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Abstract

Electrocatalytic material for the H, evolution reaction (HER) in acidic aqueous solution has been
prepared by electropolymerization of Co(ll) dibenzotetraaza[14] annulene (CoTAA). Chemical analysis
by X-ray photoelectron spectroscopy (XPS) confirms that the structural integrity of the [Co"-N,] motif
is preserved in the poly-CoTAA film. In acetate buffer solution at pH 4.6, an overpotential 1 =—-0.57 V
is required to attain a catalytic current density —i, = 1 mA cm’zgeom. The faradaic efficiency of poly-
CoTAA for the HER is 90% over a period of one hour of electrolysis, but there is a decrease of the
apparent concentration of Co sites after prolonged H, production, we ascribe to partial demetallation

of the poly-CoTAA film at negative potentials.

Introduction

Despite long history, H, production from electrochemical water reduction is still a matter of
considerable attention.” 2 Besides, this energy conversion process could help solving the problem of
energy transition.> * Although platinum is a very efficient catalyst for the H, evolution reaction
(HER),” © recent efforts are devoted to the development of cheaper and more abundant catalytic
materials.” In this context, inorganic materials have emerged as potential substitutes of platinum,

8-12

especially those based on transition metal sulfides.””* On the other hand, molecular catalysts

employing transition metal complexes offer the prospect of rational design by judicious choice of the
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metal center and systematic modification of the steric and electronic properties of the ligands.”**’

Numerous first row transition metal complexes have been shown to catalyze the HER in solution.’®?!
Among them, cobalt complexes have been extensively studied thanks to versatile redox chemistry.”

2255 Eyrthermore, electrode materials capable of evolving H, from water have been prepared by

17.2631 However, retention of structural integrity

immobilization of various types of cobalt complexes.
and catalytic activity upon immobilization remains challenging. The stability of molecular catalysts
under reducing and acidic conditions has also been questioned.?**

The ligand dibenzotetraaza[14] annulene (TAA) and its tetramethyl derivative(TMTAA) have

3637 Because of a short metal—nitrogen bond, transition

been studied as mimics of porphyrin rings.
metal complexes of TAA are comparatively resistant to demetallation. For example, CoTAA has been
employed to electrocatalyze the oxygen reduction in concentrated sulfuric acid solution.*®
Furthermore, Bereman and coworkers have reported that NiTMTAA polymerizes upon
electrochemical oxidation,*, giving a poly-NiTMTAA film that is electrocatalytically active for CO,
reduction.® Pt, Pd, and Cu complexes of TMTAA have also been polymerized by electrochemical

143 L'Her and coworkers have studied the electropolymerization of COTMTAA and CoTAA,

oxidation.
showing that a poly-CoTAA film can be grown on various electrode materials by continuous potential
scanning in a CoTAA/benzonitrile solution.**

In previous work, we have shown that a poly-CoTAA is catalytically active and stable for

oxygen reduction under fuel cell operating conditions.*” Herein we report the further investigation of

poly-CoTAA as a molecular material for electrocatalyzis of the HER in acidic aqueous solution.

Experimental details

COTAA (Scheme 1) was synthesized according to published procedures,* and further characterized
by UV-visible spectrum (Fig. S1 of ESI). All the solutions were prepared from analytical-grade salts

and distilled benzonitrile (PhCN), HPLC-grade acetonitrile (MeCN), or deionized water (Millipore Milli-
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Q). The solutions were purged with N, (Alphagaz 1). The pH of aqueous solutions was controlled with
a glass electrode connected to a pH-meter (Hanna HI 2221).

The electrochemical measurements were carried in a three-electrode glass cell connected to
a potentiostat (Autolab PGSTAT12 with SCANGEN option). The working electrodes were either a gold
coated glass slides of about 1 cm? in surface area or a glassy carbon (GC) tips of 0.071 cm? in surface
area mounted on a rotating disk electrode (RDE, EDI101 Radiometer Analytical). The Au coated glass
slides were prepared by radio frequency sputter deposition. A thin chromium layer of ca. 5 nm was
deposited on the glass slide prior to deposition of a gold layer of ca. 100 nm, allowing good adhesion
and avoiding delamination of the gold layer. The Au coated glass slides were cleaned with acetone,
while the GC tips were polished with alumina powder (Presi, 0.3 pm) and rinsed with water and
acetone. Ferrocene (Fc) was used as an internal standard for the potential scale in organic solvent. In
aqueous solution, the reference electrode was a saturated calomel electrode (SCE, Radiometer
Analytical) and the counter-electrode a high purity graphite rod (Le Carbone Lorraine).

Electrolymerization was carried out by 30 voltammetric cycles at 0.1 V s ' in a freshly
prepared solution of 0.1 M BusNPFs/PhCN saturated with CoTAA, i.e. about 2 mM of CoTAA.
The apparent concentration of Co sites was obtained by demetallation of the poly- CoTAA film in
aqua regia (HCI/HNO; 3/1 in vol.), and analysis of the resulting Co solution by cathodic stripping
voltammetry using a method adapted from the literature.*® Briefly, the poly-CoTAA modified GC
electrode was immerged in aqua regia (0.5 mL) and placed in an ultrasound bath for 30 min.
Following that, a stock solution (20 mL) was prepared by addition of ammonia buffer (0.4 M), nitrite
(0.1 M) and nioxime (50 uM). After dilution of the stock solution by a factor of 2,000 to 4,000, the Co
concentration was determined by cathodic stripping voltammetry (Eqe, = —0.7 V vs. SCE for 100 s)
using the method of standard addition.

The HER kinetics was measured at poly-CoTAA modified GC RDEs at a scan rate of 5 mV s "
and rotation rates in the range 100-500 rpm in N,-purged 0.1 M NaCl buffered solutions at room

temperature of ca. 17 £1 °C. A Luggin capillary was used to limit the effect of ohmic drop on the
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voltammograms. For prolonged H, evolution measurements, the counter electrode was separated
from the working electrode compartment by a glass frit. A Pt RDE was used to calibrate the catalytic
performances of the poly-CoTAA film. Before recording the catalysis of the HER at the Pt RDE, the Pt
surface was cleaned by 10 scans at 0.1 V's ' between —0.6 to +1.0 V vs. SCE in acetate buffer solution.
From the value of half-wave potential of the voltammogram recorded at a Pt RDE, the reversible
potential of the HER was estimated to be E°H+/H2 =—-0.52 V vs. SCE at pH 4.6. Conversion to the SHE
scale can be achieved by adding 0.244 V to the potential values experimentally measured vs. the SCE.
Correction of the voltammograms for mass-transfer limitation was performed according to the
following equation: i, = (i x i)(i. — i), in which i_ is the limiting current density at a rotation rate o.
This procedure was used to calculate Tafel plots; i.e. 1 vs. log(—i) plots, where n = £ — E°H+/H2 is the
overpotential and i, the current density under pure activation control.

XPS analysis of the CoTAA film electropolymerized on an Au-coated glass slide electrode was
carried out using the setup described elsewhere.*” Co(ll)-tetraphenylporphyrin (CoTPP, Sigma-
Aldrich) glued on a glass slide by an adhesive tape was used as a [Co"—N,] reference compound. The
XPS signals were scaled considering that the energy of the C—C bonds is 284.8 eV. Fitting procedures

were applied to derive the amplitude of the different peaks observed on the spectra.

Results and discussion

Electropolymerization of CoTAA

The voltammograms recorded at an Au-coated glass slide electrode in a solution of CoTAA in
BusNPF¢/PhCN display on the first and second scans the peaks associated with the electrochemical
reactivity of free-diffusing CoTAA (Fig. 1 and Fig. S2 of ESI). The redox event at £;/, =—0.28 V vs. Fc™°
is metal centered and assigned to the Co(lll)/Co(ll) couple, while that at £,/, = 0.42 V vs. Fcis ligand

4.4

centere It has been previously established that electropolymerization of CoTAA can be

achieved when the electrode is set at a potential value more positive than that of the second

Page 4 of 21
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° The voltammogram recorded

oxidation of the ligand,*” ** occurring here at £/, = +0.74 V vs. Fc
after 30 scans confirms accumulation of poly-CoTAA on the electrode surface (Fig. 1). The
capacitance of the electrode has distinctly increased along with the charge density associated with
the Co(Ill)/Co(Il) redox process. But, the evolution of the CV shape between the first and the 30st
cycles is also indicative of a slow growth of the poly-CoTAA film. This observation is apparently
contradictory with that of a fast polymerization rate achieved under very similar electrochemical
conditions with Ni, Pd and Pt complexes of TMTAA.*". Previous studies have established that the first
step of the electropolymerization process is the one-electron oxidation of the ligand to give a dimer,
which then polymerizes upon further oxidation.** However, in contrast with what has been observed
for Ni, Pd and Pt complexes of TMTAA, the first ligand oxidation of CoTAA is chemically reversible on
the voltammetric timescale (Fig. 1), indicating a slow dimerization rate, and explaining thus the slow
electropolymerization rate. Even slower rate has been reported for CoTMTAA,* suggesting that the
oxidation processes of the TAA and TMTAA ligands, and hence the electropolymerization process, is
greatly influenced by the nature of the coordinated metal ion.*®

To determine electrocatalytic parameters from kinetic measurements at a RDE coated with
an electroactive film, one has to ensure that mass transfer and electronic and ionic conductions
within the film will not be rate limiting.*® Here, GC RDEs are coated with a thin poly-CoTAA film
formed upon 30 potential scans between —0.8 V and 0.8 V vs. Fc®in a solution of CoTAA in
BusNPF¢/PhCN (Fig. S3 of ESI). However, for such thin poly-CoTAA film, the apparent surface
concentration of Co sites is difficult to estimate from integration of the voltammetric peaks
associated with the Co(ll1)/Co(ll) couple (Fig. S4 of ESI).?® Instead, the amount of Co is determined by
cathodic stripping voltammetry after demetallation of the poly-CoTAA film in aqua regia (see
Experimental details). Six independent analyses of poly-CoTAA films formed upon 30 scans on a GC
electrode give an average surface concentration of 1.44 +0.40 x 10"® (mol Co) cm 2, indicating that

the electropolymerization conditions chosen here result in poly-CoTAA films with a reproducible

thickness. The apparent surface concentration of Co sites within the poly-CoTAA film is comparable
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with that achieved by grafting a Co diimine-dioxime complex at the surface of carbon nanotubes.?,
but two orders of magnitude lower than that reported for electrodes modified by Co dithiolene in

metal-organic framework (Table 1).*

XPS analysis of poly-CoTAA

The survey spectrum of the poly-CoTAA film formed on an Au-coated glass slide electrode upon 30
scans between —0.8 V and 1.1 V vs Fc”° in a solution of CoTAA in BusNPF¢/PhCN indicates the
presence of Co, C, N and O elements (Fig. S5 of ESI). The gold substrate is not observed due a
thickness of the poly-CoTAA film higher than the probing depth of the technique. XPS analysis of
poly-CoTAA and Co(ll)TPP used as a reference provides evidence of similarities between the two
materials, in particular concerning the Co—N bonds(Fig. 2). The shape of the two Co(2p) spectra are
very similar indicating the presence of a cobalt ion surrounded by four N atoms in both materials.
The binding energies of the Co(2ps/,) and Co(2p,/,) peaks are equal to 781.1 and 796.4 eV,
respectively. From these energy values and the shape of the O(1s) spectrum (Fig. S6. of ESI), the
presence of metallic cobalt as well as cobalt oxides in the poly-CoTAA film are excluded.

The Co(2p) spectra for CoTPP and poly-CoTAA do not exhibit the expected multiplet structure
associated to the Co(ll) oxidation state (Fig. 2), in disagreement with the results on Co(Il)TPP
multilayers evaporated under vacuum.’® We correlate this difference with the presence here of an
unexpected O(1s) peak at about 532.5 eV (Fig. S6. of ESI), attributed to adsorbed water. This
observation points to an effect of water molecules on the chemical environment of the cobalt ion.
Hieringer et al.>® have demonstrated that coordination of a NO ligand on the axial position of
Co(ll)TPP induces a shift of the binding energy peak towards high energy as well as the vanishing of
the multiplet structure. This behavior is explained by a partial oxidation of the cobalt ion along with
an increase of the electron density on the axial ligand. Following these results, we expect that water
molecules also act here as a bound axial ligand, leading to the same conclusion and explaining fully

our results. We note that the Co(2p) spectrum measured for a Co(ll) diimine-dioxime complex
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grafted on carbon nanotubes®® is very close to those presented in Fig. 2. However, due to the
absence of any significant shake-up satellites generally associated to Co(ll), the authors have
concluded that the oxidation level is Co(lll) without further discussion. Because of the similarity with
our work, bound axial ligand might well have modified the cobalt ion environment in that case too.
Two N(1s) spectra are presented in Fig. 2. For the Co(ll)TPP reference, only one asymmetric
peak is observed, in agreement with numerous studies reported in the literature.”® The poly-CoTAA
spectrum display a larger peak width explained by the appearance of new components in the high
energy binding side of the peak. This change is correlated to the increase of an asymmetric tail of the
C(1s) peak (Fig. S6 of ESI) indicating the presence of additional C=N bonds in the poly-CoTAA film.
Consequently, the N(1s)/Co(2p) ratio are different for the two compounds; i.e. 4/1 and 4.9/1 for
CoTPP and poly-CoTAA respectively. We explain this result by the incorporation of nitrogen

containing solvent (i.e. PhCN) inside the poly-CoTAA film during the electropolymerization process.

Kinetics of the HER at poly-CoTAA modified GC RDEs

Fig. 3 shows the voltammograms recorded at poly-CoTAA modified GC RDEs in N,-purged 0.1 M NacCl
buffered solutions. At pH 7.2, the voltammogram displays a large reduction wave at £ < —1.10 V vs.
SCE, but no plateau current. At pH 4.6, the onset of the reduction wave is positively shifted by ca. 160
mV, in good agreement with the shift of 0.156 mV predicted by the Nernst equation for an
electrochemical reaction involving protons and electrons in a ratio 1 to 1; i.e. =60 mV pH . Before
direct reduction of water, a plateau current is reached between ca. —1.15 and —1.25 V vs. SCE.
Control by the rate of mass transfer in this potential range is confirmed by the linear variation of the
limiting current density i, with the square root of the rotation rate o (Fig. S7 of ESI), as expected from
the Levich equation;i.e. iy = nB x (01/2, where n is the number of electrons and B the so-called Levich
constant. The limiting current density recorded at the poly-CoTAA modified RDE is comparable with
that for H, evolution at a Pt RDE at the same rotation rate and in the same electrolyte (Fig. 3).

Accordingly, the same number n of electrons (i.e. n = 2) is involved in the reduction process occurring
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at the poly-CoTAA modified RDE. All these observations provide strong evidence that the
electrochemical reaction occurring in acetate buffer is H, evolution in an overall two-electron
reaction.

Since H, production consumes protons, measuring the increase of pH during electrolysis of
an acidic solution provides an easy method to quantify the faradaic efficiency of a HER catalyst.>* The
charge passed during a 60 min electrolysis at —1.2 V vs. SCE of 2 mL of an acidified NaCl solution is
0.128 C (Fig. S8 of ESI), corresponding to a theoretical consumption of 6.63 x 10 M of H*. In the
meantime, the measured increase of 0.6 pH unit from pH 3.1 to pH 3.7 corresponds to an actual
consumption of 5.95 x 10™* M of H*, establishing that poly-CoTAA operates at a faradaic efficiency of
90%.

The Tafel plot analysis of the voltammograms recorded at a poly-CoTAA modified RDE in
acetate buffer solution indicates that the overpotential n varies linearly with the logarithm of the
catalytic current density i, over nearly two decades (Fig. S9 of ESI). The tafel slope b = on/dlog(—ik)
has a value of =122 mV dec " in the range —0.32 > 1 >—0.47 V. Extrapolation to zero overpotential
gives an apparent exchange current density io = 2 x 10 A cm’zgeom (Table 1). Larger values of iy have
been previously reported for electrodes grafted with Co diimine-dioxime and Co dithiolene.”®*
However, in these reports, the apparent exchange current density is calculated from Tafel plots
exhibiting unusually high slopes (i.e. on/dlog(—i,) >> —120 mV dec ") and without taking into account
the mass-transfer limitation.

The Tafel plots for the HER at poly-CoTAA in acetate buffer indicatethat an overpotential n =
—0.57 Vis required to reach a current density of —1 mA Cm_zgec)m. This performance is comparable
with that measured for an electrode grafted with Co diimine-dioxime.?® On the other hand, electrode
modified with Co dithiolene,** CoP,4N,,* Co sulfide,’ and Mo sulfide® exhibit larger catalytic
performances (Table 1). From the surface concentration of Co sites in the poly-CoTAA film and the

exchange current density, we can estimate here that the mass activity of Co at zero overpotential is iy

~0.09 A (mg Co)". For comparison, Gasteiger and coworkers have found for the HER at Pt

Page 8 of 21
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nanoparticles a value of ip ~ 0.35 A (mg Pt) " in 0.1 M KOH, and suggest that the mass activity of Pt is
several orders of magnitude larger in 0.1 M HCIO, than in 0.1 M KOH.®

The voltammograms recorded in the course of RDE measurements are stable (Fig. S7 of ESI),
but the long-term stability of the poly-CoTAA film under strong H, evolution conditions also needs to
be evaluated. Fig. 4 shows the current against time response recorded at an applied potential of —1.2
V vs. SCE in a 0.1 M NaCl solution buffered at pH 4.6. After a rapid decrease, the current density
reaches a value of ca. ~0.9 mA cm? that remains constant over a period of 30 min. But, when
compared with the initial voltammogram, the voltammogram recorded after potentiostatic H,
evolution during 30 min shows a negative shift by about 50 mV in the region of mixed control by
mass transfer and activation, suggesting a decrease of the apparent concentration of Co sites. We
ascribe this observation to partial demetallation of the poly-CoTAA film at negative potentials. The
reduced stability upon H, evolution contrasts with the good stability previously observed upon O,
reduction.”® This result can however be understood considering the high reactivity of the reduced

form of Co complexes with protons.

Mechanism of electrocatalytic H, evolution by poly-CoTAA
For a multistep electrochemical reaction, such as the HER, the Tafel slope can be used to establish
the reaction mechanism from the value of the transfer coefficient a. =y/v + r,>* where n is the total
number of electrons, y the number of electrochemical steps preceding the rate-determining step
(rds), v the number of time the rds occurs in the overall electrochemical reaction, r the number of
electron exchanged in the rds, and B the charge transfer coefficient usually taken as 0.5. Here, the
Tafel slope is —2.3 x RT/aF ~—120 mV dec ", which gives o = 1/2. With n = 2, we are left with two
possibilities. First, y =0, v =1 and r =1, which corresponds to the following monomolecular pathway:
CoTAA+e +H" — H—CoTAA (rds,y=0,v=1,r=1)
H—CoTAA+e +H' S CoTAA+H, (fast)

Second, y=1, v=2and r =0, which corresponds to the following bimolecular pathway:
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CoTAA+e +H" S H-CoTAA (fast,y=1)

2 x H-CoTAA — 2 x CoTAA+H, (rds, v=2, r=0)
Note that a monomolecular pathway, in which the second electrochemical step is the rds, would give
a Tafel slope of 40 mV dec ™. Considering that the Co sites are immobilized on the electrode surface,
one might assume that the bimolecular pathway is here disfavored, but additional data collected
over a large pH range are required to obtain a more complete picture of the kinetics of the HER at
poly-CoTAA. Interestingly, both bimolecular and monomolecular pathways have been considered for

the catalysis of proton reduction by Co complexes in solution leading to mitigated conclusions.*>*.

Conclusions

Herein, we have shown that electropolymerization of CoTAA is a simple procedure to prepare a
cobalt-based molecular material electrocatalyzing H, evolution in acidic aqueous solution. Detailed
XPS analysis confirms that the structural integrity of the [Co"—N,] motif within the poly-CoTAA film is
preserved upon electropolymerization. RDE measurements in acetate buffer solution at pH 4.6 give a
catalytic current density —i, = 1 mA Cmizgeom at an overpotential 1 =—0.57 V and an exchange current
density ip ~0.09 A (mg Co) . A faradaic efficiency of 90% is achieved over a period of one hour of
electrolysis. The main limitation of poly-CoTAA as an electrocatalytic material for the HER is the
decrease of the surface concentration of the Co sites after prolonged H, evolution, we ascribe to
partial demetallation of the poly-CoTAA film at negative potentials. Finally, a Tafel slope value of
—120 mV dec " is consistent with a HER mechanism that follows either a monomolecular or a
bimolecular pathway. The latter is possibly disfavored considering that the Co sites are immobilized

on the electrode surface, but additional data are required to draw definitive conclusions
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354

355 Table 1. Typical values of exchange current density iy and Tafel slope b reported in the literature for

356  the catalysis of the HER at chemically modified electrodes and inorganic materials.

Catalyst Loading io b pH Ref
/ mol em~eom /Acmeom  / mVdec™

CoTAA 1.4x107° 2x10°® 122 4.6 this work
Co-diimine-dioxime 4.5 x 10°° 3.2x107 160® 4.5 28
Co-dithiolene 3.7x10° 5.0x10° > 150 4.2 3
[Mo3S,]* 1.6 x 107" 2.2x107 120 0.4 57

Co sulfide - 2.6x107 93 7.0 12

Mo sulfide - 3.1x107 55-60 0.2 8

357 Tafel plot calculated without correction of the voltammogram for the mass transfer limitation in
358  solution

359
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364 Fig. 1. Voltammograms recorded upon continuous potential scanning at 0.1 V s™* at a gold-coated

365 glass slide electrode of ca 1 cm? in surface area immersed in a solution of about 2 mM CoTAA in 0.1

366 M BusNPF¢/PhCN: 1st scan (black trace), 2nd scan (red trace) and 30th scan (blue trace).

367
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371  Fig. 2. XPS signals of a poly-CoTAA film (black trace) and of Co(Il)TPP (red trace) used as a reference
372 compound.
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Fig. 3. Voltammograms recorded at 5 mV s~* and 500 rpm at a poly-CoTAA modified RDE in 0.1 M

NaCl and 6 mM PBS (pH 7.2, black trace) and in 0.1 M NaCl and 6 mM acetate buffer (pH 4.6, red

trace). The response of a Pt RDE in 0.1 M NaCl and 6 mM acetate buffer is also shown (blue trace).
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381

382

i/ mA cm™

E/V (vs. SCE)

383

384 Fig. 4. Voltammograms recorded at 5 mV s * and 500 rpm in 0.1 M NaCl and 17 mM acetate buffer
385 (pH 4.6) at a bare GC electrode (black trace) and a poly-CoTAA modified electrode before (red trace)
386  and after (blue trace) prolonged H, evolution. The inset shows the current density against time plots
387 recorded at a potential of —1.2 V vs. SCE and 200 rpm at a bare GC electrode (black trace) and a poly-
388  CoTAA modified electrode (red trace).

389
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