalytic OER, keeping the rest of the conditions the same.36,58 During

both the experiments, an LED light source (lmax 518 nm) was deployed for the photosensitization while maintaining the reaction mixture in an

air-tight glass-based photochemical cell. The fluorometric oxygen sensor was utilized to monitor the alterations in the amount of oxygen in

the photochemical cell headspace over the course of the experiment. During the ORR experiment, the reaction was started under a 100%O2

atmosphere, where a gradual decrease in the O2 concentration was noticed. This experiment was replicated in the presence of variable

concentrations of Oxy-M sample. It was observed that the amount of O2 mitigation increased with an increasing amount of catalyst while

the rest of the conditions remained constant (Figure 4A). At lower concentrations of catalyst (2–5 mM), the photocatalytic ORR almost reached

the maximum within 35 min of irradiation as showcased by the plateauing graph. The xylenol orange test was performed subsequent to the

photochemical ORR investigations, wherein no discernible evidence of H2O2 production was observed. The turnover number (TON) of the

photocatalytic ORR data illustrated that the maximum activity was observed for the complex at lower concentrations, as it reached a TON

of 249 in the presence of 2 mM Oxy-M (Table S3).

On the other hand, the photocatalytic OER experiment was executed in an analogous air-tight glass container under 1 atm N2. Here,

following the irradiation, the water oxidation sets in, which was evident from the gradual O2 generation, measured by the fluorometric oxygen

sensor. Again, the volume of evolved O2 was directly dependent on the catalyst concentration. However, the rate of O2 production never

dropped over 40 min of photo-irradiation at all catalyst concentrations (Figure 4B). The photocatalytic OER TON data exhibited similar trend

as ORR, where the maximum TON of 540 was obtained with the lower concentration of cobalt catalyst (Table S3). The water soluble nature of

the catalyst during was confirmed by complementary dynamic light scattering (DLS) experiments on before and after the photocatalysis (Fig-

ure S19). The instability of organic Eosin-Y under prolonged exposure has limited the period of the experiments, implying that the catalysts

can perform better in the presence of a photo-stable photosensitizer.

The Co(L-histidine)2 complex is reckoned as one of the bio-inspired models of O2-carrying metalloproteins that forms a binuclear trans-m-

1,2-Co(III)-peroxo core following its exposure to O2. Hence, this complex can readily activate O2 molecules. This feature was explored further

with electrochemical oxygen evolution by the complex in a neutral aqueous solution. A series of spectrochemical and electrochemical exper-

iments were performed to validate the formation of the key trans-m-1,2-Co(III)-peroxo intermediate during electrocatalytic ORR. This biomi-

metic complex exhibits a dual active electrocatalytic ORR, as it can preferably follow either a two-electron pathway (produces H2O2) or a four-

electron process generating water. The catalyst favored the electrocatalytic O2/H2O2 over O2/H2O, which was evident from the relatively

faster rate and lower overpotential. Interestingly, we have also discovered the oxygen evolution activity of the complex under analogous con-

ditions to establish the bidirectional ORR/OER activity by Co(L-histidine)2 complex (Figure S24). This complex oxidized water to O2 at an

excellent rate of 15606 s�1 with an overpotential of only 0.29 V, which is in par with the best homogeneous catalysts reported to be operational

in neutral aqueous media (Table 2). The emergence of pivotal Co(IV)-oxo intermediate and involvement of kinetically significant proton ex-

change during the electrocatalytic OER mechanism were also validated in this study. Interestingly, this catalyst was also active under photo-

catalytic conditions. In the presence of Eosin-Y as a photosensitizer and appropriate redox partner, this cobalt complex can significantly

reduceO2 (TON249) or oxidize water to produceO2 (TON 540). Therefore, this Co(L-histidine)2 complex provides us a template for designing

efficient bidirectional OER/ORR catalysts that can operate even in neutral water under both electro- or photocatalytic conditions. Such cat-

alysts will be key for unlocking the enormous potential of renewable energy resources via the small molecule activation strategy.

Figure 4. The photocatalytic studies

(A) The time trace of reduction of headspace O2 level during photocatalytic ORR experiments executed in the presence of different concentrations of Oxy-M

along with Eosin Y (1 mM) photosensitizer (PS) dye and sacrificial electron donor TEOA (5mM) at pH 7.0 aqueous solution.

(B) The trend of O2 evolution during photocatalytic OER studies recorded for variable Oxy-M complex concentrations in the presence of Eosin Y (1 mM)

photosensitizer (PS) dye and sacrificial electron acceptor Na2S2O8 (5mM) in a neutral aqueous media (pH 7.0). All the experiments were performed with an

LED irradiation l R 518 nm at room temperature.
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Limitations of the study

This work has revealed valuable insights into the electrocatalytic and photocatalytic capabilities of the Co(L-histidine)2 complex for oxygen

reduction and oxygen evolution reactions. The observed catalytic activity of the complex is highly dependent on various reaction condi-

tions, specifically on pH and temperature. Alterations in these parameters can significantly impact the catalyst’s performance. Notably, the

L-histidine moiety undergoes protonation at lower pH levels and deprotonation at higher pH conditions, potentially leading to the unfav-

ourable coordination of Co in the complex. Furthermore, an increase in the temperature influences the conversion of the Co(L-histidine)2
complex into the trans-m-1,2-Co(III)-peroxo intermediate during electrocatalytic ORR, which significantly affects the entire catalytic cycle.

Although the development of a homogeneous molecular catalyst for bidirectional O2/H2O transformation at neutral conditions is still in

its early stages, it is worth noting that this catalyst operates at high overpotential values with mediocre turnover frequency (TOF). Hence,

further investigation is required to develop the next-generation bidirectional ORR/OER catalysts that can operate in both electro- and pho-

tocatalytic conditions.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Arnab Dutta, IIT Bombay; e-mail: arnab.dutta@iitb.ac.in.

Materials availability

The catalyst material will be provided following the request to the lead contact following the proper channel.

Data and code availability

� Crystallographic information for complex Deoxy-M (Cambridge Crystallographic Data Centre [CCDC]: 2145265) has been provided as

.cif files, and full structural factor files can be obtained at no charge from the CCDC via https://www.ccdc.cam.ac.uk/. All other data

supporting the findings of this study are available within the paper and the Supplemental Experimental Procedures or are available

from the authors upon reasonable request.
� This paper does not report original code.
� Any additional information required to re-analyze the data reported in this article is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study does not use experimental models typical in the life sciences.

METHOD DETAILS

Preparation and characterization of deoxy-M and Oxy-M

The synthesis of Deoxy-M and Oxy-M form of the modelled Co(His)2 complex (M). Initially two separate aqueous solutions of CoCl2.6H2O

(0.20M) and L-Histidine (0.40M) were prepared at room temperature and were completely Deoxygenated/deaerated by constant purging

of argon for few minutes. The solution of L-Histidine was then added dropwise into the CoCl2.6H2O solution under inert conditions to obtain

a pink colour solution of Deoxy-M complex. Addition of dioxygen gas to this aqueous solution of Deoxy-M results in a rapid colour change to

reddish brown corresponding to Oxy-M complex.

Single crystal X-ray diffraction study

Crystals ofDeoxy-M complexwas grownby solvent diffusionmethod frommethanol/diethyl ether. Suitable crystal was selected andmounted

on a cryo-loop using cryoprotectant parafin oil. Single crystal diffraction data were collected at 100(1) K on a Bruker D8 Quest diffractometer

equippedwith an IncoatecMicrofocus Source (ImS 3.0MoKa, l= 0.71073 Å) and a PHOTON II CCDdetector. X-ray diffraction intensities were

collected, integrated and scaled with APEX4 software. Empirical absorption correction was applied to the data by employing multi-scan

method with SADABS programming. Structure was solved by intrinsic phasing with SHELXT and refined by full-matrix least-square methods

on F2 using SHELXL, using the ShelXle interface. All non-hydrogen atoms were refined with anisotropic displacement parameters. The

hydrogen atoms were introduced at a calculated positions and were treated as riding atoms with an isotropic displacement parameter, C-

H = 0.93-0.98 A� with Uiso(H) = 1.5 Ueq(C) for methyl groups, Uiso(H) = 1.2 Ueq(C, N) for all other C-H and N-H bonds and O-H = 0.82 A�

[Uiso (H) = 1.5 Ueq(O)]. Themolecular plot was drawn withMercury 4.2. Crystal data, data collection and structure refinement details are sum-

marized in Table S1. The crystallographic information ofDeoxy-M (CCDC 2145265) can be obtained free of charge from the Cambridge Crys-

tallographic Data Centre via www.ccdc.cam.ac.uk.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Co (II) chloride hexahydrate, 98% Sigma Aldrich SKU 255599

L-Histidine, 99% Loba Chemie Article No. 04066

Methanol Finar chemicals Ltd. India https://www.finarchemicals.com/product-detail/30930LC250/

methanol-hplc-spectroscopy

Diethyl ether Finar chemicals Ltd. India https://www.finarchemicals.com/product-detail/30580LC100/

diethyl-ether-hplc-spectroscopy
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EPR studies

The EPR samples were prepared, unless otherwise indicated, under inert conditions using glycerol as the solvent. Aliquots of freshly prepared

Deoxy-M was transferred intoWilmad LabGlass quartz EPR tubes capped with rubber septa, and flash frozen in liquid N2. The Oxy-M sample

was prepared by purging O2 into the Deoxy-M solution. The cw-EPR spectra was recorded using JES - FA200 ESR Spectrometer X-Band

resonators at an average microwave frequency of 9.10 GHz.

Nuclear magnetic resonance spectra (NMR) studies

The 1H-NMR experiment was performed at�300K temperature using a Bruker Avance III 500 MHz Ascent FT spectrometer with working

frequencies of 500 MHz.

Bulk or chronocoulometry experiment in aqueous buffer

Bulk Electrolysis (BE) or Chronocoulometry experiment has been carried out in an air-tight 75mL four neck glass vessel. For ORR studies three

of its neck is fitted with various electrodes; 2 cm x 1 cm vitreous carbon as working electrode; Platinum wire as counter electrode, Saturated

Ag/AgCl as reference electrode. Last neck was closed by a B-14/20 suba seal rubber septum, which was used for O2 purging before exper-

iment. During experiment, 15 mL of 1.56 mM of Oxy-M was added in the vessel, all electrodes (along with a magnetic bead) were inserted

along with B-14/20 rubber septum cap (in gas tight manner) and solution was purged with O2 for 30 minutes. Then, purging was stopped and

chrono-coulometric experiment was started at corresponding catalytic potentials (at -0.2V, at -0.7V and at -1.1V vs SHE in a pH 7 aqueous

buffer solution). For WOR studies, the oxy-M solution was prepared separately and then transferred in the four nec glass vessel. All the

neck were covered as stated previously. The solution was continuously stirred with a magnetic stirrer during all the experiments. The amount

of oxygen reduced and evolved were measured and recorded with time by a calibrated Mettler Toledo M800 Transmitter with InPro� 6000

Optical Sensor. Blank bulk run was performed under similar condition in the absence of any catalyst.

Calculation of faradaic efficiency for ORR catalysis

� At -0.7V
� Overall charge passed during 3600 sec ORR electrocatalysis = (9.39 - 0.67) C = 8.72C

[Blank solution charge = 0.67C]

� 2 * 96485C charge passed during ORR (O2 + 2H+ + 2e�# H2O2 ) is equivalent to 1 mol of H2O2.
� Hence, 8.72 C charge passed during ORR is equivalent to (8.72/2*96485) mL = 45.18 mmoles of H2O2.

� Amount of H2O2 produced during Xylenol Orange Test after Bulk Electrolysis at -0.7V vs SHE = 41.65 mmoles.
� Faradaic efficiency = (41.65/45.18) * 100 = 92.18%.
� At -1.1V
� Overall charge passed during 3600 sec ORR electrocatalysis = (25.21 - 0.67) C = 24.54C [Blank solution charge = 0.67C]
� Amount of H2O2 produced during Xylenol Orange Test after Bulk Electrolysis at -1.1V vs SHE = 13.88 mmoles
� Amount of Charge accounted for H2O2 conversion = 13.88 * 10-6 * 2 * 96485 = 2.67C

� During Bulk Electrolysis theO2 concentration decreased from 100% to 97.80% that is equivalent to 60 * (100-97.80)%mL= 1.32mL ofO2

(head space volume = 60 mL)
� The amount of O2 reduced during ORR catalysis = (1.32/22400) moles of O2 = 58.92 mmoles of O2

� The amount of O2 consumed during O2 + 2H+ + 2e�# H2O2 conversion = 13.88 mmoles of O2

� The amount of O2 consumed during O2 + 4H+ + 4e�# H2O conversion = 58.92 – 13.88 = 45.04 mmoles of O2 (or 1.008 mL of O2)
� Amount of Charge accounted for O2 to H2O conversion = 24.54C – 2.67C = 21.87 C
� 4 * 96485C charge passedduringORR is equivalent to 22400mLO2. Hence, 21.87C chargepassedduringORR is equivalent to (22400 *

21.87)/(4 * 96485) mL = 1.27 mL of O2

� Hence, the Faradaic Efficiency (FE) for O2 + 4H+ + 4e�# H2O is (1.008/1.27) x 100 % = 79.37%

Calculation of Faradaic Efficiency for WOR catalysis

� Overall charge passed during 1-hour WOR electrocatalysis = (54.9-0.6)C = 54.3C

[Blank solution charge = 0.6C]

� 4 * 96485C charge passed during OER is equivalent to 22400 mL of O2.
� Hence, 54.3 C charge passed during OER is equivalent to (22400 * 54.3)/4*96485) mL = 3.14 mL of O2
� Oxgenproduced during Bulk electrolysis of complex followed by an oxygen sensor (will include the nameof instrument later): 5.82%O2

� Oxgen produced during Bulk electrolysis of blank solution = 0.996% O2

� Equivalents in mL = 15 * (5.82-0.996)% mL = 2.89 mL (head-space volume = 15 mL)
� Faradaic efficiency = (2.89/3.14) * 100 = 92.03%
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Optical spectroelectrochemical study

Optical spectroscopy is a vital tool for the evidence of change inmetal oxidation state. For ORR three exhibited distinct peaks at -0.2 V, -0.7 V,

and -1.1V vs SHE.Whereas for WOR two oxhibited distinct peaks at 0.8V and 1.45V vs. SHE. Controlled Potential Experiment (CPE) along with

optical spectroscopy have been done for cathodic potentials on -0.2 V; -0.7 V; and -1.1 V vs SHE whereas for anodic potentials on 0.8V and

1.45 V vs. SHE respectively using Ocean Optics spectrophotometer on the successive interval in a pH 7 aqueous buffer solution. Optical

spectra have been recorded with time to trace the changes in metal oxidation state.

Infrared spectroelectrochemistry

An optically transparent thin–layer electrode (OTTLE) cell, equipped with Pt mesh as working electrode, Pt microwire as counter electrode,

and Ag microwire as a pseudo–reference electrode. For studies performed under O2 atmosphere, the blank solutions consist of the solution

of pH 7 aqueous buffer solution (0.5 M Na2SO4) under O2, which later was used to subtract the solvent signals. FT–IR spectra were measured

using Perkin–Elmer FT–IR spectrometer in absorbance mode. All the measurements were carried out at room temperature.

RRDE for detection of H2O2

A Pine potentiostat was used for RRDE investigations. LSV and CV were measured in an oxygen-saturated solution with a pH of 7. The LSV of

Oxy-M was done at various rotations, and the koutecky levich (K-L plot) was plotted to determine the effective number of electrons that

engage inORR, as indicated in Equation 5. The effective number of electrons transportedwas determined using a rotating ring disc electrode.

Pt/C was employed as a comparison catalyst in both RDE and RRDE tests.

1

jm
=

1

jk
+

1

0:62 nFD2=3
n� 1=6C

u� 1=2 (Equation 5)

Where jm and jk are measured and kinetic currents, n is the number of electrons transferred,

F is faraday’s constant (96485 C mol-1), D is the diffusivity, n is the kinematic viscosity and C is the concentration of oxygen in neutral buff-

ered aqueous solution.

The number of electron transferred in the process were calculated using Equation 6.

n =
43 Id

Id+
Ir
N

(Equation 6)

The % of HO2
- yield was calculated using Equation 7

HO�
2 ð%Þ =

2003 Ir
ðN3 IdÞ+Ir (Equation 7)

Xylenol orange assay for detection of H2O2

Mohr’s salt (4.9mg) and xylenol orange (3.9 mg) were dissolved in 5mL solution of 250mMH2SO4 and the solution was stirred for 10mins. In a

2mL cuvette, a 200 mL alliqout of this solutionwas taken, 1.8mL ofMillipore water was added to it which ismarked as the reference blank, and a

250 mL portion of the solutions from bulk electrolysis performed at -0.7 V and -1.1V (vs SHE) was added separately. The UV-Vis spectrum of

these solutions was recorded and a change in the 560-600 nm region was observed. For quantitative estimation of H2O2 which is a probable

product of this catalytic ORR performance, a calibration curve was prepared from different solutions having 2.5 mM, 3 mM, 4 mM, 5 mM, 7 mM,

8 mM, 9 mM, 10 mM, 100 mMfinal concentration of H2O2 by recording their absorbance andmonitoring the peak around 560-600 nm. The trend

in 560-600 nm absorbance from this study were compared which suggested 41.65 mmol generation of H2O2 at -0.7V and 13.88 mmol H2O2 at

-1.1V during the experiment.

QUANTIFICATION AND STATISTICAL ANALYSIS

The measurement of catalytic rate were performed using three replicate data set and the standard deviation was calculated using Microsoft

excel.
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