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Herein, we report the application of the mononuclear copper complex 1, [Cu"(L)]?*, in electrochemical
water oxidation catalysis (L = 1,3-bis(((1-methyl-1H-imidazol-2-yl)methyl)amino)propan-2-ol). The
complex exhibits a N4 donor set consisting of two amine and two imidazole units and a dangling OH unit
in close proximity to the copper ion. 1 exhibits a moderate apparent rate constant k., of 0.12 s7tin cataly-
sis and operates at an overpotential of 0.83 V. Detailed investigations allowed us to derive a mechanism
for water oxidation. The catalysis proceeds only under basic conditions, where [Cu"(L)(OH)I*, 1H_,, is the
main solution species, which indicates that a negatively charged ligand is necessary to drive the catalysis.
Initial oxidation of 1H_; is coupled to proton loss forming a copper(in) species and further oxidation

Received 5th April 2018, initiates oxygen evolution. Initial oxidation of 1 under neutral, i.e. non-catalytic, conditions is pH indepen-
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dent, highlighting the importance of PCET steps during catalysis. We collected reasonable evidence that
catalysis proceeds via a water nucleophilic attack mechanism. The electrolyte presumably acts as a proton

rsc.li/dalton acceptor in catalysis as the onset potential depends on the buffer employed.
H Table 1 Selected mononuclear copper complexes, which have been
Introduction ) pper comprexes,
explored in molecular OEC and key catalytic properties. For structures
A-H see Fig. S1

The production of sustainable fuels such as H,, methanol, CO
or formate requires the reduction of oxidised precursors H' or

§ ) - Donor set L pH nv keat/s™" TON
CO,.” Water is considered as a cheap and abundant electron
. : - . A’ N 12.5 0.75” 100 30
and proton source in this regard. Its oxidation requires a sa 2 : 2,

. L B N,O 11 0.52 33 13
potential of 1.23 V under standard conditions. One of the s¢ N, 12.4 0.64° 0.4 1
most efficient catalysts in the electrochemical oxygen evolution D Z; Ns 8 0.64° ~20 19

: : : 2 : : E' N, 11.5 0.40 3.6 0.5
cata'1y51s (OEC) 1s'plat1num metal. However, the high price of B 5 N, s 017 016 P
platinum makes it rather unattractive and therefore catalysts g# N, 7 0.88" 7 na.?
based on earth-abundant metals have been developed. G N, 12 0.30° 35 n.a?

H" Ny 12.5 1.00 33 1.43

Molecular electrocatalysts based on iron, nickel, cobalt, and
copper have been identified, which lower the overpotential <. E(0,|H,0) relative to half peak potential. * y: E(O,|H,0) relative to
substantially and are stable under the highly oxidative onset potential. “#: E(O,|H,0) relative to applied potential during elec-
conditions of the catalysis.’> Since the initial report of the trolysis. “n.a. = not available.

copper bipyridine system, A, by Mayer and co-workers in
2012," copper catalysts have attracted considerable attention.’
Selected molecular copper complexes with N-donor ligands,
which have been explored in molecular OEC, are shown in
Table 1.

These complexes show moderate to high apparent rate con-
stants k.,c at overpotentials as low as 0.17 V. Some of these
complexes (E, F) exhibited an equatorial N donor ligand-set
and such complexes proved to be stable under the oxidative
conditions of the catalysis. This prompted us to investigate 1
as a catalyst in the water oxidation reaction (Fig. 1).° 1 exhibits
a tetradentate N ligand set and a dangling OH unit, which
“Universitdit Gottingen, Institut fiir Anorganische Chemie, Tammannstr. 4, 37077 could allow for efficient proton transfer (PT) pathways during
Gottingen, Germany. E-mail: inke.siewert@chemie. uni-goettingen.de catalysis.7 The ¢ omplex also catalys es the electrochemical dihy-

bUniversitdt Gittingen, Institut fiir Materialphysik, Friedrich-Hund-Platz 1, 37077 . R
o drogen evolution from seawater — earth’s most abundant water
Gaottingen, Germany

6b . . i
i Electronic supplementary information (ESI) available. See DOI 10.1039/ SOUICE, which would potentially allow water splitting cataly-
8dt01323¢ sis in a one cell compartment with cheap electrode materials.
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Fig. 1 Copper complex that catalyses the electrochemical hydrogen®?
and oxygen evolution reactions.

Results and discussion

The synthesis, purification, and characterisation of 1 have
been described previously.® The purity of the complex was con-
firmed by elemental analysis. A common three electrode setup
employing an SCE reference electrode, a platinum counter
electrode and a GC working electrode was used for electro-
chemical measurements. If not otherwise noted, potentials are
referenced vs. NHE. The complex exhibits a reduction process
at —0.28 V in neutral water. Under basic conditions an increase
in current was observed at applied potentials above 1 V. A pre-
wave was visible at ~1 V and a catalytic wave was visible with
an onset potential of ~1.3 V at pH values of the solution above
10 (Fig. 2 and Fig. S27).

CV measurements of 1 in acetonitrile and acetonitrile/water
mixtures indicate that the catalytic wave could indeed belong
to water oxidation. In dry acetonitrile, no oxidation process of
1 was observed, but the addition of 10% basic water led to an
oxidation process at a potential of 0.49 V vs. F¢® and a pro-
nounced wave at a potential of 0.91 V vs. F¢° (Fig. S31).

We investigated the influence of the working electrode on
the catalysis and utilised a boron doped diamond (BDD) elec-
trode. However, considerable background activity was visible
under basic conditions and therefore the GC electrode was
used for all further investigation (Fig. S47).

A controlled potential electrolysis experiment (CPE) at an
applied potential of 1.494 V confirmed oxygen evolution under

il uA

020406081012 14 1.6 1.8
E vs. NHE / V

Fig. 2 pH dependent CV data of 1 in Millipore water ([1] ~x 1 mM, | = 0.1
M PO4*~, v =01mVs™).
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basic conditions, ie. pH = 12 (Fig. S5t). Gas bubbles were
visible at the electrode surface and the colour of the solution
changed from purple to blue. The amount of evolved O, was
analysed by gas chromatography (Fig. S197). Catalysis exhibits
a Faraday efficiency of 60% (average of 6 runs) and a
maximum TON of 6 after 30 min of electrolysis, which is
rather high in comparison with the previous reports employing
copper complexes (Table 1). The pH of the solution decreased
from 12.04 to 11.8 during electrolysis due to proton formation.
No hydrogen peroxide was detected after the CPE experiment
with a potassium iodide/starch test.

We collected reasonable evidence that the catalyst remains
homogeneous during catalysis. Visual inspection of the elec-
trode after CPE did not reveal any deposit. The rinse test was
negative, that is a CV and CPE measurement of the electrode
after a CPE experiment in a freshly prepared buffer solution was
similar to the background measurement (Fig. S9t). Scanning
electron microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDX) of the electrode surface revealed very little depo-
sition of copper containing materials (Fig. S23 and 247). The elec-
trode surface has a roughness and shape similar to that after a
CPE experiment without the complex (Fig. S25 and 267). In line
with this, virtually no current passed and no notable oxygen for-
mation was detected, when we reused the GC electrode in a
second experiment by employing a complex free buffer solution
(Fig. S10%). That is to say that the very small amounts of de-
posited copper containing materials are not active in the OER.
The concentration of 1 after chemical oxidation and after CPE
was the same as that determined by visible spectroscopy
(Fig. S22t). CPE with Cu(u)SO, was used as the reference system
for copper deposition (Fig. S8, 527 and S287).%”

Subsequently, we investigated the kinetics of the catalysis.
Notably, in order to obtain reproducible results, the electrode
was polished after each CV scan (Fig. S117). Catalysis proceeds
at an overpotential of 0.83 V at pH = 12 as determined from CV
data (E = 1.35 V at i, /2, [1] = 5 mM).® In order to estimate the
apparent rate constant k., of the catalysis, scan rate dependent
data were collected (Fig. S127). The k., is proportional to i.> as
shown in eqn (1).° i. denotes the catalytic peak current, 7.,
the number of transferred electrons for water oxidation, F the
Faraday constant, A the electrode surface, c.,. the catalyst con-
centration, and D the diffusion coefficient in phosphate buffer
at pH 12. D was determined from the Cu"/Cu' redox pair.

1 1
le = Neat -F-A- Ceat * D2 - kcat2 (1)

The apparent rate constant can be calculated from i, over i,
vs. the square root of the scan rate plot (eqn (2)). 7, denotes the
current in the no-catalytic event and it has been determined
from the Cu"/Cu' reduction process of 1 (eqn (S1), Fig. $137).

1 1
ic o Necat R-T\2 kcat 2 (2)
ip  0.4463 -np \np - F v

The apparent rate constant at 1.494 V equals 0.12 s,

which is at the lower limit of previously reported catalysts.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Plot of the current ic at E = 1.494 V vs. solution’s pH, 3 runs, ([1]
~1mM,/=01MPO,*,v=01mVs™).

A plot of the catalytic current at £ = 1.494 V vs. the pH of
the solution indicates an increase in current under basic con-
ditions with a rather sharp onset above pH values of the solu-
tion of 10 (Fig. 3). The first derivative of the CV traces at
different pH values of the solution revealed two pH-dependent
inflection points. The first one is accompanied by a small
increase in current and the second one by a pronounced
increase (Fig. S2 and S15%).

We assigned the first oxidation process to an oxidation of
the initial copper(n) species to a copper(u) species, as the
corresponding zinc complex is redox inactive in this potential
region (Fig. S141). No catalysis has been observed at an
applied potential of the wave of the first oxidation process
(E°PP! = 0.944 V, Fig. S51). Thus, further oxidation beyond the
copper(m) state initiates catalysis. Previous speciation studies
showed that [Cu(L)(H,0)]*" is the dominant species when the
pH of the solution is below 11 and the deprotonated species
[Cu(L)(OH)]" above pH values of the solution of 11.°” This indi-
cates that the doubly charged complex exhibits no noticeable
activity and negatively charged ligands are important to enter
catalysis. The peak potential of the first oxidation process is
pH independent below pH ~10 and it shifts by 54 mV per pH
above pH ~10, which is characteristic of a 1e"/1H" coupled
redox process according to the Nernst equation (Fig. S157).
Since catalysis only takes place under basic conditions, this
fact highlights the importance of PCET steps during oxidation.
The second oxidation process shifts by 25 mV per pH indicat-
ing proton involvement during oxidation. Indeed, the catalytic
wave exhibits a strong kinetic isotopic effect (KIE) (Fig. S167):
changing from H,O to D,O leads to a pronounced current
decrease of the catalytic wave. A KIE of 5 was calculated accord-
ing to eqn (3).

ku,0 le,H,0 >
KIE = ——= = [ =2 =5.25 (3)
szo leD,0

Three mechanisms are discussed in the literature for O-O

bond formation pathways in water oxidation catalysis, water
nucleophilic attack at high valent metal species (WNA),'° radical

This journal is © The Royal Society of Chemistry 2018
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coupling of two high valent metal species (RC)'" or redox isomer-
isation of a dinuclear Cu,0O, species (RI).>” The first type pro-
ceeds via single sites, while the latter two mechanisms involve
binuclear species. Such dimeric species have not been observed
previously for single site Cu complexes bearing an equatorial N,
donor set and it was also very unlikely for 1: (i) previous specia-
tion studies of 1 in solution showed the formation of a mono-
nuclear complex, when a copper to ligand ratio of one is employ-
ed® and (ii) the equatorial N, coordination mode of the ligand
precludes dimerisation as observed for A* or H.”” Indeed,
concentration dependent measurements showed a first order
kinetics in 1 as the current increases linearly with increasing
catalyst concentration ([1] = 0.5-5.0 mM, Fig. 4).

This indicates that the catalysis proceeds through a WNA
mechanism. In the WNA mechanism, water attacks the highly
oxidised copper species forming a Cu"OOH species, and
further oxidation of the intermediate leads to the release of
dioxygen. Meyer and co-workers proposed a Cu™=0/Cu™-0O
species as a crucial intermediate after initial 2e” oxidation of
B, which reacts with water forming a copper(u) peroxide spe-
cies® while Llobet and co-workers gave evidence for the for-
mation of [(L")Cu™(OH)] after initial 2e” oxidation of E, which
binds an additional hydroxide ion only weakly leading to a
SET-WNA mechanism.”"*? Ligand oxidation was less likely in
1, as the zinc complex is redox inactive under oxidative con-
ditions (Fig. S14f). CV measurements in the presence of
various amounts of H,0, did not allow us to conclude on the
formation of a peroxide intermediate, as H,0O, oxidation
occurs at a similar potential (Fig. S171). The addition of H,0,
leads to a colour change from purple to blue, and Vis spec-
troscopy showed a blue-shift of the d-d-band of 1 from 580 nm
over 660 nm (10 eq.) to 675 nm (100 eq., Fig. S20t). The colour
change and the blue-shift of the d-d-bands were similar to the
shift observed after CPE (Fig. S2171): Amax shifted to 655 nm
after CPE at 0.944 V and to 675 nm after CPE at 1.494 V.

Finally, the influence of the electrolyte on catalysis was eval-
uated, as the redox potential shifts per pH and the large H/D
isotope effect indicates PCET during catalysis and the buffer

400, * i @1.494V
350 I.“‘ fit
300 inear fi
400‘ 250
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R? = 0.9981
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Fig. 4 Concentration dependent CV data of 1 ([1] ~ 0.5-5.0 mM, / = 0.1
MPO,*", pH = 12, v = 0.1 V s7%). Inset: Plot of the catalytic current i. at
E =1494Vvs. [1].
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Fig. 5 CV data of 1 with various electrolytes, ([1] ~ 1 mM, | = 0.1 M, pH
=12,0=0.1Vs™).

could act as a proton acceptor. The first oxidation wave, which
we assigned to the Cu"/Cu™ oxidation, has a similar potential
in all measurements independent of the electrolyte (Fig. 5,
phosphate, borate, acetate and carbonate salt). We also
observe a catalytic wave in all four solutions indicating that the
activity is an inherent property of 1 and not due to an impurity
in the electrolytes (Fig. S18T). By far the highest catalytic
current is observed with borate buffer. For phosphate, carbon-
ate, and acetate, the catalytic current is very similar, indicating
a similar catalytic activity in all three cases (Table 2). The onset
of the catalytic wave depends on the electrolyte and therefore
we assume that the anion is involved in the catalysis as a
proton acceptor, which was discussed previously.’** Notably,
we observe a trace crossing of the forward and reverse scans,
when carbonate or acetate is employed as an electrolyte. Such
a trace crossing could indicate the formation of an oxidised
species that reacts in a chemical reaction to form a second
species, which has a less positive standard potential with
respect to the initial catalyst."> Such a scenario is consistent
with the formation of a peroxide intermediate, which is easier
to reduce than the initial catalyst.””

Taking all experimental observations together, we derived a
minimum mechanism for water oxidation employing 1 in
phosphate buffer (Scheme 1). The initial oxidation of [Cu'(L)
(OH)]" forming [Cu™(L)(0)]" is metal based and coupled with
proton loss. Further oxidation of [Cu™(L)(O)]" initiates the cat-
alysis. This step is also coupled to PT events and we have
reasonable evidence that the buffer acts as a proton acceptor,
since the onset potential of the catalysis depends on the elec-
trolyte. Subsequently, a peroxide intermediate is formed via

Table 2 i, over iy, ratios of 1 in various different buffer solutions, i. at
1.494 V vs. NHE, i, of the Cu"/Cu' couple ([1] x 1 mM, | = 0.1 M, pH = 12,
v=01Vs?

Electrolyte E°™°{ @ 50 pA E@i./2 i/t
B(OH), 1.18V 132V 40
Na,COj; 1.24V 1.39V 9
NaOAc 1.30V 136V 10
K,HPO, 129V 135V 7

10740 | Dalton Trans., 2018, 47, 10737-10741
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+H,0, 2A° [Cu'(L)(OH)* .
2", 2HA, O, l'e H
[Cu(LYOOH)I [cu™L)yoy*
H,0, A J -e
"HA [Cu(L)(O)**

Scheme 1 Proposed mechanism for the electrochemical water oxi-
dation catalysed by 1 under basic conditions.

WNA at the high valent copper species, which is oxidised at a
lower standard potential than the initial catalyst and this oxi-
dation leads to oxygen evolution.

Conclusion

1 proved to be a stable, homogeneous catalyst in the electro-
chemical-driven water oxidation catalysis. In comparison with
the previously reported copper catalysts, the complex exhibits
a moderate apparent rate constant and a reasonable overpoten-
tial. The dangling OH unit has no impact on catalysis. The
complex is active under basic conditions, highlighting the
need for a negatively charged ligand at the metal centre and
PCET steps during oxidation. Under neutral conditions, the
complex exhibits neutral ligands and its initial oxidation is not
coupled to PT, while 1H_; is the main solution species under
basic conditions, and its initial oxidation is accompanied by a
proton loss. Further oxidation is also coupled to PT events and
initiates catalysis under basic conditions. The catalysis pro-
ceeds presumably via a single site mechanism involving the
formation of a peroxide intermediate through the nucleophilic
attack of water and high valent copper-oxido species.

Experimental
Synthesis

The synthesis and purification of 1 has been described
previously.®

Electrochemistry

A common three electrode setup was used with a glassy carbon
electrode (CH Instruments, A = 7.1 mm?) or boron doped
diamond (Windsor Scientific, 4 = 7.1 mm?®) as the working
electrode, a platinum wire as the counter electrode (99.999%,
1 mm diameter) and a SCE as the reference electrode (ALS). All
electrochemical data were referenced against NHE by adding
0.244 V to the measured potentials. Before each scan the GC
working electrode was pre-treated by rinsing with Millipore
water, 30 second polishing with an alox-slurry (0.05 pm),
rinsing with Millipore water, 3 minute sonication in Millipore
water, rinsing with Millipore water and drying. Electrolyte solu-
tion (0.1 M) was prepared by titrating a 0.1 M K,HPO, solution
with KOH. Unless otherwise noted, the electrolyte solution was
stirred over Chelex® (100-200 mesh particle size, sodium form)

This journal is © The Royal Society of Chemistry 2018
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for 20 minutes and the filtrate was used to improve the reprodu-
cibility and to remove the traces of other metals, if present.

For bulk electrolysis the solutions were degassed by “pump,
freeze, thaw” cycles. The solutions were frozen, evacuated and
then the solutions were allowed to defreeze. This was repeated
4 times. A glassy carbon rod (7 mm diameter) was used as the
working electrode and a platinum spiral as the counter elec-
trode. Bulk electrolysis was performed in a custom made air
tight two compartment cell. Working and counter electrodes
were separated by a glass frit. For better reproducible results
the working electrode was cycled 30 times between 1.84 V and
—0.76 V with 500 mV s~ in electrolyte solution before electro-
lysis. For surface analysis GC plates (1 x 1 cm) were used in the
same air tight two compartment cells as for the bulk electroly-
sis and pre-treated in the same way as the working electrode
for bulk electrolysis. After electrolysis the plates were carefully
rinsed with Millipore water and dried.
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