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Oxidation of water is the key step for natural or artificial
photosynthesis processes. In green plants, oxidation of water
occurs at the Mn,CaOs active site of the oxygen-evolving
enzyme of photosystem II.' Nature converts water to dioxy-
gen very easily, but by artificial means this is highly chal-
lenging due to its highly demanding thermodynamic and
kinetic nature.”> To overcome these problems several water
oxidation catalysts have been developed. Despite much
progress on water-oxidation catalysts, major improvements
are necessary in several areas like lowering of the over-
potential, increasing catalyst stability, enhancing efficiency
and reducing the overall cost. In recent years, various
homogeneous catalysts and electrocatalysts for the water
oxidation reaction based on earth abundant metals such as
manganese,>* iron,>® cobalt,”® nickel,*** and copper*>**> have
been reported. Among them copper is an attractive choice
due to its high abundance, rich coordination chemistry* and
vital role in bio-mimetic oxygen chemistry.’* Numerous
copper complexes have been used as homogeneous water
oxidation electrocatalysts. Mayer and co-workers reported for
the first time a homogeneous copper catalyst [(bpy)Cu(p-
OH)],(OAc), that could electrochemically oxidize water in
basic media at an overpotential 750 mV with a turnover
frequency of 100 s '.** Several copper complexes of the
polyamide ligand have been shown their catalytic water
oxidation property.'®'” F. Chen et al. reported a water soluble
copper complex [L-Cu"-OAc]™ (where OAc = acetate, L =
N,N'-2,6-dimethylphenyl-2,6-pyridinedicarboxamidate) could
electrocatalyze water oxidation to evolve O, in 0.1 M
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water. This surface anchored molecular complex can catalyze water oxidation reaction at a remarkably
low overpotential of 327 mV with a current density of 0.5 mA cm™2 at neutral pH.

carbonate buffer (pH 10) with an onset overpotential of
650 mV."® P. G. Barros and co-workers reported a copper(u)-
complex with redox non-innocent tetradentate amidate
acyclic ligands that can electrocatalyze the water oxidation
process at pH 11.5 with overpotential of 700 mV and as the
electron-donating capacity at the aromatic ring increases, the
overpotential notably reduced down to around 170 mvV."
Apart from these mononuclear copper catalysts which were
operated in basic conditions, an oxidatively stable dinuclear
copper-based catalyst, [Cu,(BPMAN)(u-OH)]** (BPMAN = 2,7-
[bis(2-pyridylmethyl)Jaminomethyl]-1,8-naphthyridine) has
been reported, which efficiently catalyzed water oxidation at
a neutral pH without decomposition during long-term elec-
trolysis.>® On the other hand, several copper species such as
Cu"-Gly,** Cu(u)-1,2-ethylenediamine® and [Cu"(TPA)H,0]*"
(ref. 23) have been used as precursors for active heteroge-
neous copper oxide formation through electrodeposition in
alkaline media and catalyzed the water oxidation process. A.
Prevedello et al. reported a copper(u) species with tetraaza
macrocyclic ligand that can acts as heterogeneous (active
copper oxide layer) and homogeneous (molecular species)
electrocatalyst in alkaline (pH = 9-12) and neutral media,
respectively.”* All of these known water oxidation catalysts
have some practical problems, for example molecule based
homogeneous catalysts are prone to decomposition under
moderate applied potentials. To overcome these issues, some
alternative strategies have been adopted such as grafting of
molecular catalysts onto an electrode surface via covalent
attachment or by anchoring on the functionalized self-
assembled monolayer modified electrode. Placing the cata-
lyst at an interface reduces the amount of catalyst needed and
may enhance the rate. Few reports are available on surface
anchored molecular complexes of Ru,* Ir,*® V,*” Ce®® that
could efficiently electrocatalyze the water oxidation reaction,
are durable for a long time and have an overpotential that is
quite low (250-350 mV) compared to the homogeneous
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system. Still earth abundant metal containing molecular
complex modified electrode systems are scarce.

In the present article we have fabricated a gold electrode
using copper(u)-complex, [Cu(i-phe)(Phen)(H,0)](ClO,) and
NH,SCN through two step self-assembly process (Scheme 1) and
characterized by spectral, electrochemical and microscopic
process. The modified electrode is stable and efficiently oxidizes
water to oxygen in neutral pH medium.

The stepwise modification of the gold electrode was moni-
tored by using cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) (Fig. 1a and b). CV of 0.5 mM
[Fe(CN)¢]> /%~ (redox probe) in 0.1 M PBS (pH 7.0) at bare gold
electrode shows a quasi-reversible couple (AE = 80 mV) with an
anodic current density of 2.7 mA cm™>. After modification with
NCS™ on gold electrode surface, an irreversible redox couple for
[Fe(CN)s]>*~ was obtained with significant decrease (around
2.5 mA cm %) of anodic current density. This result supports the
formation of self-assembled layer of NCS™ which retards the
electron transfer process between electrode and the probe
molecule. After immobilization of [Cu(i-phe)(phen)(H,0)]"
complex on NCS™ modified gold electrode, the anodic current
density was around 0.9 mA c¢m > indicates the electronic
communication between Au electrode and [Fe(CN)s* /4~
through Cu"-complex and in-turn confirms the proper modifi-
cation. EIS study clearly shows that the charge transfer resis-
tance (R.) of Cu™-complex-SCN-Au electrode is less than SCN-
Au electrode and support the CV results.

In order to confirm the fabrication of Cu™-complex on SCN-
Au modified electrode a comparative CV was taken for bare Au
and [Cu(r-phe)(phen)(H,0)]-SCN-Au in 0.1 M PBS (Fig. S11). An
anodic peak at +0.84 V versus RHE was obtained and is due to
the Cu™™ oxidation couple*-* and proves the presence of Cu'-
complex over SCN-Au electrode.

With varying concentration of Cu”-complex from 1.0 mM to
5.0 mM both the anodic and cathodic current were increased
(Fig. S2at). A plot of anodic current versus concentration of Cu"-
complex gives a linear regression equation I, (uA) = 0.221C
(mM) + 1.511 (R*> = 0.998) and is shown in Fig. S2b.} This
observation also certifies a successful immobilization of Cu"-
complex on self-assembled NCS™ modified gold electrode. From
the Fig. S3,f it can be seen that the current density increases
linearly with the increasing square root of scan rate, following
the linear regression equation, J (mA cm™2) = 0.0063 ¥ (mV
s™') + 0.0247 (R*> = 0.996), thereby, indicating a diffusion
controlled electron transfer process at [Cu(t-phe)(phen)(H,0)]-
SCN-Au modified electrode.*?

The modification process was also confirmed by using FE-
SEM and EDX analysis. FE-SEM image (Fig. S4a and b?}) shows
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Scheme 1 Electrode modification using self-assembly process.
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Fig. 1 Overlaid cyclic voltammogram (a) and Nyquist plot (-2
versus Z') obtained from EIS experiment (b) of 0.5 mM K4[Fe(CN)gl in
0.1 M PBS (pH 7.0) at bare Au (brown curve), NCS-Au (red curve) and
[Cu(L-phe)(phen)(H,0)]-SCN—-Au (green curve).

the surface morphology of bare and copper complex modified
gold electrode. Bare gold shows a smooth surface morphology
whereas the Cu"-complex-SCN-Au electrode shows nearly
smooth surface and supports the film formation.

The EDX analysis (Fig. S4ct) and elemental mapping images
(Fig. S51) confirms the presence of Cu, N, O and S elements and
supports the proper immobilization of Cu"-complex on self-
assembled NCS™ modified gold electrode.

For further confirmation, FTIR Spectra of SCN-Au and Cu™-
complex-SCN-Au electrodes were recorded in the frequency
range 450-4000 cm™ ' (Fig. S61). A sharp and broad peak at
2059 cm ™!, a weak peak at 795 cm ™' and a peak at 480 cm ™" are
assigned as the »(CN), »(CS) and O6(NCS), respectively and
confirms that NCS™ adsorbed on Au electrode surface and coor-
dinated through N atom.* After immobilization of Cu(r) complex
over SCN-Au electrode surface the characteristic peaks for CN, CS
and NCS are shifted to 2136 cm ™!, 781 ecm™* and 476 cm™?,
respectively and supports the bond formation between Au-NCS
and Cu(u)-complex. Coordination of sulphur with copper of
Cu(u)-complex is confirmed by the presence of new bands at
around 575 cm™ ' which is also assignable to Cu-N bond
stretching for the Cu(u)-complex.** Another indication for (Cu-S)
bond is the presence of weak band at 456 cm™".** IR bands at
around 3053 cm ™}, 1653 cm ™ * and 1595 cm ™ are due to of CH,,
COO™ and NH, group, respectively*® and supports the presence
of -ala in the Cu(u)-complex. The peaks for O-H, N-H and C-H
are observed at 3434, 2937 and 3343 cm ™', respectively. From the
IR data it can be conclude that the gold electrode was properly
modified with NCS™ and [Cu(i-phe)(phen)(H,0)]".

The electrocatalytic activity of the bare and modified gold
electrodes for water oxidation were investigated using linear

P (

(=
~
°

(a) » /

- Au
= SCN-Au
— Cu" complex-SCN-Au

—— Cu?* ion-SCN-Au
—— Cu' complex-SCN-Au

Current density/ mAcm2
Current density/ mAcm?

¢ -1.8+ - - -
06 20 18 16 14 12 10 08 06

Potential/ V vs. RHE

20 18 16 14 12 10 08
Potential/ V vs. RHE

Fig. 2 Overlaid LSV obtained at bare Au, SCN—Au and Cu'-complex-
NCS-Au electrode in 0.1 M PBS solution (pH 7.0) (a), overlaid LSV
obtained at Cu?* ion-SCN—-Au electrode and Cu''-complex—-SCN-Au
electrode in 0.1 M PBS solution (pH 7.0) (b).
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sweep voltammetry (LSV) in 0.1 M PBS at pH 7.0 in the potential
window +0.6 to +2.0 V versus RHE (Fig. 2a). Oxidation of water
was observed at higher potential ~ +1.83 V versus RHE with
current density 0.02 mA em™> and 0.01 mA ¢cm > at bare and
NCS™ modified gold electrode, respectively. The anodic peak
potential is shifted towards less positive potential +1.58 V versus
RHE and at the same time current height is increased to 0.54
mA cm > when Cu"-complex-SCN-Au electrode was used as
working electrode. These results establish the electrocatalytic
activity of Cu™-complex-SCN-Au modified electrode towards
the oxidation of water.”” The oxidation of water by the Cu"-
complex-SCN modified gold electrode shows remarkably low
overpotential of around 327 mV at J = 0.5 mA cm™ > and onset
overpotential of around 120 mV (f = 0.1 mA ¢cm™?) in neutral
PBS and the obtained result is comparable or in some cases
quite better than the reported homogeneous Cu(u)-complex
based systems or heterogeneous copper oxide films, copper foil
etc. (Table S1+).

The electrocatalytic activity towards water oxidation at Cu"-
complex and Cu®" ion immobilized SCN-Au electrodes was
studied and shown in Fig. 2b. The LSV result shows that the
anodic peak current is quite high (~0.32 mA cm?) and peak
potential is less positive (~0.15 V) in case of Cu"-complex-SCN-
Au than Cu**-SCN-Au electrode suggest that the electrocatalytic
activity towards water oxidation is higher in case of Cu'-
complex than Cu®*"-ion modified electrode.

To confirm that the anodic peak at +1.58 V is solely due to the
oxidation of water, LSV was performed using [Cu(t-
phe)(phen)(H,0)]-SCN-Au electrode in the potential range of
+0.6 to +2.0 V versus RHE in ultrapure CH;CN containing 0.1 M
tetrabutylammonium perchlorate [Bu,N]|[ClO,4] (pH = 7.0). No
anodic peak was observed (Fig. S7at), but upon addition of
water a distinguished oxidative peak was appeared at +1.58 V
versus RHE which proves that the water oxidation reaction
taking place at the Cu(u)-complex modified electrode surface. It
was also observed that with increasing water concentration
(0.1-0.5 M) the anodic peak current was increased linearly
(Fig. S7bt) which also confirms that the peak appeared at
+1.58 V versus RHE is only due to the oxidation of water.*®

Linear sweep voltammetry was carried out at low scan rate
5 mV s ' in the applied potential range 260 mV to 280 mV in
0.1 M PBS at pH 7.0. The plot of logJ versus n (overpotential)
produces a Tafel slope of 49 mV dec™* (Fig. $81) which indicates
an excellent catalytic activity of the Cu™-complex-NCS-Au elec-
trode towards the oxidation of water.*
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Fig. 3 Overlaid LSV at Cu"-complex—-SCN-Au electrode in 0.1 M PBS
(pH 7.0) with increasing scan rate in the range of 20-100 mV s~ * (a). A
plot of normalized catalytic current versus scan rates (b).
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Fig. 3a shows the LSV at different scan rate ranging from 20-
100 mV using [Cu(r-phe)(phen)(H,0)]-SCN-Au modified elec-
trode in PBS solution (pH 7.0). A plot of normalized catalytic
current (i/vy),) versus scan rates (v) (Fig. 3b) gives an inverse
relationship. This result indicates that a rate-limiting chemical
step taking place prior to quick electron transfer to the elec-
trode.*® It also confirms that the chemical rate determining step
of the catalytic process is likely to be the O-O bond formation
step.*!

Fig. S97 illustrates the LSVs at Cu"-complex-SCN-Au elec-
trode with varying pH (6.0, 6.5, 7.0, 7.5, 8.0) of phosphate buffer
solution. The anodic peak potentials were shifted towards less
positive potential with increasing pH of the medium. The
oxidation peak potential varies linearly with pH of the medium
(Fig. S9bt) and follows the linear regression equation Ep, (V) =
—0.123pH + 2.502 (R* = 0.997).

The slope of 0.123 V per pH shift indicating that 1e /2H"
couple is involved in Cu"-complex electrocatalyzed water
oxidation reaction.*> The influence of pH on the peak current
density (J) of water oxidation at the modified gold electrode
(Fig. S10t) revealed that the J values were increased linearly up
to 7.0 and then slowly decreased and thereafter decreased
sharply. This observation indicates that pH 7.0 is the most
effective pH for the oxidation of water by the Cu"-complex
modified electrode.

A plausible mechanism for the water oxidation over Cu™-
complex modified gold electrode is given in Scheme S1.t In the
proposed mechanism, the catalytically active [Cu™(H,O)]"
complex on the gold electrode surface is formed after anodic
oxidation of [Cu"(H,0)] at +0.84 V versus RHE. Once formed,
[Cu™(H,0)]" oxidized H,O to O, at +1.55 V versus RHE in neutral
pH-41_43

The stability and oxygen generation capability of the Cu™-
complex-SCN-Au electrode was investigated using controlled
potential electrolysis (CPE) at +1.58 V versus RHE using in 0.1 M
PBS (pH 7.0) (Fig. 4a). The CPE experiment shows that the
current density (J) rapidly declines to around 0.02 and 0.38 mA
cm ™2 within 20 seconds for the bare and the Cu™-complex-SCN
modified gold electrode, respectively and thereafter the current
remains stable over the entire period of electrolysis.** The ob-
tained result agrees the high stability of the modified Au elec-
trode during electrolysis. The stability of the complex modified
electrode was also checked by using chronopotentiometry
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Fig. 4 Bulk electrolysis with (green curve) and without (brown curve)
the Cu'-complex catalyst over the gold electrode in 0.1 M PBS at
1.58 V versus RHE (a). O, evolution during controlled potential elec-
trolysis of water at Cu"-complex—SCN-Au electrode. Dotted line
denotes the theoretical O, evolution with 100% efficiency (b).
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experiment for 60 minutes at a fixed current density of 0.51 mA
cm~? (Fig. S117). A stable potential was obtained during two
hour long electrolysis. This result also supports the high
stability of Cu™-complex-SCN modified electrode.

During controlled potential electrolysis the generated oxygen
in the head space of the gas tight electrochemical cell was
monitored using a fluorescent probe. The concentration of the
evolved oxygen was increased nearly linear fashion (Fig. 4b). It
gives around 17 umol of oxygen within 30 minutes of electrol-
ysis with a Faraday efficiency of 96%. The theoretical yield of
generated oxygen was calculated by assuming that the obtained
current is due to four electron oxidation of water.*?

The long term stability of the Cu(u)-complex modified elec-
trode was explored by LSV measurement in 0.1 M PBS at 15 days
intervals (Fig. S12f) and almost similar LSV responses were
obtained after 15" and 30" day (relative standard deviation was
0.03%). Thus, it can be concluded that the electrocatalytic
activity of the Cu"-complex-NCS modified electrode does not
suffer from dissolution and remained active.’” For further
confirmation of stability of the catalyst, long term bulk elec-
trolysis experiment was performed at +1.58 V for around eight
hours (Fig. S131) and a constant catalytic current was obtained
over the entire period of electrolysis. This observation also
establishes the robustness of the system. To check the surface
morphology and durability of the modified electrode, FE-SEM
and EDX analysis was done after the bulk electrolysis experi-
ment (Fig. S141). No considerable change of surface
morphology was observed by comparing with the SEM image of
the electrode surface before electrolysis (Fig. S4bf) and the
presence of different elements such as Cu, N, O and S in the
EDX spectrum (Fig. S14bt) support the stability of the catalyst.

In summary, [Cu(i-phe)(phen)(H,0)]-SCN-Au electrode was
developed, characterized and applied for the electrocatalytic
oxidation of water in neutral pH. The newly developed electrode
was able to oxidize water at an impressively low overpotential
327 mV with a current density of 0.54 mA cm 2. Tafel slope of
49 mV dec ! indicates excellent catalytic activity of the Cu"-
complex towards water oxidation reaction. During 30 minutes
of electrolysis, 17 umol of oxygen was produced with a Faraday
efficiency of 96%. The electrode material was chip and the
modified electrode was highly stable, reusable and may help for
the development of commercial water oxidation catalysts.
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