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Hydrogen Evolution Electrocatalysis with a Molecular
Cobalt Bis(alkylimidazole)methane Complex in DMF: a

Critical Activity Analysis

Sander D. de Vos,” Maartje Otten,” Tim Wissink,™ Daniél L. J. Broere,” Emiel J. M. Hensen,®

and Robertus J. M. Klein Gebbink*!!

[Co(HBMIM™),1(BF,), (1) [HBMIM™ = bis(1-methyl-4,5-diphenyl-
1H-imidazol-2-yl)methane] was investigated for its electrocata-
lytic hydrogen evolution performance in DMF using voltamme-
try and during controlled potential/current electrolysis (CPE/
CCE) in a novel in-line product detection setup. Performances
were benchmarked against three reported molecular cobalt
hydrogen evolution reaction (HER) electrocatalysts, [Co-
(dmgBF,),(solv),] (2) (dmgBF, =difluoroboryldimeth-
ylglyoximato), [Co(TPP)] (3) (TPP=5,10,15,20-tetraphenylpor-
phyrinato), and [Co(bapbpy)CII(Cl) (4) [bapbpy=6,6-bis-(2-
aminopyridyl)-2,2"-bipyridine], showing distinct performances
differences with 1 being the runner up in H, evolution during

Introduction

Hydrogen generation from carbon-neutral sources is an
important part of a multifaceted strategy to meet growing
global energy demands." A promising approach is the electro-
catalytic splitting of water into oxygen and protons and follow-
up hydrogen formation.” To facilitate the hydrogen evolution
reaction (HER), Pt is the catalytic material of choice because of
its high activity and low overpotential.”’ However there remains
a strong interest to move to cheaper and more abundant
catalyst materials.! Approaches include the use of carbon-
based electrode materials with deposited first-row transition
metals,” and the use of coordination complexes of first-row
transition metals able to catalyze the HER at a potential close to
the standard potential of the H™/H, couple.” Coordination
complexes allow for precise molecular designs, leading to
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CPE and the best catalyst in terms of overpotential and Faradaic
efficiency during CCE. After bulk electrolysis, for all of the
complexes, a deposit on the glassy carbon electrode was
observed, and post-electrolysis X-ray photoelectron spectro-
scopy (XPS) analysis of the deposit formed from 1 demon-
strated only a minor cobalt contribution (0.23%), mainly
consisting of Co®™. Rinse tests on the deposits derived from 1
and 2 showed that the initially observed distinct activity was
(partly) preserved for the deposits. These observations indicate
that the molecular design of the complexes dictates the
features of the formed deposit and therewith the observed
activity.

enhanced selectivity and activity as well as mechanistic insights
on key intermediates.” In particular, cobalt-based complexes
gained significant attention because of their HER activity at low
overpotentials.” The electrocatalytic performance of molecular
complexes is typically assessed using a combination of
voltammetry and bulk electrolysis in organic solvents or water
using a sacrificial proton donor. One disadvantage is the
fragility of molecular complexes under the electro-reductive
conditions, sometimes changing the initial molecular complex
into a structurally distinct active catalyst.” Over the last decade,
the molecular electrocatalysis field, encouraged by the work of
Savéant and co-workers, developed an increased understanding
of the voltammetric responses and the identification of the true
electrocatalytic species."” Complementary to voltammetry, bulk
electrolysis allows for the generation of sufficient hydrogen to
determine catalytic rates and Faradaic efficiencies. However,
monitoring the chemical integrity of the catalyst during
electrolysis and identifying the chemical structure of the active
species in catalysis remains challenging.”®'" A number of
studies have focused on transformations of molecular com-
plexes during HER catalysis and reveal that catalyst as well as
electrode modifications can take place to form active materials
with distinct chemical compositions."™'?

Recently, our group has reported on the dicationic cobalt
complex [Co(HBMIM™?),J(BF,), (1), comprising two neutral
HBMIM™? diimine ligands, and its use as a HER electrocatalyst."
Cyclic voltammetry experiments showed an irreversible, peak-
shaped reductive response for 1 in MeCN at £,=—1.96 V vs. Fc*
/Fc, which was assigned to the fast reduction of Co" to Co
Combined experimental and density functional theory (DFT)
studies supported that 1 undergoes H-atom loss upon reduc-
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tion (either electrochemically or chemically using KGCg) and
consecutive H, formation, resulting in formal deprotonation
and generation of cobalt complex [Co(HBMIM™)(BMIM™"*")](BF,)
(1a), containing one deprotonated BMIM™? ligand (Figure 1).
Under catalytic conditions, protonation restores complex 1 and
closes a catalytic cycle. Isolation and characterization of 1a in
combination with mechanistic investigations using DFT sug-
gested that dihydrogen formation proceeds via the intra-
molecular combination of an intermediate Co"—H moiety with a
ligand C—H proton, providing a unique HER mechanism.
Robustness tests were carried out by means of bulk electrolysis
with acetic acid (as proton source) in MeCN using a mercury
electrode and demonstrated that 1 suffered from fast deactiva-
tion with a total turnover number of 0.25. Nevertheless, the
involvement of the ligand C—H moiety was further demon-
strated because a dimethylated analogue of 1, devoid of a
proton relay functionality in the ligand backbone, is not
catalytically active.

Here, we report on a detailed study of the electrochemical
behavior of complex 1 and its use in electrocatalytic hydrogen
production during electrolysis studies in both MeCN and DMF
solution. We particularly sought to optimize the electrocatalytic
conditions using analytical electrochemical sweeping voltam-
metry techniques." Subsequent bulk electrolysis experiments
were performed in a newly designed electrocatalytic HER-model
cell to allow for precise monitoring of the current density,
quantitative H, product formation via fast inline gas chromatog-
raphy (GC) analysis, and catalyst stability over time. The
performance of 1 was then benchmarked to three established
molecular catalysts in the field. Overall, this study provides
comparative and quantitative insight in the electrocatalytic
performance of molecular cobalt complexes in non-aqueous
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HER and sheds light on the stability of the complexes in a bulk-
electrolysis set-up.

Results and Discussion

Electrochemical properties

Following our initial investigation in MeCN solution," we have
investigated the electrochemical properties of 1 in DMF
solution. The cyclic voltammogram (CV) and differential pulse
voltammogram (DPV) of 1, recorded at a glassy carbon (GC)
electrode in DMF (0.1m nBu,NBF,) at 100 mVs™', display one
irreversible reductive response at peak potentials of E,=
—2.00V and E,=—1.93 V vs. Fc*/Fc, respectively (Figure 2, left).
The reductive response was assigned to the Co"/Co' redox
couple coupled with a follow-up chemical reaction, presumably
a formal loss of a methylene H-atom (overall deprotonation), in
line with our earlier studies on 1 in MeCN (see above)."
Increasing the scan rate in CV up to 2000 mVs™', the irreversible
nature of the reductive response changes to a well-defined and
quasi-reversible redox couple at a half-wave potential E,, of
—1.96 V vs. Fc*/Fc (AE,=130 mV) (Figure 2, right). This obser-
vation indicates that the electrochemical oxidation of reduced 1
becomes feasible at higher scan rates in DMF, suggesting that
the chemical reactivity is impaired on this timescale. Surpris-
ingly, this behavior is not consistent between solvents, as
parallel experiments in MeCN do not show any quasi-reversible
responses up to scan rates of 2000 mVs™', corroborating the
increased stability of reduced 1 in DMF (Figure S1).

Next, we sought to obtain further quantitative data on the
electrochemical behavior of 1 in DMF. Using the Randles-Sevcik
equation, the diffusion coefficient of 1 was determined through
a variable scan rate study (Figure S2), affording a value of 3.5x
10°cm?s™' (see the Supporting Information), which is in the
same order of magnitude as related molecular cobalt(ll)
complexes ranging from 34 to 82x10 °cm?s "B When
plotting the peak currents i, vs. the square root of the scan rate,
a good linear fit is observed (Figure S3), which indicates that
electron transfer between the electrode and 1 takes place in a
truly homogeneous fashion."® Plots of the anodic and cathodic
peak potentials (E,, and E, ) versus the logarithm of the scan
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Figure 2. Left: CV (black) and DPV (blue) of 1 (2 mm) in DMF (containing 0.1 m nBu,NBF, as supporting electrolyte) at 100 mVs™". Right: CV of 1 (2 mM) in DMF
(0.1 m nBu,NBF,) at 2000 mVs™". Potentials in V vs. Fc*/Fc; working electrode: glassy carbon; counter-electrode: Pt wire; reference electrode: Ag/Ag(NO,).
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rate ranging from 2000 to 20000 mVs™' show linear trends to
more anodic/cathodic potentials, indicating a slow electron
transfer rate (Figure 53)." Unbalanced slopes of opposite signs
(+40 and —130 mVdec™") were determined for the Co"/Co'
couple, highlighting an asymmetry of the energy barrier for
electron transfer."” These observations lend further credit to
the relative ease with which 1 can be reduced and undergo a
subsequent chemical transformation, while the reversed oxida-
tion reaction is relatively slow. Since this behavior is well suited
for electrocatalysis, we continued our investigations by examin-
ing the electrocatalytic HER properties.

Electrocatalytic properties

The electrocatalytic activity of 1 towards hydrogen evolution
was initially examined by recording CVs in DMF using nBu,NBF,
as supporting electrolyte and increasing amounts of a sacrificial
proton source. Two proton sources with distinct acid dissocia-
tion constants and standard potentials for the HA/A™,H, half
reaction in DMF were selected: triethylammonium Et;NHBF,
(pK,=9.2, E°p=-1.31V) and phenol (pK,=>18, E°yja=
<—1.83V).'"" First, the stability of 1 in the presence of
increasing amounts of the strongest acid (Et;NHBF,) was
monitored by 'H nuclear magnetic resonance (NMR) spectro-
scopy, showing no signs of protonation nor degradation
(Figures S4 and S5). Therefore, it is expected that 1 needs to be
reduced first before participating in a chemical reaction
involving a proton. Figure 3 shows the CVs of 1 in the presence
of increasing amounts of Et;NHBF,. The addition of acid triggers
the development of a “peak-shaped” catalytic wave at the Co'/
Co' couple, regardless of acid concentration and with complete
loss of the coupled oxidative response. The catalytic peak
current (i) is proportional to the acid concentration (Fig-
ure S6), and the catalytic wave keeps increasing over the whole
range of acid concentrations (2-30 mm), without reaching an
upper limit. The Co"/Co' reductive response (E,) did not
progressively shift towards more anodic potentials, which
indicates that the complex needs to be reduced first before
participating in a subsequent chemical reaction such as
protonation."® This observation agrees with the unaltered 'H-

ool Za:N
-0.24
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NMR spectra of 1 in the presence of excess Et;NHBF,. In the
presence of Et;NHBF, (5equiv) a scan rate study was
performed, in which the peak current (i) remained propor-
tional to the square root of the scan rate (Figure S7). This
observation indicates that the catalytic process is diffusion
limited under the applied conditions."” Moreover, during bulk
electrolysis experiments it became evident that the direct acid
reduction by the bare glassy carbon electrode hardly contrib-
utes to the overall HER activity (see below).

A plot of the ratio between the catalytic currents over the
initial complex current (i.,/i,) and the acid concentration yields
a linear correlation (Figure 3, right), from which the kg,
(turnover frequency, TOF) was determined using Equation (1).'”

: 2
Kops (TOF) = 1.94 x v X (’;—a‘> M

p

In the presence of 2, 10, 20, and 30mm Et;NHBF, (E°ya=
—1.31 V), the catalytic current corresponds to a k,,, (TOF) of
15, 57, 269, and 555 s~', respectively. The catalysis experiment
was also carried out with the much weaker proton source
phenol (E°,= <—1.83 V)" in DMF (Figure S8), demonstrating
a lower catalytic rate at a lower overpotential (k. (TOF)
dropped almost 10-fold), which is consistent with the scaling
relationship between rate and overpotential in electrocatalysis
and confirms that 1 reacts as a true electrocatalyst.”” The
absolute catalytic rate for 1 in the presence of 30 mm Et;NHBF,
in DMF on the CV time scale (TOF=555s"") is an increase as
compared to the previously reported HER performance of 1 in
MeCN (160 equiv. AcCOH (F°ua= < —1.46V), TOF=200s").0""
The CV of the acid alone shows a weak electrocatalytic response
at more negative potentials (Figure S9).

Bulk electrolysis

Next, bulk electrolysis experiments were performed in a
custom-made two-compartment HER model-cell (Figure S10),
using a glassy carbon rotating-disk electrode (RDE) with a well-
defined surface area (0.196 cm?) as working electrode (cathode)
operating at 0 or 2000 rpm. In-situ H, quantification was

124 [
104
8 [
5 6
44 L]
249 =
0 5 10 15 20 25 30
Et;NHBF, (mM)

Figure 3. Left: CV of 1 (2 mm) recorded in the presence of increasing amounts of Et;NHBF,: 2, 5, 10, 20, 30 mm in DMF (0.1 m nBu,NBF,). Potentials in V vs.
Fc*/Fc. Conditions: scan rate 2000 mVs™'; working electrode: glassy carbon; counter-electrode: Pt wire; reference electrode: Ag/Ag(NO). Right: corresponding

plot of i/i, vs. Et;NHBF, concentration.
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achieved by in-line measurements using a GC thermal con-
ductivity detector (TCD) apparatus (see the Supporting Informa-
tion). The electrolysis cell design has been reported for solid-
state electrocatalyst and we have adopted the design to be
able to assess the electrocatalytic HER performance for
molecular complexes in solution.”

Based on our findings in the CV studies, controlled-potential
electrolysis (CPE) was performed at —2.00V vs. Fc*/Fc. The
reported thermodynamic reduction potential E°,, of the
Et;NHBF, proton source in DMF is —1.31V vs. Fc'/Fc,
corresponding to an overpotential of 690 mV at the applied
potential."” During 3 h electrolysis of a 1.0mm (bright pink)
solution of 1 in DMF (10 mL) containing 0.1 m Et;NHBF, and
0.1m nBu,NBF, (supporting electrolyte) solution at Orpm, a
relatively stable current with an average current density of
87 mAcm? (total charge of 18.7C) and >99% Faradaic
efficiency (FE) was achieved (Table S1 and Figure 4). A control
experiment in the absence of 1 delivered only 0.3 C after 2 h.
These results demonstrate that 1 is catalytically activity for HER
during CPE under these conditions with high selectivity.

The catalyst solution did not change color over the course
of the electrolysis experiment, and 'H-NMR analysis furthermore
confirmed the presence of 1 as the major paramagnetic species
in solution after electrolysis. This is in contrast with our
previously reported bulk electrolysis experiments in MeCN
using a mercury electrode, which showed that 1 is not stable
for longer times (2 h) at an applied potential of —1.9V vs. Fc*/

Fc in MeCN."™ Next, our novel setup (with the glassy carbon
cathode) prompted us to re-evaluate the activity of 1 during
CPE in MeCN solution with AcOH as proton source. The bulk
solution did not show any optical changes over the course of
the experiment, but interestingly also no catalytic activity was
observed for 1 under these conditions (Figure S11). We there-
fore conclude that the stability and activity of 1 under CPE
conditions is sensitive to both the electrode material and the
solvent. Accordingly, we have continued our studies using DMF
as the reaction solvent in combination with a glassy carbon
electrode.

Our CV experiments indicated a diffusion-controlled reduc-
tive process for 1 near the glassy carbon electrode surface,
which encouraged us to enhance the substrate and catalyst
delivery (mass transfer) towards the electrode by rotating the
working electrode. In addition, the accumulating of H, bubbles
under the electrode surface was diminished upon rotation. CPE
at 2000 rpm at —2.00V vs. Fc*/Fc in DMF (1Tmm 1, 0.1m
Et;NHBF, and 0.1m nBu,NBF,) showed a significant
enhancement in catalytic performance (Table 1 and Figure 6,
pink trace). During 3 h electrolysis, an average current density
of 23.8 mAcm™ (total charge 50.4 C), with an overall FE of
>99% was observed, which is a 2.5-fold increase in activity
without any loss of the quantitative FE. Control experiments in
the absence of 1 did show significantly lower amounts of H,
being formed (Table 1 and Figure 6, black trace) and experi-
ments in the absence of acid did not yield any hydrogen gas at
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Figure 4. Top left: charge vs. time. Top right: current density vs. time. Bottom: hydrogen production vs. time. During CPE in DMF (0.1 m nBu,NBF, and 0.1 m
Et;NHBF4) at —2.00 V versus Fc*/Fc at O rpm. Blue trace: control experiment in the absence of 1. red trace: 1 mm 1. Working electrode: glassy carbon RDE;
counter-electrode: Pt wire; reference electrode: Ag/Ag(NO;). H, quantification was determined by in-line GC measurements.
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Table 1. Bulk electrolysis experiments for H, evolution using molecular Co"
complexes 1-4.”

Catalyst Charge Current density FE

(1 mm) (@] [mAcm™2] [%]

- 3.840.5" 1.8 98!

1 50.4+0.7¢ 23.8 >99d
2 40.940.29 19.3 95

3 17.1 8.1 92

4 7244219 34.2 95

[a] Reaction conditions: 10 mL DMF, 0.1 m nBu,NBF,, 0.1 m Et;NHBF, at
—2.00 V vs. Fc*/Fc, glassy carbon RDE, 2000 rpm, 3 h. H, quantification by
GC analysis. [b] Average of four measurements. [c] Average of two

measurements.

all. These results denote the electrocatalytic HER rate of 1 can
be increased upon better mass-transfer.

Next, the HER performance of 1 was benchmarked against
three reported molecular cobalt(ll) HER catalysts, including

- b ot
Me—N N-Mm N
© %Ph Ph/'\( © B
FOF
Ph Ph
1 2
Ph
Ph Ph
Ph
3 4

Figure 5. Molecular HER complexes 1-4.
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Figure 6. Rotating disk CPE: charge passed over the course of a bulk
electrolysis experiment performed in the presence of 1 mm catalyst; pink: 1;
green: 2; red: 3; blue: 4; black: no catalyst; 0.1 m Et;NHBF, in DMF (containing
0.1 m nBu,NBF, as the supporting electrolyte) at —2.00 V vs. Fc*/Fc at

2000 rpm.
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[Co(dmgBF,),(solv),]  (2)*"  (dmgBF,=difluoroboryldimeth-
ylglyoximato), [Co(TPP)] (3)*? (TPP=5,10,15,20-tetraphenylpor-
phyrinato), and [Co(bapbpy)CII(Cl) (4)**¥ [bapbpy = 6,6"-bis-(2-
aminopyridyl)-2,2"-bipyridine] (Figure 5). CVs of 2-4 were taken
in DMF and matched those reported in the literature, showing
catalytic activity in the presence of Et;NHBF, (Figures S12-514).

Complexes 2-4 were then tested under the same rotating
disk CPE conditions as described for 1 (Table 1 and Figure 6),
and all demonstrated catalytic proton reduction with average
current densities (mAcm™?) increasing from 8.1 for 3, 19.3 for 2,
and 34.2 for 4. CPE performances were reproducible over
several measurements. A closer look at the performances
reveals that the selected conditions yield high FE (>92 %) for H,
for all complexes. In addition, a linear charge increase
(equivalent to a stable current density) was observed for
complexes 1-3, which indicates a steady HER performance.
Complex 4 is most active under these conditions but shows an
increase in current density as well as hydrogen formation after
45 min. This observation is reproducible over two measure-
ments and seems to indicate a structural change to 4 during
catalysis that is not yet understood (Figure S15; see below).
Complex concentrations near the electrode and diffusion
coefficients are assumed to be similar between experiments,
and therefore the current densities obtained for these 3 h
experiments give an insight in the relative rate of the proton
reduction for complexes 1-4 under the same conditions. The
strong variations in performance demonstrate that the choice
of molecular cobalt(ll) complex (structure, overall charge,
ligand) has a significant influence on the overall proton
reduction performance under the applied conditions, with
complex 1 showing a stable performance, which is second best
in this series.

Catalytic overpotential

In a next set of experiments, we investigated the overpotential
requirement during a series of controlled current electrolysis
(CCE) experiments for a current density of 10 mAcm™, an
amount relevant for the cathodic side of a solar water splitting
device.! The three most active complexes under above CPE
conditions, 1, 2, and 4 were tested in a series of 2h CCE
experiments under the same conditions as the CPE experiments
(Tmm 1, 2, or 4; 0.1 m Et;NHBF,; 0.1 m nBu,NBF,) and product
formation was again measured by in-line GC-TCD analysis. To
determine the overpotential, the dynamic voltages were
recorded and subtracted from the reported thermodynamic
reduction potential for Et;NHBF, in DMF.'”! The overpotential
requirements at t=0 and t=2 h, shown in Figure 7, illustrate
that the bare glassy carbon electrode (black) requires an
overpotential around 2000 mV to reach the necessary current
density with a poor FE of 8%. In contrast, 1 (pink) has an
overpotential of 370 mV at t=0 which slowly increases over
time to 383 mV at t=2h, with 96% FE. 2 (green) requires a
larger overpotential, starting at 486 mV and moving to 490 mV
at t=2h, with 90% FE. Complex 4 (blue) shows an over-
potential at t=0 of 470 mV, which surprisingly decreases
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Table 2. Rinse test HER electrolysis.”

Entry Catalyst Charge Current density FE
(0.5 mm) [a [mAcm™] [%]

1 1 42.7 20.2 98

2 rinse test 411 19.4 >99

3 2 31.8 15.0 97

4 rinse test 20.7 9.8 929

[a] Reaction conditions: 10 mL DMF, 0.1 m nBu,NBF,, 0.1 mm Et;NHBF, at
—2.00 V vs. Fc*/Fc, glassy carbon RDE, 2000 rpm, 3 h. H, quantification by

GC analysis.
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Figure 7. Plot of the overpotential requirement and stability for HER
complexes 1 (pink), 2 (green), 4 (blue), and no complex (black) during
controlled potential electrolysis in 10 mL DMF, 0.1 m nBu,NBF,, 0.1 m
Et;NHBF, at —2.00 V vs. Fc*/F¢, glassy carbon RDE, 2000 rpm, 3 h. H,
quantification by GC analysis. The x-axis represents the overpotential
required to achieve 10 mAcm 2 per geometric area at time t=0. The y-axis
represents the overpotential required to achieve 10 mAcm™ per geometric
area at time t=2 h. The diagonal gray line is the expected response for a
stable catalyst that does not change in activity during 2 h constant
polarization. The region of interest for benchmarking is expanded in the
inset plot.

overtime to 406 mV, meaning that less energy is required at t=
2 h (FE=90%). This decrease is in line with the rate increase
observed during the CPE. Under the applied conditions, 1
performs best by requiring the lowest overpotential at t=0 as
well as at t=2 h, combined with the highest FE.

Post-electrolysis analysis

Whereas no color changes were observed for the reaction
solutions during CPE and CCE experiments, distinct optical
changes to the glassy carbon working electrode surface were
observed after electrocatalytic electrolysis experiments with all
four complexes 1-4; that is, the electrode surface was covered
with a thin layer of black deposit. To obtain insight in the
formation of these deposits and their role in electrocatalysis,
the deposits formed in the presence of molecular complexes 1
and 2 were further investigated.

First, the catalytic HER activity of the deposit derived from 1
was investigated by a rinse test. A pristine glassy carbon RDE
was put in a 0.5 mm solution of 1 and an CPE experiment was
performed (Table 2, entry 1, Figure 8, pink trace). After 3 h, the
pink reaction solution was removed from the electrocatalytic
cell, while the electrode was kept under inert conditions. Next,
the working electrode compartment was washed with 10 mL
dry DMF, followed by the addition of a fresh reaction solution
without 1. Visual inspection did not indicate any physical
changes to the working electrode, including its surface
modifications, during the washing and replacement of the
reaction medium, which suggests that the deposition is not
merely an electrostatic interaction of the dicationic cobalt
complex with the cathode when a cathodic potential is applied.
Finally, another CPE experiment was carried out (Figure 8, light

ChemSusChem 2022, 15, 202201308 (6 of 8)

40+ 1 3
1 rinse test
304 — 2 i

2 rinse test

204

Charge (C)

10

0= ' ' . .
0.0 0.5 1.0 1.5 2.0 25 3.0
Time (h)

Figure 8. Charge passed over the course of 3 h controlled potential
electrolysis performed in 0.1 m Et;NHBF, in DMF (containing 0.1 M nBu,NBF,
as the supporting electrolyte) at —2.00 V vs. Fc*/Fc at 2000 rpm. Ultra-pink
trace 0.5 mm 1 (pristine electrode), rose pink trace subsequent electrolysis
with no homogeneous molecular complex 1 (modified electrode). Deep
green trace 0.5 mm 2 (pristine electrode), bright-green traces subsequent
electrolysis with no homogeneous molecular catalyst 2 (modified electrode).

pink trace and Table 2, entry 2), showing that the deposition on
the electrode surface is an active catalytic material for proton
reduction. Monitoring the activity of the deposit overtime
shows that the current density decreases over time (Figure S16).
Over 3 h, a current density average of 19.4 mAcm™ with a
quantitative FE was observed, which is a slight decrease in
performance compared to the initial CPE in the presence of 1.
The same rinse test experiment was performed for 2 (Figure 8,
green traces; Table 2, entries 3 and 4). The rinse test for 2 also
demonstrated catalytic activity for the deposit, albeit with a
significantly decreased current density (initial: 15.0 mAcm™,
rinse test: 9.8 mAcm™).

Whereas the rinse tests clearly show electrocatalytic HER
activity for the deposits formed from 1 and 2, differences in the
overall activity of the deposits were observed. This observation
suggests that putative decomposition of the molecular com-
plexes does not lead to the same deposit, that is, the molecular
complex governs the activity of the deposit, either by leading
to a different composition or a different structure of the
deposit. More importantly, these results indicate that electro-
catalytic HER activity during CPE by the complexes used in our
investigations is not merely a feature of the molecular complex
in solution but is to a large extent determined by a deposit
formed during the CPE experiment.

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Analysis of the deposit

To gain information on the structure and composition of the
electrode deposits formed during CPE, post-electrolysis X-ray
photoelectron spectroscopy (XPS) analysis of the deposit
formed from 1 was performed. The elements Co, B, F, N, O, and
C were found to be present in the deposit, in relative atomic
amounts of 0.23, 5.0, 15.7, 4.04, 4.29, and 68.4%, respectively
(Figure S17). Firstly, these atomic percentages indicate that 1
(Co 4.98%, B 1.81%, F 12.73%, N 9.39%, C 66.41%) does not
simply absorb on the electrode surface, nor that 1 is completely
reduced to metallic cobalt. Instead, the surface is covered with
a combination of atoms originating from 1, the DMF solvent,
the electrolyte salt, and/or the sacrificial proton source.
Important to note is that the high contribution of carbon is
caused by the usage of carbon tape to support the sample. The
4.29% oxygen most likely originates from the DMF solvent and
air exposure before XPS analysis as no other oxygen source was
added during electrolysis. Nitrogen could originate from all
components in the reaction medium. Fluor and boron signals
can originate from both the electrolyte salt and the counterions
of 1, although in both cases a relative ratio closer to 4:1 would
have been expected. Cobalt is with 0.23% only a minor
contributor to the deposition.

A closer look at the cobalt signal (Figure S18) revealed a
broad signal for the 2p;, core level of Co2p with several
contributions (i.e, at 781.2 and 786.0eV, and a minor
contribution at 777.4 eV). The former values can be assigned to
Co" species, while the latter corresponds to metallic cobalt (see
the work of Biesinger and co-workers® for the deconvolution
of the Co spectrum).""®* Hence it became clear that most of
the absorbed cobalt remains in the 2* oxidation state, although
some reduced cobalt is present. Due to the low amount of Co
in the deposit, the amount of metallic Co could not be resolved
reliably. Further studies will have to provide information on
whether 1 maintains its structural integrity and is somehow
incorporated in the deposit, or that it decomposes.

Literature analysis shows some precedence for the forma-
tion of deposits during non-aqueous HER experiments using
molecular cobalt complexes.'*#92425 A dijcationic  tris-
(glyoximato) cobalt clathrochelate was reported to form a
deposit during HER electrolysis in MeCN with NaClO, as
supporting electrolyte salt and HCIO, as sacrificial proton donor.
In this case, energy-dispersive X-ray spectroscopy (EDX) analysis
showed a relative ratio of atomic amounts adsorbed to the
electrode of 63 +£7%:32.5+5% cobalt/heteroatoms (F, O, N, B),
which significantly deviates from our observations, particularly
in terms of the amount of cobalt."*?

Conclusion

Voltammetry investigations have shown that cobalt complex 1
has a more reversible Co"/Co' couple in DMF, as compared to
the irreversible behavior in MeCN observed in our previous
studies. Accordingly, its electrochemical solution-state behavior
and electrocatalytic performance could be analyzed in more

ChemSusChem 2022, 15, 202201308 (7 of 8)

detail in DMF during voltammetry. 1 was found to be an active
hydrogen evolution reaction (HER) electrocatalyst in the pres-
ence of a proton donor. In bulk electrolysis experiments in the
presence of triethylammonium, 1 is a competitive HER catalyst
amongst a benchmarking pool of four molecular cobalt HER
catalysts, including the widely studied cobalt dimethylglyoxime
complex. Bulk electrolysis experiments (controlled potential and
controlled current electrolysis) also showed the formation of a
deposit on the carbon electrode during electrolysis for all
complexes tested, including 1. Rinse experiments showed that
deposits formed from 1 and 2 have only a somewhat decreased
HER activity in a next electrolysis experiment. These observa-
tions indicate that, under the current circumstances, all
molecular complexes tested in this study (including 1) seem to
act as pre-catalysts that form a heterogenous material (elec-
trode deposit) responsible for HER activity. Importantly, the
deposit formed from 1 has a significantly different chemical
composition than 1, based on X-ray photoelectron spectroscopy
analysis, with a small but significant percentage of Co (0.23 %)
composed mostly of Co" and with a minor contribution of Co®.
This is in contrast with several earlier studies that observed
mainly metallic cobalt in their deposits.

With this study, we have shown that the observed catalytic
performance for 1 during electrocatalytic voltammetry is
distinct from its bulk electrolysis performance due to physical
changes at the electrode surface by means of a deposit
formation during bulk electrolysis. Similar observations were
also made for a series of other molecular, Co-based HER
electrocatalysts. Interestingly, our studies showed that the
molecular design of the catalysts influence the composition of
the deposit and therewith the observed activity in our model
electrolysis cell. These findings are of interest for the develop-
ment of molecular HER catalysts and of immobilized electro-
catalytic materials.

Experimental Section

Typical electrocatalytic controlled potential and current experi-
ments were carried out in a two-compartment three-electrode
electrochemical cell (Figure S10). First, the electrochemical cell was
put in a glovebox, where the counter electrode (CE) compartment
was filled with 10 mL electrolyte solution, the double junction
reference electrode (RE) was filled with a 0.01m solution of Ag/
Ag(NO;) and the working electrode (WE) compartment was filled
with a pre-mixed solution of electrolyte, sacrificial proton donor,
and molecular complex. Then, the gas inlet and outlet were closed
with rubber stoppers, the CE and RE were positioned on the outer
shafts, and a glass stopper was put on the WE shaft. Then, the
electrochemical cell was transferred out of the glovebox and put
under a flow of N, (5 mLmin™"), which was in-line with the GC
apparatus. Subsequently, the RDE was replaced for a glass stopper
and the cell was purged until the residual oxygen signal
(originating from the assembly of the cell outside of the glovebox)
completely disappeared on the GC chromatograms (Figure S19),
which usually took 5-10 min. Finally, electrolysis was performed as
described.

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH

85UB217 SUOWILIOD BAIIeaID 3|qed| |dde ay Aq peusenoh are saile YO ‘8sh Jo san. oy ArigiT auluQ A8\ U0 (SUOIIPUOI-PUE-SWLIBY/WOD A3 1M Aelq 1|ul|uo//:Sdiy) SUORIPUOD pue s | aul &8s *[zz0z/TT/8z] uo Arlqiauljuo A1 ‘Uanoypuia AisBAIUN [e1UYdS | AQ 80ETOZZ0Z 3SSI/200T OT/10p/od e 1M Are.d 1 puljuo-ado.ne-Ans iweydy//sdny wo.y papeojumod ‘zz ‘z§oz ‘xvosrosT



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202201308

Author Contributions

Synthesis, characterization and electrochemical measurements
were done by S. D. de Vos and M. Otten. XPS analysis was done
by T. Wissink and E. J. M. Hensen. Project design was done by
S.D. deVos and R.J.M. Klein Gebbink. Funding acquisition,
administration and oversight were done by R.J. M. Klein Geb-
bink. The original draft was written by S.D.deVos and
reviewing and editing was done by D.L.J. Broere, R.J.M.
Klein Gebbink with contributions by all authors.

Acknowledgements

This work was sponsored by the Netherlands Organization for
Scientific Research within its joint NWO-NSFC program on
Supramolecular Chemistry and Catalysis (grant number
729.001.034). We would like to thank Emily Monkcom for the
graphical abstract.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

Keywords: Cobalt - electrocatalysis - electrode materials

electrolysis - hydrogen evolution

[11 N.S. Lewis, D. G. Nocera, Proc. Natl. Academy Sci. USA 2006, 103, 15729-

15735.

I. Roger, M. A. Shipman, M. D. Symes, Nat. Rev. Chem. 2017, 1, 0003.

S. Trasatti, J. Electroan. Chem. Interfacial Electrochem. 1972, 39, 163-184.

R. M. Bullock, J.G. Chen, L. Gagliardi, P.J. Chirik, O.K. Farha, C.H.

Hendon, C. W. Jones, J. A. Keith, J. Klosin, S. D. Minteer, R. H. Morris, A. T.

Radosevich, T. B. Rauchfuss, N. A. Strotman, A. Vojvodic, T. R. Ward, J.Y.

Yang, Y. Surendranath, Science 2020, 369, eabc3183.

[5] C.C.L. McCrory, S. Jung, I. M. Ferrer, S. M. Chatman, J. C. Peters, T.F.
Jaramillo, J. Am. Chem. Soc. 2015, 137, 4347-4357.

[6] a) L. Chen, M. Wang, K. Han, P. Zhang, F. Gloaguen, L. Sun, Energy
Environ. Sci. 2014, 7, 329-334; b) M. L. Helm, M. P. Stewart, R. M. Bullock,
M. R. DuBois, D. L. DuBois, Science 2011, 333, 863-866; c) K. Koshiba, K.
Yamauchi, K. Sakai, Angew. Chem. Int. Ed. 2017, 56, 4247-4251.

[7] J. R. McKone, S. C. Marinescu, B. S. Brunschwig, J. R. Winkler, H. B. Gray,

Chem. Sci. 2014, 5, 865-878.

a) V. Artero, M. Chavarot-Kerlidou, M. Fontecave, Angew. Chem. Int. Ed.

2011, 50, 7238-7266; b) N. Queyriaux, R. T. Jane, J. Massin, V. Artero, M.

Chavarot-Kerlidou, Coord. Chem. Rev. 2015, 304-305, 3-19; c)J.L.

RS

S

Dempsey, B.S. Brunschwig, J. R. Winkler, H.B. Gray, Acc. Chem. Res.
2009, 42, 1995-2004; d) D. Dolui, S. Ghorai, A. Dutta, Coord. Chem. Rev.
2020, 476, 213335; e) G. C. Tok, A.T.S. Freiberg, H. A. Gasteiger, C.R.
Hess, ChemCatChem 2019, 11, 3973-3981; f) M. M. Roubelakis, D.K.
Bediako, D. K. Dogutan, D. G. Nocera, Energy Environ. Sci. 2012, 5, 7737~
7740.

[9] a) K.J. Lee, B.D. McCarthy, J.L. Dempsey, Chem. Soc. Rev. 2019, 48,
2927-2945; b) V. Artero, M. Fontecave, Chem. Soc. Rev. 2013, 42, 2338-
2356.

[10] J.-M. Savéant, Elements of molecular and biomolecular electrochemistry:
an electrochemical approach to electron transfer chemistry, John Wiley &
Sons, 2006.

[11] a) J. A. Widegren, R. G. Finke, J. Mol. Catal. A 2003, 798, 317-341; b) N.

Kaeffer, A. Morozan, J. Fize, E. Martinez, L. Guetaz, V. Artero, ACS Catal.

2016, 6, 3727-3737.

a) E. Anxolabéhére-Mallart, C. Costentin, M. Fournier, M. Robert, J. Phys.

Chem. C 2014, 118, 13377-13381; b) D. J. Martin, B. D. McCarthy, C. L.

Donley, J.L. Dempsey, Chem. Commun. 2015, 51, 5290-5293; c) D. J.

Sconyers, J. D. Blakemore, Chem. Commun. 2017, 53, 7286-7289; d) B. D.

McCarthy, C.L. Donley, J. L. Dempsey, Chem. Sci. 2015, 6, 2827-2834;

e) E. Anxolabéhére-Mallart, C. Costentin, M. Fournier, S. Nowak, M.

Robert, J.-M. Savéant, J. Am. Chem. Soc. 2012, 134, 6104-6107; f) S.

El Ghachtouli, M. Fournier, S. Cherdo, R. Guillot, M.-F. Charlot, E.

Anxolabéheére-Mallart, M. Robert, A. Aukauloo, J. Phys. Chem. C 2013,

117, 17073-17077; g) S. E. Ghachtouli, R. Guillot, F. Brisset, A. Aukauloo,

ChemSusChem 2013, 6, 2226-2230.

[13] P. Ghosh, S. de Vos, M. Lutz, F. Gloaguen, P. Schollhammer, M.-E. Moret,
R. J. M. Klein Gebbink, Chem. Eur. J. 2020, 26, 12560-12569.

[14] K. J. Lee, N. Elgrishi, B. Kandemir, J. L. Dempsey, Nat. Rev. Chem. 2017, 1,
0039.

[15] a) N. Elgrishi, D. A. Kurtz, J. L. Dempsey, J. Am. Chem. Soc. 2017, 139,
239-244; b) E. S. Wiedner, R. M. Bullock, J. Am. Chem. Soc. 2016, 138,
8309-8318; ¢) N. Elgrishi, M. B. Chambers, V. Artero, M. Fontecave, Phys.
Chem. Chem. Phys. 2014, 16, 13635-13644.

[16] D.J. Graham, Standard Operating Procedures for Cyclic Voltammetry,
Lulu Press, Incorporated, 2017.

[17] G. A.N. Felton, R. S. Glass, D. L. Lichtenberger, D. H. Evans, Inorg. Chem.
2006, 45, 9181-9184.

[18] V. Fourmond, P.-A. Jacques, M. Fontecave, V. Artero, Inorg. Chem. 2010,
49, 10338-10347.

[19] R. M. Bullock, A. M. Appel, M. L. Helm, Chem. Commun. 2014, 50, 3125-
3143.

[20] a) J. Tafel, Z. Phys. Chem. 1905, 50 U, 641-712; b) J.-M. Savéant, Chem.
Rev. 2008, 108, 2348-2378.

[21] M. Razavet, V. Artero, M. Fontecave, Inorg. Chem. 2005, 44, 4786-4795.

[22] B.B. Beyene, S.B. Mane, C.-H. Hung, J. Electrochem. Soc. 2018, 165,
H481-H487.

[23] N. Queyriaux, D. Sun, J. Fize, J. Pécaut, M. J. Field, M. Chavarot-Kerlidou,
V. Artero, J. Am. Chem. Soc. 2020, 142, 274-282.

[24] a) S. Cobo, J. Heidkamp, P.-A. Jacques, J. Fize, V. Fourmond, L. Guetaz, B.
Jousselme, V. Ivanova, H. Dau, S. Palacin, M. Fontecave, V. Artero, Nat.
Mater. 2012, 11, 802-807; b)S. Hufner, Photoelectron spectroscopy:
principles and applications, Springer Science & Business Media, 2013;
c) M. C. Biesinger, B. P. Payne, A. P. Grosvenor, L. W. M. Lau, A. R. Gerson,
R.S. C. Smart, Appl. Surface Sci. 2011, 257, 2717-2730.

[25] X.L. Ho, S.P. Das, L.K-S. Ng, A.Y.R. Ng, R Ganguly, H.S. Soo,
Organometallics 2019, 38, 1397-1406.

[12

Manuscript received: July 11, 2022

Revised manuscript received: September 15, 2022
Accepted manuscript online: September 16, 2022
Version of record online: October 26, 2022

ChemSusChem 2022, 15, 202201308 (8 of 8)

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH

85UB217 SUOWILIOD BAIIeaID 3|qed| |dde ay Aq peusenoh are saile YO ‘8sh Jo san. oy ArigiT auluQ A8\ U0 (SUOIIPUOI-PUE-SWLIBY/WOD A3 1M Aelq 1|ul|uo//:Sdiy) SUORIPUOD pue s | aul &8s *[zz0z/TT/8z] uo Arlqiauljuo A1 ‘Uanoypuia AisBAIUN [e1UYdS | AQ 80ETOZZ0Z 3SSI/200T OT/10p/od e 1M Are.d 1 puljuo-ado.ne-Ans iweydy//sdny wo.y papeojumod ‘zz ‘z§oz ‘xvosrosT


https://doi.org/10.1073/pnas.0603395103
https://doi.org/10.1073/pnas.0603395103
https://doi.org/10.1016/S0022-0728(72)80485-6
https://doi.org/10.1126/science.abc3183
https://doi.org/10.1021/ja510442p
https://doi.org/10.1039/C3EE42194E
https://doi.org/10.1039/C3EE42194E
https://doi.org/10.1126/science.1205864
https://doi.org/10.1002/anie.201700927
https://doi.org/10.1039/C3SC51711J
https://doi.org/10.1002/anie.201007987
https://doi.org/10.1002/anie.201007987
https://doi.org/10.1016/j.ccr.2015.03.014
https://doi.org/10.1021/ar900253e
https://doi.org/10.1021/ar900253e
https://doi.org/10.1016/j.ccr.2020.213335
https://doi.org/10.1016/j.ccr.2020.213335
https://doi.org/10.1002/cctc.201900953
https://doi.org/10.1039/c2ee21123h
https://doi.org/10.1039/c2ee21123h
https://doi.org/10.1039/C8CS00851E
https://doi.org/10.1039/C8CS00851E
https://doi.org/10.1039/C2CS35334B
https://doi.org/10.1039/C2CS35334B
https://doi.org/10.1016/S1381-1169(02)00728-8
https://doi.org/10.1021/acscatal.6b00378
https://doi.org/10.1021/acscatal.6b00378
https://doi.org/10.1021/jp500813r
https://doi.org/10.1021/jp500813r
https://doi.org/10.1039/C4CC08662G
https://doi.org/10.1039/C7CC02188G
https://doi.org/10.1039/C5SC00476D
https://doi.org/10.1021/ja301134e
https://doi.org/10.1021/jp405134a
https://doi.org/10.1021/jp405134a
https://doi.org/10.1002/cssc.201300564
https://doi.org/10.1002/chem.201905746
https://doi.org/10.1021/jacs.6b10148
https://doi.org/10.1021/jacs.6b10148
https://doi.org/10.1021/jacs.6b04779
https://doi.org/10.1021/jacs.6b04779
https://doi.org/10.1039/C4CP00451E
https://doi.org/10.1039/C4CP00451E
https://doi.org/10.1021/ic060984e
https://doi.org/10.1021/ic060984e
https://doi.org/10.1021/ic101187v
https://doi.org/10.1021/ic101187v
https://doi.org/10.1039/C3CC46135A
https://doi.org/10.1039/C3CC46135A
https://doi.org/10.1515/zpch-1905-5043
https://doi.org/10.1021/cr068079z
https://doi.org/10.1021/cr068079z
https://doi.org/10.1021/ic050167z
https://doi.org/10.1149/2.0481809jes
https://doi.org/10.1149/2.0481809jes
https://doi.org/10.1021/jacs.9b10407
https://doi.org/10.1038/nmat3385
https://doi.org/10.1038/nmat3385
https://doi.org/10.1016/j.apsusc.2010.10.051
https://doi.org/10.1021/acs.organomet.9b00032

