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Electrochemical-driven water reduction and

oxidation catalyzed by an iron(IIl) complex

supported by 2,3-bis(2-hydroxybenzylideneimino)-

2,3-butenedinitrile
Ling-Zhi Fu, Ling-Ling Zhou and Shu-Zhong Zhan*

One molecular electrocatalyst for both water reduction and oxidation, based on an iron(IIl) complex
[FeLCI(H,0)] 1, is formed by the reaction of anhydrous FeCl; with a tetradentate ligand, 2,3-bis(2-
hydroxybenzylideneimino)-2,3-butenedinitrile (H,L). Its structure has been determined by X-ray
diffraction. 1 elcetro-catalyzes hydrogen evolution both from acetic acid and water, with a turnover
frequency (TOF) of 10.25 and 808.46 moles of hydrogen per mole of catalyst per hour at an
overpotential of 893 mV (DMF) and 837 mV (pH 7.0), respectively. Water oxidation occurs at an

overpotential of 677 mV to give O, with a TOF of ~0.849 s\,

Introduction

Water is the only waste-free electron-source substrate that could
sustain the scale of the process required to supply our energy
demands. Thus, splitting water into hydrogen and oxygen is one of
the most attractive scenarios for sustainable energy production. '
However, this electrochemical conversion stores 1.23 V and consists
of the four electrons, four proton oxidation of water to oxygen and
the reduction of the produced protons to hydrogen. One of the key
challenges to water splitting is the development of efficient catalysts
for water reduction and oxidation. In Nature, Fe-Ni and Fe-Fe
hydrogenases produce H, in water at close to the thermodynamic
potential of -0.41 V vs the normal hydrogen electrode (NHE) at pH
7.0.  However, enzymes are difficult to obtain in sufficient amounts
to adapt for commercial applications and their stability is often
limited outside of their native environment. * Many research groups,
including ours, have tried to develop molecular catalysts by
employing transition metals, and several complexes that contain
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nickel, ° cobalt, copper and molybdenum ' have been

developed as electrocatalysts for the reduction of water to form H,.

This journal is © The Royal Society of Chemistry 2013

In other hand, the notable progress also has been made in

homogeneous water oxidation catalysis with transition metal
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copper 2328

complexes, including cobalt, and iron.
However, there have been few complexes reported in the literature
that can function efficiently as both water oxidation catalysts
(WOCs) and water reduction catalysts (WRCs). This is attributed to
that WOCs and WRCs require different types of ligands to support.
Efficient WOCs generally are in the form of metal oxides * or with
oxidation-resistant ligands, ** while efficient WRCs prefer softer
ligands to generate low-valent active intermediates that can reduce
proton at low over-potentials, such as oxime ligand. *' As an

14,32 and

expanded work, reported here is the synthesis
characterization of a water-soluble iron(IIl) complex, [FeLCI(H,0)]
1, as well as its electro-catalytic properties for water oxidation and

reduction thereof.

Results and discussion
The reaction of FeCl;-6H,0 with H,L in the presence of NEt;

affords an iron(IIl) complex, [LFeCI(H,O)] 1 (Scheme 1), which is
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soluble in water and common organic solvents, such as DMF and
CH;CN, efc. Electronic absorption spectrum of complex 1 shows
multiple intense bands in the UV and visible regions (Fig. S1). The
bands between 300 and 370 nm are due to LMCT (n—rt*), and the
band at 493 nm is attributed to the d—d transition. The UV/Vis
spectrum of 1 in water shows one intense band at 302 nm from
ligand m—m transition, and two peaks at 373 and 473 nm from a
metal d—d transition (Fig. S2). And the UV/Vis spectra of 1 in
buffered aqueous solutions (KH,PO, + NaOH) from pH 4.5 to 11.5
exhibit similar peaks to those in water. When pH = 12.5, a new
absorption peak at 402 nm appeared, suggesting that this complex
decomposes to a new component under these conditions (Fig. S3).
Therefore, we can explore its electrochemical properties in the pH

range 4.5-11.5.
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Scheme 1. Schematic representation of the synthesis of complex

[LFeCI(H,0)] 1.

As shown in Fig. 1, the title complex consists of one F e** ion,
one L” jon, one Cl and one H,O molecule. The iron atom is
surrounded by two nitrogen atoms and two oxygen atoms from
Schiff-base ligand ion (L*), one CI” and one oxygen atom from H,O
molecule. The average bond length of Fe-N is 2.129(15) A. The
Fe(1)—CI(1) bond distance of 2.3098(6) A in complex 1 is similar to
that Fe—Cl bonds in iron(Ill) complexes possessing similar
tetradentate ligands. ** The distance between Fe and O from H,O
molecule (2.2086(13) A) is longer than that of Fe-O(L*) (av, 1.8939

A), suggesting that 1 is more soluble in water.

As shown in Fig. 2, the cyclic voltammogram of 3.17 mM
complex 1 shows one reversible Fe"/Fe" couple at -0.08 V.
Scanning to cathodic potential beyond the first reversible reduction
reveals an quasi-reversible redox event at -0.84 V followed by

another one quasi-reversible couple at -1.55 V. For comparison, CV

2| J. Name., 2012, 00, 1-3

of ligand was measured in a similar condition (Fig. S4). The second
reduction wave of 1 at -0.84 V, being close to the second reduction
of the free ligand, is assigned to the ligand. The third redox peak is
assigned to the Fe'/Fe' couple. Scan rate analyses of voltammograms
exhibit linear dependences in plots of current vs v'”? (Fig. S5), as

expected for diffusional species at all observed redox events.

To determine possible electrocatalytic activity of this complex,
cyclic voltammograms of complex 1 were recorded in the presence
of acetic acid. Fig. 3 shows a systematic increase in i, observed
near -1.41 V with increasing acetic acid concentration from 0.0 to
5.44 mM. This rise in current can be attributed to the catalytic
generation of H, from acetic acid [11]. This clearly dictates that
hydrogen evolution electrocatalyzed by 1 requires the reduction of

Fe(II) to Fe(I).

To confirm that complex 1 was indeed responsible for the
catalytic reaction, the free ligand, FeCls, and the mixture of the free
ligand and FeCl; were each measured under identical conditions. As
can be seen in Figs. S6-S7, the catalytic competency achieved with 1
is not matched by just ligand, FeCl;, or the mixture of the free ligand
and FeCl;, nor can it be accomplished with the ligand bound to a
redox-inactive metal. Thus, a combination of the iron ion and the

ligand is essential for catalytic activity.

Further evidence for the electro-catalytic activity was obtained
by bulk electrolysis of a DMF solution of complex 1 (5.80 uM) with
acetic acid (5.44 mM) at variable applied potential using a glassy
carbon plate electrode in a double-compartment cell. Fig. 4-a
exhibits the charge of bulk electrolysis of complex 1 in the presence
of acid. When the applied potential was -1.40 V versus Ag/AgNO;,
the maximum charge reached 25 mC during 2 min of electrolysis. A
controlled-potential electrolysis (CPE) experiment under the same
potential with a catalyst-free or ligand solution only gave a charge of
8 and 9 mC, respectively (Fig. 4-b), indicating that this complex
does indeed serve as an effective hydrogen production catalyst under
such conditions. According to eg. (1), '' a TOF for the catalyst
reaches a maximum of 10.25 moles of hydrogen per mole of catalyst

per hour at an overpotential of 891 mV (Eq. S1 and Fig. S8).
TOF = AC/ (F*n;*ny*t) (@)

Where, AC is the charge from catalyst solution during CPE minus

charge from solution without catalyst during CPE, F is Faraday's

This journal is © The Royal Society of Chemistry 2012
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constant, n; is the mol of electrons required to generate a mol of H,,

n, is the mol of catalyst in solution, t is duration of electrolysis.

To explore the electrochemical behavior of complex 1 in
aqueous media, a much more attractive medium for the sustainable
generation of hydrogen, CVs were measured in buffered solutions
(KH,PO, + NaOH). In pH 7.0 buffer, complex 1 shows one
reversible Fe/Fe wave at -0.62 V (Fig. 5-inset) and one
irreversible Fe'/Fe' wave at -1.58 V (Fig. 5), respectively. The redox
wave at -1.58 V (Fe'/Fe') is dependent of pH (Fig. S9), and the
current response of the redox events at -1.58 V also varies linearly
on the square root of the scan rate, which is an indicative of a

diffusion-controlled process (Fig. S10).

From CPE experiment, when an applied potential was -1.45 V
versus Ag/AgCl, the maximum charge was only 28 mC during 2 min
of electrolysis in absence of complex 1 (Fig. 6-a). Under the same
conditions, the charge reached 600 mC with addition of complex 1
during 2 min of electrolysis (Fig. 6-b), accompanying evolution of a
gas (Fig. S11), which was confirmed as H, by gas chromatography.
According to Fig. S12-a, ~3.9 mL of H, was produced over an
electrolysis period of 1 h with a Faradaic efficiency of 96% for H,
(Fig. S12-b). TOF for electrocatalytic hydrogen production by
complex 1 is 808.46 moles of hydrogen per mole of catalyst per hour
at an overpotential of 837.6 mV (pH 7.0) (Eq. S2 and Fig. 6-c),
which is higher than that of a similar copper(II) complex [LCu] (457
moles of hydrogen per mole of catalyst per hour at an overpotential
of 817 mV), "' indicating that the iron(IIl) electrocatalyst is more
active than the copper(Il) species. A possible explanation could be
that iron center in a square planar geometry is attacked by H" or H,O

more readily than the copper complex.

To explore the catalytic water oxidation by complex 1, CVs
were conducted in an aqueous solution and buffers (KH,PO, +
NaOH) at different pH values. At more positive potentials, two
irreversible oxidation waves appear at 0.89 V and 140 V vs
Ag/AgCl in a 0.10 M KNOj solution, corresponding to Fe'V/Fe'" and
Fe"/Fe", respectively (Fig. 7-a), with a greatly enhanced underlying
current compared to the background. Fig. 7-b exhibits a systematic
increase in i, with increasing pH from 7.0 to 11.8. Cyclic
voltammogram of background in the absence of complex 1 exhibits
no catalytic current at the potential of the couples of Fe'V/Fe™ and
Fe"/Fe" (Fig. 7-a, black line), suggesting that water oxidation to O,

occurs with complex 1.  The current enhancement for the wave at

This journal is © The Royal Society of Chemistry 2012
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E,. = 0.89 V is consistent with catalytic water oxidation, with
catalytic onset shift to more negative potentials (from 1.50 V to 0.78
V). The current enhancement for the wave at 1.18 V is also
consistent with catalytic water oxidation with catalytic onset shift to
more negative potentials (from 1.30 V to 0.95 V). On the basis of
literature precedent ** and above analyses, we propose the catalytic
cycle depicted in Scheme 2 for the generation of O, from water
mediated by 1. In this mechanism, the product of the second
oxidation would be the formally Fe'¥ species, a high-oxidation Fe-
oxo intermediate as sites for O-O coupling and water oxidation, as
found in other complexes. ***® Analysis of the anodic scans of the
redox couples at 0.89 V and 1.40 V as a function of scan rates (Fig.
S13) both show a linear relation, consistent with adsorption of the

molecules on the electrode surface.
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Scheme 2. Proposed mechanism for electrocatalytic water oxidation by

[LFe(H,0)CI] 1.

Evolution of O, as a product was investigated by controlled
potential electrolysis on an ITO (1.32 cm?) electrode with complex 1
in a 0.25 M buffer solution (pH 10.5). The background for oxygen
formation at the applied potential in the absence of catalyst is only
28 mC during 2 min of electrolysis (Fig. 8-a). With addition of 1, the
amount of charge used in 2 min increases with increasing the applied
potential (Fig. 8-b), accompanying the formation of a large amount
of gas bubble. The evolved O, was analyzed by gas chromatography,
Fig. 9-a, which gave ~28 pumol of O, over an electrolysis period of 5

h with a Faradaic efficiency of 93% for O, (Fig. 9-b).

J. Name., 2012, 00, 1-3 | 3
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This study stated clearly that 1 is capable of catalyzing the
oxidation of water to O,. According to eq. (2), %! n, is the number of
electrons transferred in the noncatalytic wave, n. is the mol of
electrons required to generate a mol of O, and v is the scan rate,
From the slope of the plot of i./ig versus v (Fig. S14), we
calculated k. for the catalyst reaching a maximum of 0.01 s (Ep=
0.83 V, and Eq. S3), and 0.849 s (E,.= 1.18 V, and Eq. S4),
respectively, indicating that both couples Fe'"/Fe™ and Fe"/Fe'" are
devoted to water oxidation. This value (0.849 s) is higher than

37-39

some reported molecular water oxidation catalysts, yet much

lower than the recently reported iron based one. *°

I, n,
lp I’lp

k. /v %))

cat

The low active catalyst for water oxidation is attributed to 1)

The planar ligand, 2,3-bis(2-hydroxybenzylideneimino)-2,3-
butenedinitrile ion (L*) can’t stabilize high oxidation state of iron
very well. 2) L* coordinates through two nitrogen atoms and two
oxygen atoms to the iron centre, leaving one Cl” ion and water
molecule in trans position. This observation strongly suggests that
the presence of the CI” ion in axial position is the key structural

feature for eliciting water oxidation catalysis. *'**

Water oxidation occurs at an overpotential of 677 mV, based on
the half-peak potential for CVs at pH 10.5 and the reversible
potential for 4"+ O,+ 4H"™ = 2H,0 of 0.61 V at this pH. This
overpotential is comparable to the reported homogeneous water-

oxidation catalysts (600-900 mV). **

To prove complex 1 as a homogeneous electrocatalyst, we
obtained dependence of the catalytic current on complex 1
concentration. From Fig. S15, the observation of the catalytic
current being dependent of 1 concentration could indicate a
homogeneous catalyst. And several pieces of evidence also
suggest that this complex is a homogeneous catalyst: 1) There
is no evidence for a heterogeneous electrocatalytic deposit. For
example, the electrode was rinsed with water and electrolysis at
-1.45 V vs Ag/AgCl was run for an additional 2 min in a 0.25
M buffer at pH 7.0 with no catalyst present in solution. During
this period, ca. 30 mC of charge was passed, a similar
magnitude as is observed for electrolysis conducted with

freshly polished electrode. 2) At a glass carbon or an ITO

4| J. Name., 2012, 00, 1-3

electrode, there was no evidence for precipitation formation by

ICP (Fig. S16 and Fig. S17) after a 4 h electrolysis period.

Experimental

Elemental analyses for C, H, and N were obtained on a Perkin-Elmer
analyzer model 240. UV-Vis spectra were measured on a Hitachi U-
3010 spectrophotometer. Cyclic voltammograms were obtained on a
CHI-660E electrochemical analyzer under N, using a three-electrode
cell in which a glassy carbon electrode (1.0 mm in diameter) was the
working electrode, a saturated Ag/AgNO; or Ag/AgCl electrode was
the reference electrode, and platinum wire was the auxiliary
electrode. In DMF, 0.10 M [(n-Bu),N]CIO; was used as the
supporting electrolyte, and a ferrocene/ferrocenium (1+) couple was
used as an internal standard. Controlled-potential electrolysis (CPE)
in aqueous media was conducted using an air-tight glass double
compartment cell separated by a glass frit. The working
compartment was fitted with a glassy carbon plate or an ITO plate
and an Ag/AgCl reference electrode. The auxiliary compartment was
fitted with a Pt gauze electrode. The working compartment was
filled with 50 mL of 0.25 M phosphate buffer solution at different
pH values, while the auxiliary compartment was filled with 35 mL
phosphate buffer solution. Adding iron complex, the cyclic
voltammogram was recorded. After electrolysis, a 0.50 mL aliquot
of the headspace was removed and replaced with 0.50 mL of CH,. A
sample of the headspace was injected into the gas chromatograph
(GC). GC

Technologies 7890A gas chromatography instrument.

experiments were carried out with an Agilent

To a solution, containing 2,3-bis(2-hydroxybenzylideneimino)-2,3-
butenedinitrile (H,L) (0.948 g, 3.0 mmol) and triethylamine (0.600
g, 6.0 mmol) in methanol (30 ml), FeCl; (0.487 g, 3.0 mmol) was
added and the mixture was stirred for 15 min. The solution was
allowed to slowly evaporate, affording brown crystals, which were
collected and dried 69%). Caled for
CisHoClFeN,O;: C, 50.99; H, 2.83; N, 13.22. Found: C, 50.29; H,
2.85; N, 13.31. UV-vis [CH;CN, A /nm (£/mol! cm™)]: 311
(2.46x10%), 362 (2.12x10%), 493 (9.46x10).

in vacuo (0.877 g,

Data was collected with a Bruker SMART CCD area detector using
graphite monochromated Mo-Ka radiation (0.71073 A) at room
temperature. All empirical absorption corrections were applied by
using the SADABS program. ** The structures were solved using
direct methods and the corresponding non-hydrogen atoms were

refined anisotropically. All the hydrogen atoms of the ligands were

This journal is © The Royal Society of Chemistry 2012
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placed in calculated positions with fixed isotropic thermal
parameters and included in the structure factor calculations in the
final stage of full-matrix least-squares refinement. Structure solution
and refinement were performed using SHELXTL program. * Table
S1 lists details of the crystal parameters, data collection and
refinement for 1. The selected bond distances and angles are listed in

Table S2.

Conclusions

A new iron(Ill) complex 1, which is very easy to be obtained, can
electrocatalyze both water reduction water oxidation. 1
electrocatalyzes hydrogen evolution both from acetic acid and purely
water media with a TOF of 10.25 (DMF) and 808.46 (bufter, pH 7.0)
moles of hydrogen per mole of catalyst per hour, respectively. 1 can
also catalyze water oxidation to give O, with a TOF of ~0.849 s™' at
an overpotential of 677 mV. Our ongoing efforts are focused on
modifying ligands to give related water-soluble complexes for
further functional studies, with an emphasis on chemistry relevant to

sustainable energy cycles.
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Fig. 1. X-ray structure of complex 1
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Fig. 2. Cyclic voltammogram of 3.17 mM complex 1 in 0.10 M of [n-BusN]CIO4

DMF solution at a glassy carbon electrode and a scan rate of 100 mV/s. Ferrocene

internal standard (*).
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Potential (V vs Ag/AgNO,)
Fig. 3. Cyclic voltammograms of a 3.17 mM solution of complex 1, with varying
concentrations of acetic acid in DMF. Conditions: 0.10 M [n-BuyN]CIO4 as
supporting electrolyte, scan rate: 100 mV/s, GC working electrode (1 mm diameter),

Pt counter electrode, Ag/AgNO; reference electrode, Fc internal standard (*).
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Fig. 4. (a) Charge buildup versus time from electrolysis of 5.44 mM CH3;COOH in
DMF (0.10 M [n-BwN]ClO4 ) with 5.80 uM complex 1 under various applied
potentials. All data have been deducted blank. (b) Charge buildup versus time from
electrolysis of a 5.44 mM CH;COOH DMF solution (0.10 M [n-BusN]CIO4)
(black), with 5.80 uM ligand (red) and 5.80 uM complex 1 (blue) under -1.40 V vs
Ag/AgNO:s.
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Fig. 5. Cyclic voltammogram of complex 1 (1.71 mM) in a 0.25 M phosphate
buffered solution of pH 7.0 at GC working electrode (1.0 mm diameter), Pt wire
counter electrode, Ag/AgClreference electrode. The inset shows a magnified view of

the Fe''/Fe" couple.
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Fig. 6. (a) Charge buildup of buffer (pH 7.0). (b) Charge buildup of complex 1 (0.12

1M) versus a series of applied potentials in 0.25 M buffer at pH 7.0. All data have
been deducted blank. (c¢) Turnover frequency (mol Hy/mol -catalysts/h) for

electrocatalystic hydrogen production by complex 1 (0.12 uM) under overpotentials.

Page 12 of 15



Page 13 of 15 RSC Advances

014 [——Dlank ®
—— complex 1
0.0 4
=
E
= 011
=
I
E
=
O .02
-0.3 4
2 Y 0 1 2
Potential (V vs Ag/AgCl)
pH ®
0601 — 79
] — 8.0
0.45 — 10.1
: — 10.5
g 1 — 111
=030 18
=
[-5]
i
5
O 0.154
0.00
T

0.4 ' 0:8 ' 1I.2 ' 116 ' 2.0
Potential (V vs Ag/AgCl)

Fig. 7. (a) Cyclic voltammogram of complex 1 (1.7l mM) in 0.10 M KNOs at a

glassy carbon electrode and a scan rate of 100 mV/s. (b) Cyclic voltammograms of

complex 1 (1.71 mM) in buffers (KH,PO4 + NaOH) at different pHs.
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Fig. 8. (a) Charge buildup of a 0.25 M buffer (KH,PO4 + NaOH) at pH 10.5. (b)

Charge buildup versus a series of applied potentials by a 17.4 uM complex 1 in 0.25
M bufter (KH,PO4 + NaOH) at pH 10.5. All data have been deducted blank.
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Fig. 9. (a) GC traces after a 5-h controlled-potential electrolysis at 1.45 V Ag/AgCl of
15.93 uM complex 1 in 0.25 M buffer (KH,PO4 + NaOH), pH 10.5. (b) Measured
(red) and calculated (black) pH changes assuming a 100% Faradic efficiency of
complex 1 during electrolysis. (the theoretical pH change over time can be calculated

It
by the equation of pH =14+ lgé—V where I = current (A), t = time (s), F = Faraday

constant (96485 C/mol), V = solution volume (0.04 L)).



