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3  Activation pathways taking place at molecular
copper precatalysts for the oxygen evolution reac-

tion

Abstract

The activation processes of the complex [Cu'l(bdmpza),] (bdmpza™ = bis(3,5-dimethyl-
1H-pyrazol-1-yl)acetate) in the water oxidation reaction were investigated using cyclic
voltammetry and chronoamperometry. Two different paths wherein CuO is formed
were distinguished. [Cu''(bdmpza),] can be oxidized at high potentials to form CuO,
which was observed by a slight increase in catalytic current over time in chronoamper-
ommetry. When [Cu''(bdmpza),] is initially reduced at low potentials, a more active
water oxidation catalyst is generated, yielding high catalytic currents from the moment
a sufficient potential is applied. This work highlights the importance of catalyst pre-
treatment and the choice of the experimental conditions in water oxidation catalysis us-

ing copper complexes.

"Faith and reason are like two wings on which the human spirit rises to the contemplation of
truth; and God has placed in the human heart a desire to know the truth"
St. John Paul II in Fides et Ratio

Published in: Catal. Today 2016290, 33-38
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Chapter 3. Activation pathways taking place at molecular copper precatalysts for the
oxygen evolution reaction

3.1 Introduction

The water oxidation reaction has been extensively studied in the presence of homogeneous wa-
ter oxidation catalysts that predominantly are based on noble metals such as ruthenium [1-3]
and iridium. [4-9] In particular in case of molecular ruthenium systems bearing bipyridine type
ligands, mechanistic studies have provided the community with detailed insights how water ox-
idation catalysis occurs. [10-12] In case of other water oxidation catalysts the true active species
turned out to be metal oxide deposits that were formed from their organometallic precursors
under the harsh oxidative conditions applied. [13-16] In terms of atom abundance and eco-
nomic viability, complexes that are based on first row transition metals are more interesting than
their second and third row counterparts, albeit such systems typically do not operate well under
acidic conditions. Due to substantial faster ligand dissociation kinetics at these first row transi-
tions metals, control over the catalyst structure is considerably more cumbersome. Nevertheless,
molecular catalysts in case of manganese,[17] iron,[18-20] cobalt[21] and since very recently cop-
per[22-30] have been reported. Especially in case of the latter, ligand exchange kinetics are fast,
and consequently several papers have appeared wherein copper oxides proved to be the compe-
tent catalytic species rather than their molecular precursors.[31-35] A fruitful strategy to prevent
formation of copper oxides appears to lie with multi-denticity. [29] Nevertheless, also the cop-
per bipyridine complexes, first reported by Mayer et al., appear to react exclusively via molecular
sites, [22, 23] suggesting that discrimination between homogeneous versus heterogeneous catal-
ysis is much more complex. From early cobalt polyoxometallate water oxidation chemistry the
scientific community has already learned that the formation of which type of catalytic species is
formed can be largely dependent on the exact reaction conditions applied, especially in case of

highly dynamic systems.[36-39]

Preliminary water oxidation studies in our lab in the presence of [Cu'/(bdmpza),] (bdmpza™
=bis(3,5-dimethyl- 1H-pyrazol-1-yl)acetate, Figure 3.1), a structure similar to the aforementioned
copper bipyridine system, revealed that the observed water oxidation activity is strongly depen-
dent on the electrochemical pretreatment of the molecular catalyst, even though the eventual
catalytic experiments were carried out under the exact same conditions. In light of the discus-

sion whether catalysis occurs at a homogeneous versus heterogeneous species and how one can
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3.2. Experimental

control the activity of these catalytic species, the pretreatment dependence triggered us to in-
vestigate the catalyst activation pathways of [CuH(bdmpza)Q] in detail. In this contribution we
discuss two independent pathways to the formation of CuOQ, the true active species, wherein the

observed reactivity is greatly dependent on the activation path.

Figure 3.1: Paths of activation observed for [Cu'/(bdmpza),).

3.2 Experimental

3.2.1 Materials

The bdmpzaNaligand was synthesized by Tom van Dijkman according to literature procedure[40]
and used as received. Cu(OTY), (Alfa Aesar, 99%) was used as received.

NaOH (Merck, 99.9995%) was used as received. Electrolyte solutions were made using Milli-
pore MilliQ water (>18.2 M) cm resistivity). Argon (Linde, 5.0) and hydrogen (Linde, 5.0) were

used as received

3.2.2 Complex synthesis

[Cu"(bdmpza), | was obtained by dropwise addition of 0.33 mmol bdmpzaNa in 25 ml methanol
to a solution of 0.33 mmol Cu'(OTf)s in 25 ml methanol. After stirring for 30 minutes, part
of the methanol was evaporated and diethyl ether was added to the reaction mixture to yield
a blue-green precipitate overnight. The crystalline material was dried in vacuo and recrystal-

lized from methanol at -20°C, yielding the complex [Cu'(bdmpza),]. The infrared spectra of
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Figure 3.2: IR spectrum of [CuH(bdmpza)Q], which shows characteristic vibrations: at U = 1642

cm™ ! (1645 cm™1) [41] and © = 1557 cm ™! (C-N, 1558 cm™ 1) [41].

[Cu"(bdmpza),] are in good agreement with previous reported data (see Figure 3.2). [41] ESI MS
m/z (calc):558.2 (558.2, [M]T 580.2 (580.2, [M+Na] 1), 612.2 (612.2, [M+Na+MeOH] ™).

3.2.3 Electrochemical methods

All experiments were performed on an Autolab PGSTAT 128N. All electrochemical experiments
were performed in one-compartment 25 ml glass cells in a three-electrode setup, using a gold
(Mateck, 99.999%) working electrode (WE). In all cases a gold wire (Mateck, 99.99%) was used as
a counter electrode and all experiments were measured versus the reversible hydrogen electrode.
The electrochemical cell was boiled twice in Millipore MilliQ water (>18.2 MQ) cm resistivity)
prior to the experiment. The Au working electrode consisted of a disc (0.050 cm? geometric
surface area) and was used in a hanging meniscus configuration. The WE was cleaned by applying
10 Vbetween the WE and a graphite counter electrode for 30 s ina 10% H, SO, solution. This was
followed by dipping the WE in a 6 M HCI solution for 20 s. The electrode was flame annealed,
followed by electrochemical polishing in 0.1 M HCIO,, while scanning between 0 and 1.75 V
versus RHE for 200 cycles at 1 Vs~ 1. After drying the electrode in vacuo 5 pL of a 18 mM solution
of [CuH(bdmpza)Q] in ethanol was dropcasted onto the working electrode and dried in air. The

electrolyte solutions were prepared from MilliQ water (>18.2 MQ) cm resistivity) and >99.9995%
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3.3. Results

NaOH obtained from Sigma-Aldrich.

The electrochemical quartz crystal microbalance (EQCM) experiments were performed in
a 3 ml Teflon cell purchased from Autolab. As a working electrode, an Autolab EQCM electrode
was used, wherein a 200 nm gold layer (0.35 cm?) was deposited on a quartz crystal. Since the hy-
drogen bubbles of the RHE reference electrode disturbed the frequency during the EQCM mea-
surements, a Pd/H, reference electrode was prepared by applying a potential of -4.0 V between
the Pd wire and a platinum counter electrode for approximately 10 min. Prior to the experiment
the potential of the Pd/H, electrode relative to the RHE was determined. All EQCM data were
corrected to the RHE scale. The sensitivity coefficient (cf) was determined to be 1.26 X 10_8ug

ecm~2 Hz ™!, c.f. Figure 2.3 in chapter 2.

During the online electrochemical mass spectrometry (OLEMS) measurements the gaseous
products formed at the working electrode were collected via a hydrophobic tip (KEL-F with a
porous Teflon plug) in close proximity to the surface of the working electrode and analyzed in
a Pfeiffer QMS 200 mass spectrometer. An Ivium A06075 potentiostat was used in combina-
tion with the OLEMS experiments. A detailed description of the OLEMS setup is available else-
where. [42]

3.2.4 XPS

The XPS measurements were carried out with a Thermo Scientific K-Alpha, equipped with a
monochromatic small-spot X-ray source and a 180° double focusing hemispherical analyzer with
a 128-channel detector. Spectra were obtained using an aluminium anode (Al Kot = 1486.6 eV)
operating at 72 W and a spot size of 400pum. Survey scans were measured at a constant pass
energy of 200 eV and region scans at 50 eV. The background pressure was 2 x 10~% mbar and

during measurement 4 x 10~7 mbar Argon because of charge compensation.

Samples for XPS were prepared by chronoamperometry in 0.1 M NaOH at pH 13, using 0.8
cm? pyrolitic graphite discs as working electrodes. Prior to use, the electrodes were sanded with
waterproof 2500 grit sandpaper. A total amount of 180 nmol [Cu"(bdmpza),] was dropcasted

onto the electrodes and the discs were used in a hanging meniscus configuration.
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Figure 3.3: (a) The first three scans of a cyclic voltammetry experiment of [Cu' (bdmpza),] in 0.1
M NaOH ata 100 mV s~ ! scan rate. The first scan of the cyclic voltammetry (grey line) is depicted

in magnified view separately (b) from the 2nd (dotted black line) and 3rd scan (solid black line).
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Figure 3.4: First (dotted line) and second (solid line) scan of a cyclic voltammogram of a Au WE

in 0.1 M NaOH electrolyte solution at a scan rate of 100 mV s~ 1.

3.3 Results

The bdmpza™ ligands of [CuH(bdmpza)Q} are centrosymmetrically arranged around the copper
ion, forming a trans-CulN,O, complex, wherein the copper site is coordinatively saturated.[41]
However, it is not unprecedented that one of the ligand arms of bdmpza™ dissociates in favor
of coordination of water,[43] providing an entry into catalysis at a molecular species. The redox
chemistry of [CuH(bdmpza)Q} was explored by dropcasting the complex onto a gold working elec-
trode (WE). Figure 3.3 shows the cyclic voltammogram of 90 nmol [Cu"(bdmpza),] dropcasted
onto a 0.050 cm? (geometric surface area) gold electrode in a 0.1 M aqueous NaOH solution at
pH 13. The experiment was started at 1.2 V versus RHE and scanned towards positive potentials
initially. In the first scan relatively little catalytic current is observed, which contrasts the second
and third scans. Scanning the potential up to 2.0 V versus RHE resulted in a small peak (desig-
nated 1 in Figure 3.3b) in the cyclic voltammogram, which does not exceed the current displaying
that of a blank gold electrode under the same conditions (see Figure 3.4).

While starting above 1.2 V versus RHE and scanning into a positive direction first or scanning
in negative direction immediately does not result in changes in the reduction chemistry. Below

1.2 V a series of sharp reduction peaks (2-5 in Figure 3.3b) can be observed that lie on top of a
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Figure 3.5: Chronoamperometry of 360 nmol [CuH(bdmpza)Q] dropcasted onto a 0.72 cm? gold
electrode (geometrical surface area) in 0.1 M NaOH. The potential was set at 2.0 V versus RHE for
600 seconds, then set to 0.0 V for another 600 seconds and then returned to 2.0 V for the last 600
seconds (bottom panel). The evolution of dioxygen was followed simultaneously using OLEMS

(top panel).

broad negative baseline current that starts roughly at 0.8 V versus RHE. The negative baseline
current continues upon scanning into the positive direction until 0.8 V after which a very sharp
oxidative peak (7) is observed at 0.9 V versus RHE. With an onset of roughly 1.6 V versus RHE a
substantial catalytic wave is observed in the cyclic voltammetry that greatly exceeds the oxidative
current that was observed in the first scan. When an initial starting potential was selected below
0.8 Vversus RHE, such a catalytic current can already be observed at the very first oxidative scan,
suggesting it is triggered by an initial reduction of [CuH(bdrnpza)2]. In the second reductive scan
a broad feature at 0.5 V versus RHE is observed followed by a catalytic reductive current with an
onset at 0.2 V versus RHE. This latter catalytic feature is most likely due to reduction of dioxygen
that is formed above 1.7 V versus RHE in the second scan. From here on the redox features in the
cyclic voltammogram do not further change upon potential cycling. The catalytic current does
increase somewhat from scan 2 to 3, indicating that still more active water oxidation sites are

formed on the WE.
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Figure 3.6: Ex situ XPS spectra taken after dropcasting 180 nmol [CuH(bdmpza)2] onto 0.88 cm?
pyrolitic disc and applying 2.0 V for 10 minutes (black dotted line), applying 0 V for 10 minutes
followed by 10 minutes of applying 2.0 V (black solid line). The grey line is benchmark CuO,

while the vertical dotted line is at 933.4, indicating the peak for CuO.

The displayed catalytic activity in the presence of [CuH(bdmpza)Q} was further evaluated by
chronoamperometry experiments using both gold (Figure 3.5) and pyrolytic graphite electrodes.
In this series of experiments 1.2 V versus RHE was selected as a standby potential as no oxidative
or reductive currents were observed at this potential in the first scan of the voltammogram of

2 was observed after 120 seconds of

[Cu"(bdmpza),]. On gold an initial current of 7 wA cm
amperometry at 2.0 V that steadily increased to 13 uA cm 2 after 30 minutes (Figure 3.5). This
suggests that some activation of [Cu'(bdmpza),] to a (more) active catalytic species takes place
under these oxidative conditions. Inline with the oxidative current observed in the amperometry,

online electrochemical mass spectrometry (OLEMS) data do show formation of some dioxygen

over the course of time (Figure 3.5, top panel).

X-ray photoelectron spectroscopy of [Cu”(bdmpza)Q] dropcasted on a pyrolytic graphite
electrode that was kept at 2.0 V versus RHE for 10 minutes shows two independent signals in
the binding energy region of the 2p electrons of copper at 931.1 and 933.3 eV (see Figure 3.6.

The low binding energy peak (931.3 eV) can be due to either Cu metal or a Cu(]) species, such as
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Cu,O. The Cu LMM Auger peaks exclude the presence of metallic Cu (which has a distinct peak
at 565,5 eV), and, interestingly, also that of Cu(OH),(which has a peak at 570.4 eV).[44] The sig-
nal at 933.3 eV is similar to that of CuO for which we find a binding energy of 933.4 eV (slightly
higher values have been reported in literature: i.e. 933.9 eV, [34] 933.7 eV, [45] 933.8 eV [46]). The
shake-up structure is mostly characteristic of CuO, except for the small but visible feature on the
high binding energy side (about 942 eV), which is also present in the spectrum of Cu,O. Hence we
interpret the ex situ XPS measurement of [Cu' (bdmpza),] kept at 2.0 V versus RHE for 10 min-
utes to a mixture of Cu(I) and Cu(Il) oxides, while the spectra show no evidence for Cu metal nor
Cu(OH),. Apparently [Cu' (bdmpza),] slowly converts to CuO at 2.0 V versus RHE. Since CuO is
a known water oxidation catalyst[33, 34, 47] and the catalytic activity increases upon prolonged
electrolysis it seems likely that CuO is responsible for most, if not all, catalytic current. In fact
at this point we have no reason to believe that any of the observed catalytic activity should be

ascribed to the [CuH(bdmpza)Q] species itself.

When the potential after the initial amperometry experiment at 2.0 V is set at 0.0 V for 10
minutes and then placed back at 2.0 V versus RHE, a considerably higher catalytic current is ob-
served. This is in line with OLEMS data at this stage, which shows that a considerable amount
of dioxygen is produced (Figure 3.5, top panel). After 60 seconds a current of 56uA cm 2 was
recorded that slowly decreased to 28 A cm 2. Even higher catalytic currents are obtained when
[CuH(bdmpza)Q} is immediately reduced at 0 V and then brought to 2.0 V. X-ray photoelectron
spectroscopy now only shows a single peak at 933.3 eV suggesting that full conversion to CuO
has taken place. The decrease of the catalytic current upon prolonged electrolysis is most likely
due to depletion of Cu?* from the electrode under these conditions. It is likely that upon reduc-
tion [CuH(bdmpza)Q] converts to metallic Cu(0) at the electrode interface that in turn is oxidized
to CuO. For several related systems conversion of molecular species to Cu(0) has been observed

in relation to the catalytic hydrogen evolution reaction.[48-50]

From the cyclic voltammetry in Figure 3.3 it was observed that the electrochemical reduc-
tion of [Cu”(bdmpza)g] has a great influence on the current observed in the oxidative regime
and is believed to proceed via initial formation of metallic copper. An electrochemical quartz
crystal microbalance (EQCM) in combination with cyclic voltammetry is a powerful tool to gain

insight into adsorption processes taking place on the electrode. In these studies roughly 180
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Figure 3.7: Electrochemistry of [CuH(bdmpza)Q] combined with a quartz crystal microbalance
showing the loss of mass of the electrode (top panel) during cyclic voltammetry (bottom panel)

ina 0.1 M aqueous NaOH solution of pH 13. Eg;4,+ = 1.3V, scan rate = 1 mV s~L,

nmol [Cu"(bdmpza),] in EtOH was dropcasted onto the EQCM electrode. Figure 3.7 shows
the EQCM of [CuH(bdmpza)2] between 1.3 and 0.2 V versus RHE. The bottom panel shows the
potential — current relationship from the CV, whereas the top panel shows the corresponding
mass change of the quartz crystal, determined from the change in oscillation frequency of the
quartz crystal simultaneously with the cyclic voltammetry experiment. At a scan rate of 1 mV
s~! abroad and clearly visible reduction peak is observed with an onset of 0.7 versus RHE, due
to reduction of [Cu''(bdmpza),] to Cu(0). The features observed in the cyclic voltammetry upon
reduction leading to formation of copper are strongly scan rate dependent. Similar to the cyclic
voltammetry depicted in Figure 3.3b, a negative baseline is observed in both negative and pos-
itive scan. In addition to reduction of [Cu"(bdmpza),], this in part may be due to reduction of
some dioxygen that leaks into the Teflon EQCM cell. The top panel of Figure 3.7 shows that the
initial mass of the electrode does not change upon scanning the potential from 1.3 to 0.7 V versus
RHE. Beyond the onset of the reduction wave at 0.7 V versus RHE in the cyclic voltammogram,
the mass of the crystal starts to decrease, indicating that desorption of material from the elec-

trode takes place. This mass decrease continues in the positive going scan and reaches a plateau
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Figure 3.8: Cyclic voltammogram of a polycrystalline Cu electrode at 100 mV s~ in 0.1 M
aqueous NaOH solution (pH 13). The experiment is started at 0.5 V versus RHE and scanned

towards positive potentials first.

at 0.4 V versus RHE. The sharp oxidation peak observed at 0.8 V versus RHE is considerably less
dependent on the scan rate. This is most likely a stripping peak,[51] illustrated by a small and
abrupt decrease in mass. The second and third scan show considerably less current and smaller
mass changes than the first scan and is in agreement with a high conversion of [Cu" (bdmpza),]
to metallic copper at this stage. In Figure 3.7, a total charge of 8.5 mC has passed through the WE
to reduce [CuH(bdmpza)Q], which equals a total of 88 nmol electrons. A larger amount of 180
nmol [Cu'/(bdmpza),] was dropcasted onto the gold electrode, but it proved difficult to exclude
large amounts of material from ending up on the quartz rather than on the gold surface which is
electrochemically active. Moreover some of the charge flow may be due to reduction of dioxygen
as it proved to be difficult to exclude air leaking into the Teflon EQCM cell. Nevertheless these
numbers are in line with a considerable part of the dropcasted material to be reduced to copper
in the EQCM experiment and agree with full conversion of [Cu“(bdmpza)2] to take place during

prolonged amperometry at 0.0 V versus RHE.

The EQCM data in Figure 3.7 shows that relatively little ligand (~75 nmol bdmpza equal-

ing 21 % of dropcasted bdmpza) is lost from the electrode interface during the reduction of
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[Cu"(bdmpza),] to Cu(0). Also the amount of copper lost to the solution at the copper strip-
ping peak at 0.8 V versus RHE is limited (after three scans ~ 70 nmol Cu, 38 % of all dropcasted
copper).

In the cyclic voltammetry of polycrystalline copper a small oxidation wave is observed at
0.6 V versus RHE that is ascribed to oxidation of Cu(0) to Cu,O (Figure 3.8, signal 1).[51] A very
similar oxidation wave is observed at 0.6 V in case of deposited [CuH(bdmpza)Q] (Figures 3.3
and 3.7). Further oxidation to CuO, however, is considerably more facile in case of deposited
[CuH(bdmpza)Q] compared to polycrystalline copper, which shows broad features (signals 2 and
3 in Figure 3.8) as the result of oxidation of different crystal domains.[51-53] The copper deposit
obtained from [Cu''(bdmpza),] only shows a small and very sharp oxidation wave (Figure 3.3b,
signal 7). We have been unable to reproduce these electrochemical features of using other sources
of copper, including copper oxide nanoparticles, Cu(OTf), and a polycrystalline copper electrode
(see Figure 3.8). In all these cases copper is considerably easier removed from the electrode sur-
face compared to samples of [Cu'/(bdmpza),]. In line with the remarkable stability of the copper
catalyst obtained from [Cun(bdmpza)z] compared to other sources of copper, also the observed
catalytic current is more persistent and significantly higher. It appears that the bdmpza ligand has
clear effect on the stability of the copper particles that are formed, and seems to prevent solvation
of Cu?* upon reoxidation of copper to the +II oxidation state. In line with such a hypothesis the
presence of concentrated solutions of carbonate[54] and especially borate[34, 55] have a dramatic
influence on the stability and therefore activity of copper deposits under oxidative conditions.
It seems that similar to coordinating anions, the bdmpza™ ligand has a stabilizing effect on cop-
per oxide versus solvation, thereby posing an interesting application of the use of organic ligands

and/or additives in heterogeneous water oxidation chemistry.

3.4 Conclusions

Two paths haven been identified wherein [CuH(bdmpza)Q] is converted to CuO, which is the true
active species in the water oxidation reaction (Figure 3.9). Under oxidative conditions the com-
plex [CuH(bdmpza)Q] slowly converts to CuO and leads to moderate activity only. Initial reduc-
tion of [CuH(bdmpza)Q] below 0.8 V versus RHE leads to initial formation of Cu(0), which ulti-

mately converts to CuO under catalytic conditions. This path leads to a substantial higher cat-
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Figure 3.9: Activation pathways of [CuH(bdmpza)Q} towards CuO, the active water oxidation

catalyst.

alytic activity under the conditions explored. One therefore has to be very careful which standby
and/or start potential is selected prior to catalytic water oxidation mediated by molecular copper
complexes, as these settings may have a dramatic effect on the displayed catalytic activity as illus-
trated above. Also the bdmpza™ ligand plays an important role in the observed catalytic activity,
since dropcasting various other copper sources results in mediocre stability and activity. Clearly
one cannot use such alternative copper sources convincingly as a control for the formation of
active CuO nanoparticles. The precise mechanism wherein bdmpza™ influences the catalytic

activity is not well understood at present.
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