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Electrocatalytic oxidation of water by a self-assembled oxo-

vanadium(IV) complex modified gold electrode 

Koushik Barman
a
 and Sk Jasimuddin

a
*

Bis(acetylacetonato)oxovanadium(IV) was immobilized on the 

self-assembles 4-(pyridine-4
/
-amido)thiophenol (4-PATP) modified 

gold electrode. The modified electrode shows an excellent 

electrocatalytic activity towards water oxidation at neutral pH. 

The turn over frequency of the catalyst for water oxidation was 

0.64 s
-1

 at an overpotential ∼∼∼∼ 284 mV (at J = 3.82 mA cm
-2

).  

Water oxidation is a most crucial reaction in natural 

photosynthesis and is most schemes for artificial 

photosynthesis
1,2

. Development of a robust, fast and 

inexpensive water oxidation catalyst still remains the most 

challenging task for artificial photosynthesis
3
. Water oxidation 

is the more kinetically demanding process and gives rise to a 

large part of the overpotential. Consequently, catalysts that 

allow electrochemical oxidation of water at low overpotential 

are of great interest
4,5

. Although precious metals can show 

high catalytic activity for water oxidation at low overpotential, 

the high cost prohibits their widespread use
6,7

. The creation of 

earth abundant molecular system that produced O2 from 

water with high catalytic activity and stability thus remain a 

significant basic science challenge
8
. Both homogeneous and 

heterogeneous electrocatalyst have been developed for water 

oxidation. Among them, homogeneous molecular systems 

attract the most attention due to their straightforward 

synthesis, ease of characterisation, and tuneable properties. A 

large number of homogeneous water oxidation catalysts 

(WOCs) have been developed based on Mn
9,10

, Fe
11,12

, Cu
13

, 

Co
14,15

, Ru
16,17

, Ir
18,19

 complexes, and polyoxometalates
20,21

. 

However, long term stability is an important issue. Most of 

them are transition-metal complexes with organic ligands, 

unstable toward oxidative deactivation. Heterogeneous 

catalysts for water oxidation were known long before their 

homogeneous analogues. They are thermodynamically stable, 

highly active and have long-life. Several heterogeneous catalysts 
have been developed for the electrochemical water oxidations, 

some of them are Mn-oxide thin film on a polished GC electrode
22

, 

Mn3O4-Au nanocomposite on gold electrode
23

, hydrated metal 

oxide modified electrode
24

, Fe based film on ITO electrode
25

, Co3O4 

nanoparticles
26

 and  [Ni1−xFex(OH)2](NO3)y(OH)x−y·nH2O nanosheet 

over flat HOPG surface
27

, cobalt polyoxometalates (POM) carbon 

paste electrode
28

, cobalt modified fluorine doped tin oxide 

electrode
29

, Nickel oxy-hydroxide thin film
30

, [Ru(bpy)5][Ru4POM] 

modified electrode
4
, iridium oxide-polymer composite electrode

31
, 

carbon grafted iridium complex
32

, IrO2 colloied self-assembled on 

an ITO electrode
6
, mesoporous IrOx nanoparticle film

7
 etc.  

Terminal oxo complexes of transition metals have critical roles in 

various biological and chemical processes
33

. For example, the 

catalytic oxidation of organic molecules
34

, some oxidative 

enzymatic transformations
35

, and the activation of dioxygen on 

metal surfaces
36

 are all thought to involve oxo complexes. 

Moreover, they are believed to be key intermediates in the 

photocatalytic oxidation of water to give molecular oxygen
37,38

. 

Natural photosystem(II) enzyme using a tetranuclear Mn-oxo 

complex as oxygen evolving center. Vandium complexes with high 

oxidation states are known to catalyze various oxidation 

reactions
39

, such as oxidation of aldehydes
40

 and thiols
41

, 

epoxidation
42

 and coupling
43

. Additionally, vanadium plays an 

important role in enzyme reactions
44

. These encourage us to 

prepare a simple self-assembled oxovanadium(IV) complex 

modified electrode for the electrocatalytic oxidation of water 

molecule. To our knowledge, this is the first report of catalytic 

water oxidation by vanadium complex modified electrode. Here we 

describe the preparation and surface characterisation of 

oxovanadium(IV) complex modified gold electrode and its 

application for the electrocatalytic oxidation of water at low 

overpotential in neutral pH. 

 

 

 

Scheme 1 Electrode modification steps 
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The stepwise modification process (scheme 1) was monitored by 

cyclic voltammetry and electrochemical impedance spectroscopy 

using [Fe(CN)6]
3-/4-

 as redox probe in 0.1 M PBS solution at pH 7.0.  

(Figure S1). The fabrication of bis(acetylacetonato)oxovanadium(IV),  

[VO(acac)2], over 4-(pyridine-4/-amido)thiophenol (4-PATP) 

modified Au electrode was confirmed by taking a comparable CV 

for 4-PATP-Au and [VO(acac)2]-4-PATP-Au in 0.1 M PBS buffer at pH 

7.0 (Figure S2). A quasireversible VO
V
/VO

IV
 redox couple (E1/2 = 0.29 

V, ∆E = 70 mV) supports the formation of [VO(acac)2] modified 4-

PATP-Au electrode. Figure S3 shows the cyclic voltammograms for 

different concentration (1.0 – 5.0 mM) of [VO(acac)2] on the 4-PATP 

modified gold electrode. Both anodic and cathodic current 

increased linearly with increasing concentration of [VO(acac)2] 

which confirms the strong electrostatic adsorption of [VO(acac)2] at 

4-PATP–Au electrode surface. The peak current varied linearly with 

the scan rate (30 - 90 mV/s) following the linear regression equation 

Jpc (µA/cm
2
) = 0.164 ν (mV/s) + 4.131 (R

2
 = 0.999) which confirms 

the stability of the surface bound [VO(acac)2] complex (Figure S4). 

The influence of pH of the electrolytic solution on the 

electrochemistry of [VO(acac)2]-4-PATP-Au electrode was studied 

(Figure S5). The cathodic peak current reached the maximum value 

at pH 7.0 which indicate that at this pH strong complexation takes 

place.  

The step wise modification and surface morphology of the bare gold 

electrode was characterised by FE-SEM. From the SEM images, it 

can be seen that the surface of the bare (Figure 1A) gold electrode 

was smooth and remain almost same (Figure 1B) after modification 

with 4-aminothiophenol (4-ATP) suggesting well ordered and 

densely packed layer formation. However, the surface morphology 

of 4-ATP-Au electrode was changed to a uniform wire -like structure 

(Figure 1C) after Schiff base condensation reaction between 

isonicotinic acid and 4-ATP-Au. Subsequent immobilization of 

[VO(acac)2] over 4-PATP-Au electrode the surface was totally 

changed to a rough and porous (Figure 1D) morphology favourable 

for electrocatalytic oxidation. Elemental mapping images (Figure S6) 

confirms the immobilization of [VO(acac)2] over 4-PATP modified 

gold electrode. 

The self-assembled monolayer modified electrode, [VO(acac)2]-4-

PATP-Au was  examined for the electrocatalytic water oxidation 

activity using cyclic voltammetry. The CV scans were carried out in 

the potential window -0.4 to 1.4 V versus Ag/AgCl with a scan rate 

of 0.1 V/s in 0.1 M PBS buffer at pH 7.0 (Figure 2). It was observed 

that the anodic peak potential for oxovanadium(IV) modified 

electrode shifted in the less positive potential with a large increase 

of current height compared to the bare or 4-PATP modified gold 

electrode. It supports the electrocatalytic activity of [VO(acac)2]-4-

PATP-Au modified electrode towards water oxidation. [VO(acac)2]-

4-PATP-Au electrode displayed an anodic response at + 0.89 V 

versus Ag/AgCl in 0.1 M PBS at pH 7.0, signifying water oxidation, 

2H2O → O2 + 4H
+
 + 4e

-
. The oxidation peak current increased with 

the scan rate in the range of 0.02 to 0.2 V s
-1

 (Figure 3) following the 

linear regression equation Jpa(mA/cm
2
) = 0.0032 ν (mV/s) + 0.1603 

(R
2
 = 0.999). This indicates that the electro-oxidation reaction of 

water at oxovanadium complex modified electrode were the 

surface controlled process. Figure S7 shows the relationship 

between the peak potential (Ep) and the natural logarithm of scan  

 

 

Fig. 1 SEM images of bare (A), 4-ATP modified (B), 4-PATP modified 

(C) and [VO(acac)2]-4-PATP modified (D) gold electrode. (All scale 

bars are 10 µm) 

 

 

 

 

 

 

 

 

Fig. 2 Cyclic voltammograms obtained with bare (red curve), 4-PATP 

modified (brown curve) and [VO(acac)2]-4-PATP modified (violet 

curve) gold electrodes in 0.1 M PBS at pH 7.0. Scan rate: 100 mV s
-1

. 

 

 

 

 

 

 

 

 

Fig. 3 Cyclic voltammograms from [VO(acac)2]-4-PATP modified gold 

electrode at increasing scan rate 20 to 200 mV s
-1

 in 0.1 M PBS 

solution (pH 7.0), (Inset: Anodic peak current density versus scan 

rate plot). 

 

rate (ln ν) for the water oxidation at modified electrode at pH 7.0.  

In the range from 0.02 – 0.2 V/s, the anodic peak potential (Epa) 

changed linearly versus ln ν with a linear regression equation of  
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Fig. 4 Bulk electrolysis with (black curve) and without (blue curve) 

the [VO(acac)2] catalyst over the 4-PATP-Au electrode in 0.1 M 

phosphate buffer (pH 7.0) at 0.89 V versus Ag/AgCl.   

 

 

 

 

 

 

 

 

Fig. 5 Cyclic voltammograms derived from [VO(acac)2]-4-PATP 

modified gold electrode at different pH (4.0, brown curve; 5.0, blue 

curve; 6.0, red curve, 7.0, green curve; 8.0, violet curve; 9.0, light 

green curve; 10, orange curve) of 0.1 M PBS solution. Scan rate: 100 

mV s
-1

 

 
Epa = 0.803 + 0.028 ln ν, R

2
 = 0.997. Because of the irreversible 

electrode process of the water oxidation, the Laviron’s equation
45

: 

Epa = E
0
 + RT/(1-α)nF[ln{RTks/((1-α)nF} + ln v] was used to estimate 

the number of electrons involved, where α is the anodic electron 

transfer coefficient, n is the number of electrons, ks is the rate of 

electron transfer and R, T and F have their usual meaning. Here the 

slope of the linear plot, RT/(1-α)nF was 0.028, then n could be 

calculated to be 4.2 (theoretical value ought to be 4) since for a 

totally irreversible electron transfer, α was assumed as 0.5. This 

calculation indicated that anodic peak at + 0.89 V was due to 4 

electrons water oxidation. The observed electrocatalytic water 

oxidation is quite exciting because of large current which indicate 

rapid rate and low overpotential. This oxidation occurred at an 

overpotential (η) of ∼ 284 mV (vs NHE) (at J = 3.8 mA/cm
2
) which is 

within the typical range for many heterogeneous (200 - 400 mV) 

water oxidation catalyst
46,47

 and is quite better than many 

homogeneous (600-900 mV) water oxidation catalyst
48-50

. A 

Comparative overpotential is given in Table S1. The Tafel plot of η 

versus log J produce a slope of ∼ 50 mV/decade (Figure S8) which 

indicates an outstanding activity of [VO(acac)2]-4-PATP-Au 

electrode for electrolytic water oxidation.  

In non-aqueous media no such oxidative or reductive peak was 

observed. Upon addition of water in CH3CN solvent containing 0.1 

M [Bu4N][ClO4] (pH = 7.0) an oxidative peak appeared at ∼ + 0.89 V. 

Initially the anodic peak current density increased with increasing 

the water concentration (up to 0.6 M) and thereafter the current 

density remain constant as expected for surface attached molecular 

species (Figure S9). Over several scan, the formation of gas bubbles 

was observed on the modified electrode surface (Figure S10). An 

irreversible cathodic peak around - 0.05 to - 0.1 V (depends upon 

pH) was observed only if the electrode was cycled to cathodic 

potential after scanning through the catalytic anodic wave under N2 

atmosphere (Figure S11a). Figure S11b shows the additional 

reduction current (∼ 1.0 µA) when the potential was swept 

positively and then negatively in presence of O2. These results 

indicated that O2 was evolved during water oxidation on the 

electrode surface. We have also tested the [VO(acac)2] modified 4-

PATP-Au electrode in acetate buffer solution instead of PBS solution 

(Figure S12) and in CH3CN or CH3CN + H2O mixed solvent containing 

0.1 M [Bu4N][ClO4] (pH = 7.0) (Figure S13) and confirmed that O2 

was generated solely due to water oxidation. The oxygen evolution 

was also investigated using controlled potential electrolysis at 0.89 

V versus Ag/AgCl with a [VO(acac)2] modified 4-PATP-Au electrode 

in 0.1 M PBS (pH 7.0) (Figure 4). The controlled potential electrolysis 

experiment shows that the current density rapidly declines to 

around 0.03 and 3.82 mA cm
-2

 for bare and oxovanadium modified 

gold electrode, respectively after ∼ 20 seconds and thereafter the 

current remain stable over the entire course of electrolysis (30 

minutes) in both cases (Figure S14). The result supports the high 

stability of [VO(acac)2]-PATP modified gold electrode in the course 

of electrolysis. The oxygen formed in the solution was measured 

using a fluorescence probe (Figure S15). During the electrolysis of 

water the dissolved O2 in the solution phase increased from ∼ 30 

µM to approximately 176 µM with a Faraday efficiency of around 

98% for the O2 evolution. On the basis of steady-state current 

measurement at an applied potential of 0.89 V versus Ag/AgCl at pH 

= 7.0, the apparent turnover frequency
17

 for water oxidation by the 

[VO(acac)2] modified gold electrode was found 0.64 s
-1

 (TOF = 

catalytic current density/charge = 3.82 mA cm
-2 

/ 5.97 mC cm
-2

) at 

an overpotential of 284 mV (at J =3.82 mA cm
-2 

). Table 1 shows a 

comparison of the proposed electrochemical method and other 

modified electrodes reported for the oxidation of water. It can be 

seen that the overpotential and turnover frequency of the 

proposed method are comparable with the reported methods. The 

effect of pH on the electrocatalytic oxidation and reduction of 

water and oxygen, respectively at [VO(acac)2]-4-PATP-Au electrode 

were investigated in the pH range 4.0 – 10.0. Figure 5 illustrates the 

cyclic voltammograms at varying pHs of the PBS for [VO(acac)2]-4-

PATP-Au electrode. Both the anodic and cathodic peak potentials 

ware shifted towards more negative potential with increasing pH of 

the medium. The oxidation peak potential varies linearly with pH in 

basic media following the linear regression equation Epa (V) = - 

0.052 pH + 1.222 (R
2
 = 0.993). Investigation of the influence of pH 

on the peak current density of water oxidation at the modified gold 

electrode revealed that the peak current also increases linearly with 

increasing solution pH. To explore the long term stability of the 

[VO(acac)2]-4-PATP-Au electrode, cyclic voltammetry measurement 

were made in 0.1 M PBS solution with 15 days intervals (the 

modified electrode was stored by covering with a rubber cap at 

room temperature, when not in use) and the CV response were 

Page 3 of 5 Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



COMMUNICATION Catal. Sci. Technol.  

4 | Catal. Sci. Technol., 2015, 00, 1-4 This journal is © The Royal Society of Chemistry 2015 

Please do not adjust margins 

Please do not adjust margins 

almost similar after 15 days and 30 days (RSD ∼ 0.02 %) (Figure 

S16).  
In summary, a new heterogeneous catalytic system [VO(acac)2]-4-

PATP-Au has made up for water oxidation. The oxovanadium 

complex modified gold electrode shows efficient water oxidation at 

reasonable low overpotential (∼ 284 mV at J = 3.82 mA cm
-2

) with 

apparent TOF 0.64 s
-1

 at neutral pH. This unique system is stable, 

reproducible, fast and inexpensive for water oxidation than many 

known systems. This outcome unlocks novel opportunities for 

energy conversion mechanism and fuel cell based research.  
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The oxo-vanadium(IV) complex modified gold electrode showed an efficient electrocatalytic activity 

towards water oxidation at neutral pH. 
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