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When Co-Ac was used for electrolysis in phosphate solution, a hybrid Co-Pi-Ac was formed, 

resulting in enhanced catalytic activity towards OER. 
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Oxygen Evolution Co-Ac Catalyst - Synergistic Effect of  

Phosphate Ion  
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ABSTRACT 

Formation of an amorphous cobalt based oxygen evolution catalyst called Co-Pi, is 

recently reported from a neutral phosphate buffer solution containing Co2+. But the 

concentration of Co2+is as low as 0.5 mM due to poor solubility of a cobalt salt in 

phosphate medium. In the present study, a cobalt acetate based oxygen evolution 

catalyst (Co-Ac) is prepared from a neutral acetate buffer solution, where the 

solubility of Co2+is very high (> 100 times in comparison with phosphate buffer 

solution). The Co-Ac possesses better catalytic activity than the Co-Pi with an 

additional advantage of easy bulk scale preparation. The comparative studies on the 

oxygen evolution reaction (OER) activity of Co-Ac and Co-Pi in phosphate and 

acetate buffer electrolytes reveal that the Co-Ac exhibits enhanced synergistic 

catalytic activity in phosphate solution, probably due to partial substitution of acetate 

in the catalyst layer by phosphate, resulting in the formation of a Co-Ac-Pi catalyst. 
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1. Introduction: 

The global energy demand has increased considerably in recent years owing to an 

increase in human population and industrialization. The energy demand is met 

primarily by burning fossil fuels, which are non-renewable and also cause serious 

environmental problems.1-3 Hence, exploration of appropriate renewable energy 

sources as alternates for the conventional fossil fuels is one of the scientific challenges 

of the present century. Among the renewable energy sources, solar energy has 

enormous potential to meet the future energy needs. Since it is diurnal, utilization of 

solar energy requires suitable means of its storage.4,5 Photo assisted electrolysis of 

water is one of the promising methods for solar energy storage.6,7 The process involves 

oxidation of water to oxygen and reduction of protons to hydrogen. The produced 

hydrogen gas can be stored as a fuel for energy conversion in the absence of solar 

radiation. The efficiency of electrolysis of water is mainly limited by the complex 

multistep and multi-electron oxygen evolution reaction.8-10 Hence, the design of an 

efficient and cost effective oxygen evolution reaction (OER) catalyst is a challenging 

task in solar energy storage.   

 Formation of an amorphous cobalt based oxygen evolution catalyst (OEC), namely, 

Co-Pi is reported in recent years.11 The catalyst is very promising owing to its high 

catalytic activity, easy formation and self-repairing property.11,12 The catalyst functions 

in neutral electrolytes with moderate overpotentials for OER. Interfacing of Co-Pi with 

various semiconducting materials such as Si,13 ZnO,14 TiO2,
15 WO3,

16 α-Fe2O3
17-19 and 

BiVO4
20 is also reported for photoelectrolysis of water. However, the chemical 

composition of the catalyst, role of phosphate in catalysis and mechanism of OER are 

not well understood.21,22 Furthermore, formation of thick layers of Co-Pi catalyst prior 

to water electrolysis is a tedious and time consuming process owing to poor solubility 
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of Co2+salts in neutral phosphate buffer solution. Till now, most of the studies reported 

on Co-Pi catalyst employed phosphate buffer solutions of pH~7.0 with Co2+ salt 

concentration of 0.5 mM. At this concentration, the solution reaches saturation with 

respect to Co2+ ion. Therefore, there is a need for the demonstration of catalysts in 

alternate buffer solutions in which Co2+ salts can be dissolved at high concentrations. 

A high concentration of Co2+ is an advantage because the rate of electrodeposition can 

be enhanced and also, thicker layers of the catalyst can be deposited in a short time. 

 In the present study, electrochemical deposition of a cobalt acetate based oxygen 

evolution catalyst (Co-Ac) from a neutral acetate buffer solution containing a high 

concentration of Co2+ is reported. The Co-Ac catalyst is more efficient than Co-Pi 

under similar experimental conditions. Comparative studies on the OER activity of 

Co-Ac and Co-Pi catalysts in phosphate and acetate buffer electrolytes reveal that 

there is a synergistic effect of phosphate and acetate ions on OER activity of Co-Ac 

and Co-Pi catalysts, respectively. 

2. Experimental Methods:  

Analytical grade Co(NO3)2. 6H2O, glacial acetic acid (S. D. Fine Chemicals), 

CH3COONa, KH2PO4 (Merck) and K2HPO4 (Merck) were used as received. All solutions 

were prepared in doubly distilled water. Phosphate buffer solution was prepared by titrating 

0.1 M KH2PO4 solution against 0.1 M K2HPO4 solution. Similarly, acetate buffer solution  

was prepared by mixing 0.1 M CH3COONa and 0.1 M glacial acetic acid solutions. The pH 

of buffer solutions was 7.0, unless otherwise stated. A Toray carbon paper of thickness        

0.2 mm was used as the working electrode for electrochemical measurements. A section of     

7 mm width and 3 cm length was cut from a carbon paper sheet and 1.4 cm2 area was exposed 

to the electrolyte. The rest of its length was used for electrical contact through a Cu wire. The 

unexposed area of the electrode was masked by a PTFE tape. Pt foil auxiliary electrodes and 
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saturated calomel reference electrode (SCE) were used in a glass cell. Microscopic analysis 

was carried out by using FEI Company scanning electron microscope (SEM) model SIRION 

equipped with EDX system at an accelerating voltage of 10 kV. For EDXA analysis, catalyst 

film was electrodeposited on an indium tin oxide (ITO) coated glass electrode instead of 

carbon paper. The surface chemistry of catalyst film was examined by X-ray photoelectron 

spectroscopy (XPS) using SPECS GmbH spectrometer (Phoibos100MCD Energy Analyzer) 

with Mg Kα radiation (1253.6 eV). The peak of C1s at 284.6 eV was taken as the reference 

energy position. Infrared spectroscopy measurements were recorded in a range of 400 to    

4000 cm-1 by JASCO FT/IR-4000 model. Samples were dried well and diluted by KBr. 

Powder X-ray diffraction (XRD) patterns were collected by Bruker D8 diffractometer using 

Cu Kα radiation. Electrochemical experiments were carried out using PARC EG&G 

potentiostat/galvanostat model Versastat II. Mass variations during various electrochemical 

experiments were monitored using CH Instruments potentiostat/galvanostat model 440A 

equipped with electrochemical quartz crystal microbalance (EQCM). A Teflon cell of about 

10 ml capacity with Au-coated quartz crystal (8 MHz, active area - 0.205 cm2, sensitivity - 

0.146 Hz ng-1 cm2) working electrode, Ag/AgCl, 3 M KCl reference electrode and Pt wire 

counter electrode was used. All potential values are converted and reported against normal 

hydrogen electrode (NHE) reference. Current density values are reported on the basis of 

geometrical area of the electrode. All electrochemical experiments were performed at 

22±1°C. 

3. Results and Discussion: 

3.1: Co-Ac formation and effect of Co2+ concentration. 

 Cyclic voltammograms of carbon paper electrodes in 0.1 M acetate and 0.1 M 

phosphate buffer (pH 7.0) solutions in the absence and presence of 0.5 mM Co2+ are 
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shown in Fig. 1. The voltammogram in 0.1 M phosphate buffer solution containing   

0.5 mM Co2+ (Fig. 1 curve i) shows a broad current peak at 1.10 V corresponding to 

the oxidation of Co2+ to Co3+ and subsequent formation of Co-Pi catalyst similar to the 

results reported on fluorine doped indium tin oxide (FTO) electrode.11 This is followed 

by a large increase in the current due to the oxidation of water to produce oxygen.     

To investigate a similar phenomenon in acetate buffer solution, cyclic voltammetry 

experiments were carried out (Fig. 1 curve ii) in 0.5 mM Co2+ + 0.1 M acetate buffer 

solution of pH 7.0. Although, the voltammogram does not exhibit any current peak 

corresponding to Co2+ oxidation (inset in Fig. 1 curve ii), a relatively more intense 

anodic wave for water oxidation is observed, suggesting the electrodeposition of a 

more efficient Co-Ac catalyst than Co-Pi prior to the onset of OER. To examine a 

possible decomposition of acetate ion in this potential range, experiments were 

repeated with 0.1 M acetate buffer solution without Co2+ salt (Fig. 1 curve iii). 

Voltammogram is quite similar to the one recorded in phosphate buffer solution (Fig. 

1 curve iv), suggesting the absence of acetate oxidation in this potential range. In the 

absence of Co2+ ions in acetate and phosphate solutions (Fig. 1 curves iii and iv), 

negligibly small current flows through the carbon paper electrodes. To further confirm 

the electrochemical stability of acetate ion, a Pt foil electrode was cycled in acetate 

buffer solution (ESI, Fig. S1). When cycled between 0.20 to 1.50 V, current increased 

at about 1.40 V due to OER. There was no indication of oxidation of acetate. Thus, the 

large magnitude of current observed in the presence of Co2+ (Fig. 1 curves i and ii) is 

due to the catalytic effect of the electrodeposits. The values of current density at      

1.34 V are 0.66 and 0.40 mA cm-2, respectively, in acetate and phosphate electrolytes. 

As the magnitude of current at 1.34 V is greater in acetate solution than the 

corresponding values in phosphate solution, it is inferred that the Co-Ac is a better 
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catalyst than Co-Pi for OER. Similar to the present studies on preparation of Co-based 

OER catalyst from acetate electrolytes, Mn- based catalyst was prepared from acetate 

electrolytes.23 Furthermore, the gas evolving at Co-Ac catalyst was identified by 

subjecting a Pt foil electrode introduced into the electrochemical cell to linear sweep 

voltammetry (ESI, Fig. S2). A current peak corresponding to the reduction of O2, thus 

confirmed that the oxidation product at Co-Ac electrode was O2 only. It was also 

found that the OER current was independent of acetate ion concentration in the buffer 

solution (ESI, Fig. S3). 

 The deposition of Co-Ac was quantitatively measured using EQCM. Fig. 2 shows 

variation in the mass of Au electrode during cyclic voltammetry experiments in acetate 

solution in the presence (Fig. 2 curve i) and absence of Co2+ (Fig. 2 curve ii). There is 

no noticeable change in the mass of the electrode in the absence of Co2+ (Fig. 2 curve 

ii). However, there is a net mass gain of about 160 ng after completing one cycle in   

0.1 M acetate containing 0.5 mM Co2+ (Fig. 2 curve i). There is no change in mass 

until the potential reaches 0.90 V, indicating the absence of any electrodeposition 

between 0.24 and 0.90 V. However, at 0.90V, mass starts increasing and reaches       

155 ng after completing the first anodic half cycle. On sweep reversal at 1.29 V, mass 

continues to increase rather slowly until the potential reaches back to 0.90 V. Further 

sweeping of potential below 0.90 V causes a partial reduction of the catalyst and 

hence, a marginal decrease in the electrode mass. Thus, the net gain in mass after 

completing one potential cycle at 5 mV s-1 in 0.1 M acetate solution (pH 7.0) 

containing 0.5 mM Co2+ is about 160 ng. This quantitative measurement further 

confirms the electrodeposition of Co-Ac even at a low concentration of Co2+ ion in 

acetate solution. Additionally, the elctrodeposition of cobalt based OEC from acetate 

buffer is more interesting as the solubility of Co2+ in phosphate buffer solution is 

Page 7 of 34 Physical Chemistry Chemical Physics

P
h

ys
ic

al
 C

h
em

is
tr

y 
C

h
em

ic
al

 P
h

ys
ic

s 
A

cc
ep

te
d

 M
an

u
sc

ri
p

t



7 
 

limited to 0.5 mM whereas it is more than 100 times in acetate buffer solution under 

identical experimental conditions. 

 The effect of concentration of Co2+ in acetate solution was investigated by 

conducting linear sweep voltammetry experiments at various Co2+ concentrations 

ranging from 0.5 to 100 mM and the results are shown in Fig. 3. At 1.34 V, current 

increases from 0.60 mA cm-2 in 0.5 mM Co2+electrolyte to about 1.50 mA cm-2 in      

100 mM Co2+ solution. Anodic current peak at about 1.04 V corresponding to the 

formation of Co-Ac is clearly observed when the concentration of Co2+ > 40 mM      

(Fig. 3 curves vii and viii). The catalyst deposition starts at a potential as low as      

0.84 V and the onset of OER occurs at 1.14 V. On sweep reversal at 1.34 V, broad 

current peaks are observed. Inset in Fig. 3 shows the variation of current at 1.34 V 

with Co2+ ion concentration. Initially, there is a rapid increase in current with 

concentration of Co2+ up to 30 mM followed by a gradual increase. This could be due 

to the formation of thick and less conducting layers of the catalyst on the electrode 

surface at high concentrations. These results, thus, reveal that the Co-based OER 

catalyst (Co-Ac) can be electrodeposited from acetate electrolytes similar to the 

formation of Co-Pi from phosphate electrolytes with additional advantages of higher 

solubility of Co2+, formation of thicker layers of the catalyst and enhanced catalytic 

activity. 

 Growth of Co-Ac catalyst on carbon paper electrode was studied by bulk 

electrolysis in acetate electrolyte (pH 7.0) at 1.24 V for 6 h (Fig. 4). In the absence of 

Co2+ in acetate solution (Fig. 4 curve i), current is negligibly small throughout the 

electrolysis. In the presence of 0.5 mM Co2+ (Fig. 4 curve ii), however, current 

increases initially rapidly and reaches a nearly a steady value of 0.1 mA cm-2 in about 

4 h. During this process, a steady growth of brownish Co-Ac catalyst was visually 

Page 8 of 34Physical Chemistry Chemical Physics

P
h

ys
ic

al
 C

h
em

is
tr

y 
C

h
em

ic
al

 P
h

ys
ic

s 
A

cc
ep

te
d

 M
an

u
sc

ri
p

t



8 
 

observed along with an increasing evolution of oxygen bubbles. The bulk electrolysis 

thus suggests the formation of the catalyst even at a concentration as low as 0.5 mM 

Co2+ in acetate electrolyte. At the end of 6 h, the current value is about 0.13 mA cm-2. 

Similar experiments at 5.0 (Fig. 4 curve iii) and 50 mM Co2+ (Fig. 4 curve iv) 

concentrations provide 0.20 and 0.35 mA cm-2, respectively, after 6 h of electrolysis. 

Catalytic activity of the deposited Co-Ac was obvious from these experiments as there 

were no gas bubbles noticed on the electrode surface in the initial stages of electrolysis 

and gas evolution became more and more vigorous with time as thick layer of the 

catalyst was formed on the surface. In contrast, the presence of oxygen bubbles was 

not observed during any stage of electrolysis in the absence of Co2+ (Fig. 4 curve i). 

 To quantitatively monitor the Co-Ac deposition process during constant potential 

electrolysis at 1.19 V, mass variations of Au-coated quartz crystal electrodes were 

recorded in-situ for different concentrations of Co2+ using EQCM (Fig. 5).The results 

show that the mass deposited after 5 min of electrolysis in 0.1 M acetate solution 

containing 0.5 mM Co2+ (Fig. 5 curve i) is 0.48 μg which is less than 0.68 μg obtained 

for 0.5 mM Co2+in0.1 M phosphate solution (Fig. 5 curve ii). This could be due to the 

lower molar mass of acetate ion than the phosphate ion. Nevertheless, the quantity of 

Co-Ac catalyst deposited can be enhanced further by increasing the concentration of 

Co2+, as the solubility of Co2+ salts is several times greater in acetate solution than in 

phosphate solution. This is readily observed by conducting similar experiments in 

acetate solutions containing 5 mM Co2+(Fig. 5 curve iii) and 50 mM Co2+ (Fig. 5 curve 

iv), which resulted in net mass of 2.57 and 11.48 μg, respectively, after 5 min. The 

average values of rate of electrodeposition of Co-Ac are 5.8, 37.5 and 175 ng cm-2 s-1, 

respectively, for Co2+ concentrations of 0.5, 5 and 50 mM (Fig. 5 curves i, ii and iv). 

The corresponding value for Co-Pi (Fig.5 curve ii) in phosphate buffer solution 
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containing 0.5 mM Co2+ is only 10.4 ng cm-2 s-1. These quantitative investigations 

further throw light on the importance of electrodeposition of Co-Ac catalyst for 

oxygen evolution. 

3.2: Oxygen evolution reaction kinetics. 

 To study the effect of thickness of the catalyst layer on the kinetic of OER, Co-Ac 

was deposited in various thicknesses on carbon paper electrodes from 50 mM Co2+ in 

0.1 M acetate solution by passing charge in the range from50 to 400 mC cm-2. The 

electrodes were washed with double-distilled water and dried at 700 C in vacuum. 

Catalytic activity was studied by linear sweep voltammetry at 0.05 mV s-1 in 

phosphate electrolyte (pH 7.0) under stirring condition (Fig. 6a). Phosphate buffer 

solution was used because Co-Ac exhibits greater activity in phosphate electrolyte 

than in acetate electrolyte of the same pH as discussed below. The values of current 

density measured at 1.39 V are 0.21, 0.37, 0.83, 1.52, 1.87 and 2.38 mA cm-2, 

respectively, for the Co-Ac catalyst prepared by passing 50, 75, 100, 200, 300 and   

400 mC cm-2 (Fig. 6a curves i - vi). Thus, the result show that the catalytic activity of 

Co-Ac increases with an increase in the catalyst loading. The enhancement in the OER 

activity with increasing thickness of Co-Ac film is attributed to an increase in the 

density of surface active sites, which facilitate adsorption of OH. In neutral and 

alkaline electrolytes, OER is written as, 

4 OH- ⇌ 2 H2O + O2 + 4 e-     (1) 

with reversible electrode potential (Er) of 0.81 V at pH 7.0. The generally accepted 

mechanism for OER24-27 is as follows. 

S + OH- ⇌ S-OH + e-                    (2) 

S-OH + OH- ⇌ S=O + H2O + e-    (3) 

2 S=O ⇌ S + O2      (4) 
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where S is the substrate site, which facilitates adsorption of OH species. The oxidation 

of OH- ion is a single electron transfer step resulting in the formation of adsorbed OH 

as shown in reaction (2). Reaction (3) involves another single electron transfer 

producing adsorbed O. Oxygen evolution takes place chemically by combination of 

these adsorbed O atoms on adjacent sites as in step (4). The current density (i) and 

potential (E) relationship of electron-transfer controlled step of OER may be written 

as, 

i = i0 (1-θ) exp[(1-α) n F (E - Er) / (RT)   (5) 

where i0 is exchange current density, θ is surface coverage by adsorbed species, (1-α) 

is transfer coefficient and other symbols have their usual meanings. If either step (2) or 

step (3) is considered as the rate determining step, assuming θ is constant, the Tafel 

slope (dE / dlogi) becomes, 

(dE / dlogi) = 2.3 RT / [(1-α) F]    (6) 

           = 0.059/ (1-α) V at 25 oC    (7) 

Assuming a symmetrical energy barrier (ie., α = 0.5), the value of Tafel slope expected 

is 118 mV. Tafel data of OER measured on Co-Ac catalyst of various thicknesses are 

shown in Fig. 6b. The values of Tafel slope are 105, 106, 100, 101, 102 and               

103 mV decade-1, respectively, for Co-Ac catalysts prepared using charge 50, 75, 100, 

200, 300 and 400 mC cm-2. The average value of Tafel slopes thus becomes            

103±3 mV decade-1. Dependence of Co-Ac catalyst thickness on the Tafel slope is not 

observed. This value is comparable to 100 mV decade-1 reported for OER in phosphate 

electrolyte at Co-Pi catalyst deposited FTO - coated glass electrode.12 

 The reaction order with respect to OH- activity was measured from constant 

potential electrolysis at 1.29 V using Co-Ac catalyst (prepared using 50 mC cm-2 ) in 

0.1 M phosphate electrolyte by gradually increasing pOH of the solution from 6.50 to 
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8.50. The electrolysis was carried out for 5 min at each pH to ensure a steady value of 

current. A plot of log (current density) vs. pOH (Fig. 6c) results a straight line with a 

slope of 0.79. Additionally, the pOH dependence of water oxidation is studied using 

galvanostatic titration method. For this, a constant current density of 50 μA cm-2 was 

applied and the corresponding potential was measured while the pOH was gradually 

increased from 6.5 to 8.5 (Fig. 6d). A linear fit of the data in Fig. 6d yields a slope of 

78mV. Tafel slope (Fig. 6b) can be correlated with the slopes of potential vs. pOH    

(Fig. 6d) and log (current density) vs. pOH (Fig. 6c) plots using the following 

equation,21 

(∂E / ∂pOH)i = (∂E / ∂log (i))pOH (∂log(i) / ∂pOH)E  (8)   

From the values of 0.79 and 78mV of (∂log (i) / ∂pOH)E and (∂E / ∂pOH)i, respectively, 

the value of (∂E / ∂log (i))pOH calculated is 99 mV. This value is in agreement with the 

value of average Tafel slope (103 mV decade-1) obtained as above from Fig. 6b. Thus, 

it is inferred that a single electron transfer reaction, ie., either reaction (2) or reaction 

(3) is the rate determining step of reaction (1). Using the value of 103 mV decade-1 for 

the Tafel slope, the value of α, thus, becomes 0.43. As it is known that reaction (2) is 

the rate determining step on Pt - based catalysts,28 reaction (2) is anticipated as the rate 

determining step on Co-Ac catalyst also. 

3.3: Synergistic effect of phosphate buffer solution on catalytic activity of Co-Ac. 

 It was intended to investigate the catalytic activity of Co-Ac in phosphate and 

acetate buffer electrolytes in the absence of Co2+. For this, a layer of Co-Ac was 

deposited on carbon paper electrode at 1.29 V for 1 h from acetate (pH 7.0) 

containing0.5 mM Co2+. The electrode was washed with double-distilled water and 

dried in vacuum. The electrode, without any pre-treatment, was then transferred to 

phosphate or acetate electrolyte under study. Linear sweep voltammograms were 
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recorded at 0.05 mV s-1 both in phosphate (Fig. 7 curve i) and acetate (Fig. 7 curve ii) 

electrolytes. The current density values at 1.34V are about 0.45 and 0.25 mA cm-2, 

respectively, in phosphate and acetate electrolytes. Thus,     Co-Ac shows almost twice 

OER activity in phosphate buffer in comparison with acetate electrolyte.  

 To compare the activity of Co-Ac with Co-Pi catalyst, experiments were also 

conducted with Co-Pi coated carbon paper electrode. Co-Pi deposition was carried out 

in 0.5 mM Co2+ ion concentration in phosphate buffer electrolyte. Interestingly, the 

Co-Pi catalyst exhibits greater current in acetate electrolyte (Fig. 7 curve iii) than in 

phosphate electrolyte (Fig. 7 curve iv). Thus, there are three interesting observations: 

(1) OER activity of Co-Ac (Fig. 7 curves i and ii) is much superior to that of Co-Pi 

(Fig. 7 curves iii and iv) both in terms of onset potential and current density at any 

potential in OER region. This observation is valid in both the buffer electrolytes used, 

(2) the catalytic activity of Co-Ac is almost twice in phosphate buffer than in acetate 

buffer of the same pH and (3) the activity of Co-Pi is greater in acetate electrolyte than 

in phosphate electrolyte.  

 Co-Ac catalyst in phosphate electrolyte exhibits the highest OER catalytic activity. 

From the elemental analysis as detailed below, the presence of both phosphate and 

acetate in Co-Ac used for electrolysis in phosphate buffer solution and also in Co-Pi 

used for electrolysis in acetate buffer solution are observed. Thus, it is observed that 

there is a partial exchange of acetate present in Co-Ac catalyst with phosphate of the 

electrolyte. This results in the formation of a hybrid Co-Ac-Pi catalyst. Similarly, 

when Co-Pi is used in acetate solution, a partial exchange of phosphate present in    

Co-Pi catalyst with acetate of the electrolyte results in the formation of Co-Ac-Pi. The 

Co-Ac-Pi catalyst so formed either from Co-Ac or Co-Pi exhibits greater activity 

towards oxygen evolution in relation to the pristine catalysts. The Co-Ac-Pi formed 
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from Co-Ac exhibits the highest activity. Therefore, it is proposed that there is a 

synergistic effect of acetate and phosphate ions on the activity of Co-catalyst. The 

electrochemical stability of Co-Ac catalyst in phosphate buffer solution was examined 

by continuous electrolysis at 1.34 V for 24 h (ESI, Fig. S4). Current is nearly constant 

during the entire period of electrolysis. Thus, the stability of the catalyst is ensured. 

 Morphology of the Co-Ac electrocatalyst was examined using SEM. Figures 8a   

and b show the morphology of the Co-Ac catalyst deposited on ITO coated glass 

electrode at 1.29 V for 2 h from 50 mM Co2+ + acetate solution in different 

magnifications. Cracks are observed (Fig. 8a) on the dried sample similar to Co-Pi 

deposited on FTO electrode.11 The islands formed in between the cracks have irregular 

shape with size ranging from 15 to 30 µm. A higher magnification image (Fig. 8b) of 

the electrode indicates that the Co-Ac catalyst comprises of spherical particles of 

diameter in the range from 200 nm to 2 µm. A few larger size globules are also seen. 

Furthermore, SEM micrographs were recorded after 6 h of electrolysis at 1.29 V both 

in phosphate (Fig. 8c and d) and acetate (Fig. 8e and f) electrolytes. In both the cases, 

the catalyst layers are broken down into numerous tiny islands (Fig. 8c and e). The 

shape of tiny islands formed in phosphate electrolyte (Fig. 8c) resembles to the shape 

of pristine catalyst islands (Fig. 8a), but with size smaller by about 10 times. 

Interestingly, the inner-layer of the electrode observed at a higher magnification     

(Fig. 8d) is smooth with islands separated by boundaries but not by cracks as observed 

in Fig. 8a. It is anticipated that the formation of this layer could be due the partial 

dissolution of the as-deposited Co-Ac from the electrode surface and its subsequent   

re-deposition as Co-Pi, resulting in the formation of Co-Ac-Pi catalyst layer. 

Dissolution and re-deposition of the Co-Pi is well discussed as a self-healing 

mechanism.19 Similar phenomenon is expected to occur for Co-Ac also. Development 
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of Co-Ac-Pi additional catalytic regions may be responsible for the enhanced activity 

of Co-Ac in phosphate than in acetate electrolyte. After electrolysis in acetate solution 

also (Fig. 8e), Co-Ac electrodes breaks down and smaller islands are formed on the 

outer layer. But the morphology of inner layer (Fig. 8f) indicates the presence of       

ill-defined shape or spongy-type particle without any clear inter-particulate separation 

(Fig. 8e and f). Thus, the composition of the electrolyte influences the morphology of 

Co-Ac catalyst layers. 

 Powder XRD patterns were recorded for bare carbon paper substrate and for Co-Ac 

catalyst deposited (35 C cm-2) on carbon paper (ESI, Fig. S5). The pattern for the 

substrate consisted of peaks at 2θ = 26.2 and 54.4° due to carbon crystallites. Only 

these reflections were identified even after the catalyst deposition, thus reflecting 

amorphous nature of Co-Ac catalyst. The composition of the electrodeposited material 

was further analysed by EDXA and XPS. Energy-dispersive X-ray analysis (EDXA) 

spectra were obtained from multiple regions of Co-Ac samples before and after 

electrolysis in phosphate electrolyte. Results are shown in Fig. 9. The ratio of Co:C:O 

in the as prepared Co-Ac sample is approximately as 1:1:2 (Fig. 9a). Unlike in the case 

of Co-Pi,11 amount of Na present in the Co-Ac catalyst layer is negligibly small. 

Interestingly, P and K are also present in the Co-Ac film after 6 h of electrolysis in 

phosphate buffer electrolyte (Fig. 9b and c). However, there is a significant difference 

in the chemical composition of top (Fig. 9b) and bottom layers (Fig. 9c) corresponding 

to the SEM micrographs of Co-Ac (Fig. 8c and d) after electrolysis in phosphate 

buffer. For the top layer (Fig. 9b), Co:C:O ratio is changed to 1:1:2.65 from 1:1:2 

observed in the as-deposited Co-Ac. Increase in the percentage of oxygen and the 

presence of K and P suggest the addition of PO4
3- from the electrolyte. However, 

bottom layer (Fig. 9c) exhibits Co:P ratio as 1:1.8 similar to Co-Pi deposited on       
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Au-electrode29 and a relatively higher Co:O ratio (1:10). Therefore, it is anticipated 

that the bottom layer is converted into Co-Pi rather than present as Co-Ac. The 

presence of this additional layer in the SEM images together with detection of P and K 

in the EDXA spectrum suggest the formation of Co-Pi layer in the cracks developed 

during electrolysis. 

 For XPS analysis, Co-Ac was deposited (20 C cm-2) on carbon paper from 50 mM 

Co2+ in acetate buffer solution (pH 7.0). The spectra are shown in Fig. 10. The survey 

spectrum (Fig. 10a) identifies Co, C and O in the Co-Ac deposit which is in agreement 

with EDXA results. In the Co region (Fig. 10b), two peaks are identified with binding 

energies 796.1 eV and 780.9 eV corresponding to Co 2p1/2 and Co 2p3/2,30 respectively. 

Furthermore, additional satellite peaks are observed in the vicinity of Co 2p3/2 line. It is 

known that all Co(II) compounds are high spin paramagnetic complexes (s = 3/2) 

whereas the low spin Co(III) complexes are diamagnetic (s = 0).30 As a consequence, 

Co(II) compounds show intense broad shake-up peaks at higher binding energies. 

Such additional peaks are either weak or absent in the case of diamagnetic Co(III) 

complexes.31,32 In the present case, relatively sharper Co 2p main peaks (Fig. 10b) 

along with broad additional shake-up features are indicative of the presence of both   

Co(II) and Co(III) states. It is expected that Co(II)/Co(III) ratio is not much significant 

in OER activity of the catalyst because oxidation states of Coin the catalyst change 

continuously [Co(II)→Co(III)/Co(IV)→Co(II)] in a cyclic manner during the course 

of oxygen evolution similar to Co-Pi.33 It was further intended to study the effect of 

electrolysis in phosphate buffer solution. For this, Co-Ac was deposited on carbon 

paper electrode and subjected to electrolysis at 1.29 V for 3 h in phosphate solution, 

washed and dried before recording XPS. The survey spectrum (Fig. 10c) is similar to 

that of as deposited Co-Ac (Fig. 10a) but with additional peaks corresponding to         
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K and P. This supports SEM and EDXA results that Co-Pi under layers are formed 

after OER catalysis in phosphate buffer. Moreover, binding energy values of the peaks 

in the Co 2p spectra (Fig. 10d) are slightly shifted to lower values (795.7 eV and    

780.5 eV) indicating a direct interaction of phosphate species with Co-centres. The 

high resolution P 2p peak (Fig. 10e) at 132.8 eV is ascribed to phosphate in the Co-Pi 

layer as reported in the case of electrodeposited Co-Pi on FTO coated glass 

electrode.11,33 These observations support that the Co-Ac catalyst is converted into 

more active Co-Ac-Pi catalyst by using phosphate electrolyte for OER.  

 The molecular structure of the Co-Ac catalyst was analysed by recording                

IR spectrum. For this, Co-Ac was deposited on large ITO coated glass electrode at 

1.29 V from 0.1 M acetate buffer containing 50 mM Co2+. The electrode was dried at 

100° C for 3 h under vacuum and the material was scrapped off using a razar blade. 

The IR-spectrum of the as-deposited material in the 400-4000 cm-1 region (Fig. 11) is 

characterized by a pair of peaks at 1411 and 1559 cm-1. These peaks with a separation 

of 148 cm-1 are attributed to the antisymmetric stretching and symmetric stretching, 

vibrations of free acetate ion,34 respectively. The acetate anion can coordinate to Co in 

three ways, i.e., monodentate, bidentate chelating and bidentate bridging, and their 

stretching frequencies differ according to their coordination.35 However, in the          

as-prepared Co-Ac, acetate ions are likely to exist as un-coordinated in analogy with 

phosphate in Co-Pi.36 Recent EXAFS investigation on Co-Pi36 suggests that there is no 

extensive bonding between cobalt and phosphate. Thus, phosphate ions are mobile 

within Co-Pi which is considered to have layered-double-hydroxide like structure.37 

Similarly, Co-Ac is expected to have charged layers of Co - hydroxide / oxyhydroxide, 

which accommodate free acetate ions in the interlayer region. 
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4. Conclusions: 

 A high catalytic activity of electrochemically deposited Co-Ac towards OER was 

demonstrated. Acetate buffer solution was employed for in-situ deposition of Co-OEC 

because of greater solubility of Co2+ salts in comparison with widely studied 

phosphate buffer solution. When Co-Ac catalyst was used for electrolysis in phosphate 

solution, formation of a hybrid Co-Pi-Ac was observed, which resulted in greater 

catalytic activity owing to synergistic effect of phosphate ions in the catalyst layer. 
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FIGURE CAPTIONS 

Fig. 1. Cyclic voltammograms of carbon paper electrode in (i) 0.1 M phosphate solution 

containing 0.5 mM Co2+, (ii) 0.1 M acetate solution containing 0.5 mM Co2+, (iii) 0.1 M 

acetate solution without Co2+ and (iv) 0.1 M phosphate solution without Co2+. pH of the 

solutions = 7.0.  Inset shows the enlarged region of Co2+ oxidation peak. Sweep rate: 5 mV s-1 

Fig. 2. Mass variations (∆m) vs. potential of Au-coated quartz crystal in 0.1 M neutral acetate 

solutions (i) containing 0.5 mM Co2+ and (ii) without Co2+. Area of the electrode = 0.205cm2.               

Fig. 3. Linear sweep voltammograms of carbon paper electrode in 0.1 M acetate buffer      

(pH 7.0) containing (i) 0.0, (ii) 0.5, (iii) 1.0, (iv) 5.0, (v) 10, (vi) 20, (vii) 40 and                  

(viii) 100 mM Co2+. Inset shows variation in the current density at 1.34 V with Co2+ 

concentration. 

Fig. 4. Bulk electrolysis current at 1.24 V for 6 h using carbon paper electrode in 0.1 M 

acetate buffer solution containing (i) 0.0, (ii) 0.5, (iii) 5.0 and (iv) 50 mM Co2+. 

Fig. 5. Mass difference (∆m) vs. time plot during the deposition of Co-Ac catalyst on           

Au electrode of area = 0.205 cm2 at 1.19 V for 5 min from (i) 0.5 mM Co2+ in 0.1 M acetate, 

(ii) 0.5 mM Co2+ in 0.1 M phosphate, (ii) 5 mM Co2+ in 0.1 M acetate and (iv) 50 mM Co2+ 

in 0.1 M acetate, electrolytes. 

Fig. 6. (a) Linear sweep voltammograms of Co-Ac catalyst prepared using (i) 50, (ii) 75,     

(iii) 100, (iv) 200, (v) 300 and (vi) 400 mC cm-2 on carbon paper in phosphate buffer solution 

of pH 7.0. Scan rate: 0.05 mV s-1, (b) the corresponding Tafel plots, (c) pOH dependence of 

steady state current density at 1.29 V and (d) pOH dependence of steady-state electrode 

potential at 50 μAcm-2. Data in (c) and (d) are measured at Co-Ac catalyst prepared using      

50 mC cm-2. 
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Fig. 7. Linear sweep voltammograms of Co-Ac catalyst deposited carbon paper electrode in 

(i) phosphate, (ii) acetate electrolytes and Co-Pi deposited carbon paper in (iii) acetate and 

(iv) phosphate electrolytes. Sweep rate: 0.05 mV s-1. Catalyst was deposited from                  

0.5 mM Co2+ at 1.29 V for 1 h. 

Fig. 8. SEM micrographs of Co-Ac electrodeposited on ITO coated glass electrode (1cm2) at 

1.29 V for 2 h from 50 mM Co2+ + acetate buffer solution (pH 7.0) at (a) 2500x and             

(b) 10,000x. SEM images of the similar electrodes after electrolysis at 1.29 V for 6 h in 

phosphate buffer solution (pH 7.0) at (c) 2500x and (d) 10,000x. Similar micrographs after 

electrolysis at 1.29 V for 6 h in acetate buffer solution (pH 7.0) at (c) 2500x and (d) 10,000x. 

Fig. 9. EDXA analysis for Co-Ac deposited on ITO coated glass electrode at 1.29 V for 2 h 

from 50 mM Co2+ in 0.1 M acetate solution (a) before electrolysis and (b, c) after electrolysis 

at 1.29 V for 6 h in phosphate buffer solution, (b) for the top layer region and (c) for the 

bottom layer region. 

Fig. 10. XPS spectra of the electrodeposited Co-Ac film (20 C cm-2) on carbon paper.           

(a and b) before electrolysis and (c to e) after 3 h of electrolysis at 1.29 V in  phosphate 

buffer solution (pH 7.0). Here, (a and c) survey spectrum, (b and d) Co 2p and (e) P 2p 

detailed spectra. 

Fig. 11. Infra-red spectrum of electrochemically prepared Co-Ac catalyst on ITO coated glass 

electrode. Samples are diluted using KBr. 
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Figure. 1 
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Figure. 2 
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Figure. 3 
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Figure. 4 
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Figure. 5 
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Figure. 6 
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Figure. 7 
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Figure 8: 
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Figure. 9 
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Figure 10 
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Figure. 11 
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TOC image 

 
 

 

 

 

 

 

When Co-Ac was used for electrolysis in phosphate solution, a hybrid Co-Pi-Ac was formed, 

resulting in enhanced catalytic activity towards OER. 
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