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Developing electrolyzers operating under neutral or near-neutral conditions with catalysts based only on earth-

abundant metals is highly desirable with a view to reduce the cost of hydrogen production from the water splitting

reaction and avoid the environmental issues related to corrosion usually encountered with alkaline electrolyzers.

Herein, we report a highly active and stable anode material for the oxygen evolution reaction (OER) under mild-pH
conditions based on cobalt oxide-nanoparticles embedded into a poly(pyrrole-alkylammonium) matrix (denoted
as PPN*-Co0,). Examples of hybrid materials combining metal oxide nanoparticles as OER catalysts within
a polymer film are still rare. However, they are very promising to control the formation and the size of metal

particles in view of enhancing the electrochemically active surface area and thus the electrocatalytic

performances. Our strategy consists in electroprecipitating Co® nanoparticles by the reduction of an anionic
cobalt oxalate complex into a cationic PPN* film, the latter being previously deposited onto an electrode
surface by electropolymerization. The Co® nanoparticles within the composite are then partially in situ oxidized
under air exposure to CoO, and then finally fully oxidized to CoO, by successive scans between 0 and 1.2 V

vs. Ag/AgCl in a borate buffer at pH 9.2. This nanocomposite material is highly structured with around 30 nm-

large CoO, nanoparticles well dispersed into the polypyrrole film conferring a high OER electrocatalytic activity

at a near neutral pH of 9.2 with exceptional values of mass activity and turnover frequency of 3.01 A mg™* and
0.46 s~ respectively, at an overpotential of 0.61 V and with a cobalt loading of 1.34 pug cm™2. These
performances place the PPN*-CoO, electrode among the most active anodes described in the literature

employing cobalt oxide under mild pH conditions. In addition, when the PPN*-CoO, material is

electrodeposited on carbon paper with a higher roughness than a simple carbon electrode, the physisorption
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of the film on the electrode is considerably enhanced resulting in a stable catalytic current for over more than

43 h. Post electrolysis characterization by SEM and EDX confirms the integrity of the PPN*-CoO, material after

DOI: 10.1039/d1se00363a

many hours of electrocatalysis. This demonstrates the beneficial role of the polypyrrole matrix in the

rsc.li/sustainable-energy achievement of very stable and highly active anodes for water oxidation.

1. Introduction

Molecular hydrogen (H,) is considered as the cleanest energy
carrier of the future and one of the best alternatives to fossil
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fuels. Indeed, H, can be used in a fuel cell in the presence of
oxygen to produce electricity with a relatively good conversion
efficiency of around 50%, while releasing only water as the by-
product.”> However, most of the worldwide H, is currently
industrially produced from fossil fuels via the steam reforming

fUnit Nutritional and Hormonal Biochemistry-Institut de Biologie et de Pathologie,
CHU De Grenoble Site Nord, F-38041, Grenoble, France

£Univ. Grenoble Alpes, DPM UMR 5063, F-38041 Grenoble, France

"Univ. Grenoble Alpes, CNRS, CERMAV, F-38000 Grenoble, France

‘Université de Paris, 75013 Paris, France

T Electronic  supplementary information (ESI) available: See DOI:
10.1039/d1se00363a

i D.V.M,, C.N. A. and V. A. contributed equally to this work.

This journal is © The Royal Society of Chemistry 2021


http://crossmark.crossref.org/dialog/?doi=10.1039/d1se00363a&domain=pdf&date_stamp=2021-09-09
http://orcid.org/0000-0002-5677-5505
http://orcid.org/0000-0002-4581-2462
http://orcid.org/0000-0002-6641-771X
http://orcid.org/0000-0003-2673-0610
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1se00363a
https://pubs.rsc.org/en/journals/journal/SE
https://pubs.rsc.org/en/journals/journal/SE?issueid=SE005018

Open Access Article. Published on 05 August 2021. Downloaded on 6/14/2026 1:11:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

process, releasing CO,, a greenhouse gas.* Another process,
namely water electrolysis, is very attractive since it can produce
hydrogen from water without using fossil raw materials, and
could compete with steam reforming provided that clean,
renewable and low-cost electricity is employed.*® Basically, an
electrolyzer consists of an anode and a cathode, respectively, for
water oxidation to oxygen (i.e. oxygen evolution reaction,
denoted as OER) and water reduction to hydrogen (i.e. hydrogen
evolution reaction, denoted as HER), associated with a poly-
meric solid-state electrolyte, which is usually a proton exchange
membrane (PEM) like Nafion®, or with a liquid alkaline elec-
trolyte (i.e. a 20-40 wt% aqueous KOH solution).*” PEM elec-
trolyzers usually employ metallic Pt and IrO, electrocatalysts at
the cathode and anode, respectively, and operate under strongly
acidic conditions between 50 and 80 °C with high current
densities up to 2 A ecm™>.7* However, the high cost of rare metal-
based electrocatalysts and the perfluorinated Nafion®-based
membrane makes PEM electrolysis an expensive technology
and thus questionable for mass production of H,. By contrast,
alkaline electrolysis is a much cheaper technology since it
requires only nickel, an earth-abundant metal as the electro-
catalyst, deposited on stainless steel electrodes for the cathode
and anode, both being separated by a simple diaphragm
conductive for hydroxide ions.”” Nevertheless, such alkaline
electrolyzers exhibit lower current densities (from 0.2 to 0.4 A
cm ™ ? at 80 °C) compared to PEM electrolyzers and suffer from
corrosion, which necessitates extensive maintenance and cau-
ses environmental and safety issues for operating personnel.'®
In order to avoid the problems related to corrosion and reduce
the global cost of hydrogen produced from the electrocatalytic
water-splitting reaction, it is of utmost importance to develop
electrolyzers that efficiently work under neutral or near-neutral
conditions with a cheap membrane along with electrocatalysts
based on earth-abundant metals.™

The OER occurring at the anode is the bottleneck of the
water splitting reaction and is more challenging than the HER
at the cathode, more specifically at neutral or near-neutral pH,
due to its sluggish kinetics and large anodic overpotential.**™**
Several earth-abundant metal oxides such as Fe, Mn, Cu, Co and
Ni and their alloys have been investigated as electrocatalysts for
the OER under mild pH conditions. Among them, cobalt oxide
(CoO,) has been intensively studied by many groups under
alkaline conditions.’** Originally identified as an electro-
catalyst for water oxidation at pH 14 in 1950 by El Wakkad and
Hickling,*® CoO, received renewed interest in 2008, owing to the
work of Nocera and co-workers demonstrating that thin films of
this earth-abundant metal oxide electrodeposited on an elec-
trode surface in a proton-accepting phosphate (pH 7)**?* or
borate (pH 9.2)** buffer are also very active OER electrocatalysts
under such neutral or near-neutral conditions. A key factor for
the performance of an electrocatalyst is its nanostructuration,
the efficiency being significantly improved by increasing the
active area/volume ratio, while reducing the cost of manufac-
ture. However, the reduction of the particle size to increase the
specific surface area of the catalyst leads to a reduction in their
stability and can lead to aggregation. To overcome such limi-
tations, we recently reported an original electrochemical
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approach to design nanocomposite electrode materials in
which iridium or nickel oxide nanoparticles of small sizes (2-21
nm) are electrogenerated in a polypyrrole-alkylammonium
matrix (denoted as PPN") of controllable thickness, previously
deposited on the electrode surface by electropolymerization of
the pyrrole monomer (3-pyrrole-1-yl-propyl)-triethylammonium
(denoted as PN') (Scheme 1 and S17).***® These anodes dis-
playing high OER activity prove to be much more effective and
stable for electrocatalytic water oxidation than thin films of MO,
anodes (M = Ir or Ni) directly deposited on the electrode
surface. Although examples of nanocomposites combining
metal oxide particles and a polymer film for electrocatalytic
water oxidation are quite rare,*”*° these results highlight that
such hybrid materials are very promising to control the
formation and the size of metal particles and thus positively
influence the catalytic behaviour and the stability of the
anode.”

In this context, we have extended this interesting strategy of
designing an efficient nanocomposite material to cobalt oxide
and we report herein a very active and stable anode for the OER
operating at pH 9.2 based on a cobalt oxide-poly(pyrrole-alky-
lammonium) nanocomposite (denoted as PPN'-CoO,). The
PPN'-CoO, nanocomposite material electrodeposited onto
vitreous carbon (denoted as C) or indium tin oxide (ITO) elec-
trodes has been characterized by various electrochemical and
microscopy techniques and the amount of cobalt was also
quantified by inductively coupled plasma mass spectrometry
(ICP-MS). The electrocatalytic properties of this nanocomposite
material towards water oxidation have been evaluated in
a borate buffer at pH 9.2 and compared with those of CoO,-
based anodes of the literature under similar catalytic conditions
and with those of CoO, films directly deposited on a naked
electrode by the same electrochemical procedure. The objective
was to highlight the beneficial role of the PPN’ matrix in
generating non-agglomerated CoO, particles with higher OER
activity.

2. Results and discussion

2.1. Electrosynthesis and electrochemical characterization
of cobalt oxide and poly(pyrrole-alkylammonium)-cobalt
oxide nanocomposite electrode materials

The four-step electrochemical procedure used to prepare the C
or ITO/PPN*-Co0O, modified electrodes is depicted in Scheme 1.
For analytical electrochemical studies, C electrodes (surface of
0.071 cm®) were used for film deposition, while larger surface
ITO electrodes (surface of 1.0 cm?) were employed for micros-
copy studies (see below). The first step consists of the electro-
polymerization in acetonitrile of PN" (4 mM) at the electrode
surface at an applied potential of +0.95 V vs. Ag/AgNO; for an
anodic charge of 4 mC.* The surface coverage in ammonium
units I'y" (mol cm™?) corresponding to the amount of poly-
pyrrole deposited on the electrode was estimated to be 1.20
(£0.1) x 1077 mol cm > by the integration of the reversible
redox process of polypyrrole (see the ESIt). In a second step, the
PPN" electrode is dipped for one hour in an aqueous borate
buffer at pH 6 (0.1 M Na,SO, and 0.1 M H3BO;) containing

Sustainable Energy Fuels, 2021, 5, 4710-4723 | 4711


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1se00363a

Open Access Article. Published on 05 August 2021. Downloaded on 6/14/2026 1:11:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sustainable Energy & Fuels

(Et)3N

gi/\/ N(Et)s
£ X

£ X7

BF,”
Ch~h
NN~ N(Et)s

PN*

(i) electro-

g N(Et)3
polymerization

@\/\,N(Eth )
n i ad

(ENoN

C or ITO/PPN*

View Article Online

Paper

S

N\/\/N(Et)g
n

- @N [Co(C204),1>
(i) ion exchange ?\](Et)g

with [Co(C204)0121 | [Co(C204)21%
Z 5 + Z
N2, @\/\,N(E:)ax_ 7@@
" e

(iii) electro-
precipitation of Co°

(Et)3N

N\ \

+
(EhsN X~ (Et)3N =
\\N\/\/N(Et):;"‘\, N N\/\/N(Et)\N\
o= { CoOy "
N - o -
o (iv) air oxidation and

) x- electro-oxidation
of Co® to CoOy

[Co0g
@, SASNEY; N_4 .
n

C or ITO/PPN*-CoO,

W
N(Et)3
Q}i ‘(E‘)s

(Et)3N

C or ITO/PPN*-Co®

Scheme 1 General strategy for the electrosynthesis of poly(pyrrole-alkylammonium)/CoO, nanocomposite film modified electrodes. (i)

Formation of PPN* by oxidative electropolymerization of monomer PN*

(4 mM) at E,pp = +0.95and +1.1V vs. Ag/AgNOsz in CHzCN, 0.1 M [BusN]

ClOy, respectively, for C and ITO electrodes; (ii) incorporation of [Co(C>04),12~ into PPN* upon soaking for 1 h in a 0.1 M borate buffer solution
(pH 6) of 4 MM CoSQ,4, 20 mM NayC,04 and 0.1 M Na,SO,; (iii) electroprecipitation of Co® within PPN* at £, = —1.3 and —1.5 V vs. Ag/AgCL,
respectively, for C and ITO electrodes, in the 0.1 M borate buffer solution (pH 6) of cobalt oxalate; (iv) air oxidation and electro-oxidation of Co®
to CoOy via 5 consecutive cycles between 0 and +1.2 V vs. Ag/AgCl in a 0.1 M borate buffer solution (pH 9.2).

CoSO, (4 mM) and Na,C,0, (20 mM), to incorporate by ion
exchange within the cationic polypyrrole film*”**°*-** an anionic
cobalt oxalate complex, most probably in the form of
[Co(C,0,),)*" generated in situ. The Co® nanoparticles were
then electrogenerated within the film by the reduction of the
cobalt oxalate complex inserted into the polymer at an applied
potential of —1.3 V vs. Ag/AgCl for a cathodic charge of 4 mC
(Fig. S17). Of note, in this article, the potentials are given versus
Ag/AgCl for all electrochemical experiments performed in
aqueous solution. During this electroreduction step, the C/PPN"
modified electrode is maintained in the cobalt oxalate solution
(0.1 M borate buffer at pH 6). For comparison purposes, Co°
particles were also electrodeposited on naked C electrodes
(without PPN") from the same cobalt oxalate aqueous solution
using also a cathodic charge of 4 mC. Typically for Co® elec-
trodeposition on C and in C/PPN" electrodes, about 130-170 s
are required to pass a cathodic charge of 4 mC (Fig. S1}). A
cathodic potential of —1.3 V for Co electrogeneration on naked
C and C/PPN' electrodes was chosen from the cyclic voltam-
metry (CV) of the cobalt oxalate solution recorded in borate
buffer at pH 6 (Fig. 1).

In the CV shown in Fig. 1, a large irreversible process cor-
responding to the reduction of Co** (coordinated to oxalate) to
metallic Co® leading to its deposition at the electrode surface
starts at —1.0 V. The Co®" reduction process is concomitant with
the electrocatalytic reduction of protons to H, catalyzed by the
Co° electrodeposited.*® In the reverse scan, the irreversible
oxidation peak observed at —0.4 V for C/PPN*-Co° (—0.5 V for C/

4712 | Sustainable Energy Fuels, 2021, 5, 4710-4723

Co°) is ascribed to the reoxidation of the electrodeposited Co® to
Co?", which is then dissolved in water.?® Consequently, we chose
to electrodeposit Co® on C and C/PPN" at —1.3 V, since at this
potential the Co° electrogeneration can be promoted while
minimizing H, generation. The Co loading (I'¢,) on the C/PPN"

E/V vs RHE
0.8 -04 00 04 08 1.2

0.24 Co® —> Co**
0.0 )
£-0.2
(@]
<-0.4-
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= -0.61 pn:
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-16 -1.2 -08 -04 0.0 04
E /V vs Ag/AgCI

Fig. 1 Cyclic voltammetry performed at C (black line) and C/PPN™*
(It = 1.2 £ 0.1 x 1077 mol cm™2) (red line) electrodes (3 mm of
diameter) in a 0.1 M borate buffer solution (pH 6) of 4 mM CoSQOy,, 20
mM Na»C,04 and 0.1 M Na,SO4; the C/PPN™ electrode was dipped in
the aforementioned aqueous solution for 1 h before the cyclic vol-
tammetry experiment.

This journal is © The Royal Society of Chemistry 2021
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and C electrodes was estimated to be 2.27 (+0.45) x 10 % and
5.07 (£0.33) x 10~% mol em™?, corresponding to deposition
yields of 7.8 and 17.4%, respectively, calculated by ICP-MS
measurements. Thus, for the same quantity of charge (4 mC),
the amount of Co® deposited on the C/PPN" film is 2.23 times
smaller than that deposited on the naked C electrode. The
average I'co/I'y" ratio within the C/PPN™-Co° electrodes has
been determined to be 0.19, considering the average surface
coverage values of Co and PPN, which are respectively I'c, =
2.27 x 108 mol em 2 and I'y" = 1.2 x 1077 mol cm 2.

The last step is the oxidation of Co° to cobalt oxide. Firstly,
a partial oxidation of Co° to CoO occurs almost instantaneously
under air exposure during the transfer of the C/PPN*-Co° and C/
Co’ electrodes into an aqueous borate buffer solution at pH 9.2.
The spontaneous air oxidation of Co° to CoO is well known and
was previously reported by the groups of Rice®® and Zhao.*
Then, to oxidize CoO to higher oxidation states than II (i.e. to
Co0,), five consecutive cycles between 0 and +1.2 V were per-
formed in a 0.1 M borate buffer solution (pH 9.2) (Fig. 2 and
Scheme 1). The generation of cobalt oxide is evidenced by the
appearance of its typical small intensity reversible Co"/Co™
redox process™*”*® with anodic and cathodic peaks respectively
located at +0.58 and +0.53 V for C/PPN"-Co0O,, and at +0.56 and
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+0.51 V for C/CoO, (Fig. 2D). Increasing the number of anodic
cycles does not lead to a significant increase of the Co"/Co™
redox process. The similarity of the Co"/Co™ redox processes
for C/PPN*-Co0, and C/CoO, indicates that the same nature of
cobalt oxide is generated on both electrodes (Fig. 2D). X-ray
photoelectron spectroscopy (XPS) measurements performed on
C/PPN"-CoO, after the electro-oxidation of CoO particles indeed
suggest a mixture of a mixed valence cobalt oxide (Coz;0,) and
a cobalt oxyhydroxide (CoOOH) (see below). Note that a similar
Co"/Co™ redox process in the same potential range was ob-
tained by the group of Spiccia® for cobalt oxide electro-
deposited in a borate buffer (pH 9.2) from solutions of
negatively charged cobalt complexes.

It can also be noted that in the first scan from 0 to +1.2 V of
the C/PPN"-CoO electrode (Fig. 2A), two broad anodic processes
are observed at +0.67 and +0.95 V in the cyclic voltammogram,
which correspond respectively to the oxidation and the over-
oxidation of polypyrrole. The mechanism of the overoxidation
of polypyrrole is complex but has been well investigated.®**
During its overoxidation, a nucleophilic attack at a- or f-carbon
of a pyrrole unit occurs, resulting in the introduction of oxygen
atoms on the polymer backbone and a loss of its conductivity.
After the overoxidation, the polymeric chain remains globally
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Fig.2 Electro-induced generation of CoOy from CoO by repeated cyclic voltammetry (CV) scans (5 consecutive scans; scan rate of 50 mV s %) in
a 0.1 M borate buffer solution (pH 9.2) at (A) the C/PPN*-CoO electrode (I'yt =1.2 £ 0.1 x 1077 molcm™2 and I'co = 2.27 + 0.45 x 1078 mol
cm~2) and (B) the C/Co0 electrode (I'co = 5.07 & 0.33 x 10~8 molcm™2). (C) Overlay of the 5" scans of the C/PPN™-CoO (red) and C/CoOQ (blue)
electrodes (in black, the electroactivity of a naked C electrode of 3 mm diameter) and (D) zoom of part (C) showing the redox process of the

cobalt oxide.

This journal is © The Royal Society of Chemistry 2021
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intact, the ammonium substituents are still present in the film
and the CoO, particles stay embedded in the overoxidized
polymer. Consequently, after the first scan, only the Co"/Co™
redox process is observed in the CV below +0.7 V and the redox
behavior of the polypyrrole has disappeared, meaning that the
polymer conductivity is fully destroyed owing to its complete
overoxidation. The electronic conductivity of the PPN'-CoO,
film, which is effective for potentials above +0.3 V (Fig. 2D), is
thus only ensured by the cobalt oxide nanoparticles, presum-
ably via percolation, while the overoxidized PPN' acts as
a nonconductive matrix maintaining the nanoparticles at the
surface of the electrode, as we previously observed for C/PPN"-
NiO, electrodes.*®

The generation of the CoO, particles on C and C/PPN" elec-
trodes is quasi-concomitant with the catalytic water oxidation
observed in their CVs (Fig. 2) by a growing catalytic current
above +0.80 V. It is important to note that the catalytic current
density (j) of the C/PPN"-CoO; electrode at +1.2 V is higher than
that of the C/CoO, electrode, with 5.77 vs. 4.76 mA cm 2
respectively (Fig. 2A and B), evidencing the better catalytic
performance of C/PPN'-CoO, in spite of the lower loading of
cobalt within the polymer film. This result could be ascribed to
the greater nanostructuration of the CoO, embedded into the
polymeric PPN matrix. The difference of nanostructuration
between C/PPN'-CoO, and C/CoO,, which is related to their
electrochemically active surface area, can be qualitatively esti-
mated from their CVs. The integration of the overall current of
the CVs for both electrodes between +0.3 and +0.7 V (Fig. 2D)
indicates that the charge involved in the redox processes
leading to the insulator/conductor conversion® of C/PPN'-CoO,
as well as the Co"/Co™ conversion of redox active sites exposed
to the electrolyte®” is 1.81 times greater than that of C/CoO,.
Given that there is 2.23 times less cobalt in C/PPN'-CoO,
compared to C/CoO, (see above), the electrochemically active
surface area of the nanocomposite electrode is then estimated
to be greater than that of the simple cobalt oxide electrode.

View Article Online
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In order to confirm the higher nanostructuration of the
composite material, the capacitance of C/PPN'-CoO, and C/
CoO, electrodes was estimated by electrochemical impedance
spectroscopy (EIS). Indeed, the capacitance of an electrode is
directly correlated with its electrochemically active surface area
and thus with its structuration.®**® Bode phase and Nyquist
plots (Fig. 3 and S5t) were recorded with both electrodes in
borate buffer solution at pH 9.2 for different potentials (0.2, 0.6,
0.8, 0.9 and 1.0 V). The impedance spectra obtained were fitted
with the equivalent circuit conventionally used for the catalytic
oxidation of water.*>%-* The equivalent circuit is shown in the
inset of Fig. 3C and is composed of the resistance of the elec-
trolyte (R;) between the working and reference electrodes, the
double layer capacitance of the working electrode (Cyg), the
electron transport resistance (R, also called polarization
resistance) of the film (i.e. PPN'-CoO, or Co0O,), and the
capacitance (Cgyp) and resistance (Rgyp) related to the charge
transfer between the cobalt oxide particle and its surface
intermediates involved in the water oxidation process. For the
curve fitting, we chose to replace the capacities with constant
phase elements (CPEs) in order to take into account the inho-
mogeneity of the system, which is commonly associated with
nanostructured electrodes with a high roughness factor.**”> The
values of the equivalent circuit elements obtained by the
experimental data fitting are reported in Table 1 and are aver-
ages calculated from measurements performed on three
different electrodes for each film.

Three potential domains with different electrochemical
behaviours for C/PPN'-CoO, and C/CoO, were observed by EIS,
the latter being correlated with their CVs: the regions around
+0.2 V, between +0.6 and +0.8 V and above +0.9 V. At a potential
of +0.2 V, the impedance spectra of C/PPN*-CoO, and C/CoOy
could not be correctly fitted because the impedance measured
at this potential is very high and different from those of the
other spectra obtained with potentials between +0.6 and +1.0 V
(Fig. 3C and S5Ct). Therefore only the values of the equivalent
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Fig.3 Bode (module (A) and phase (B)) and Nyquist plots (C) recorded at the C/PPN*-CoO, (I'n" =1.2 + 0.1 x 107" molcm™2and I'c, = 2.27 +
0.45 x 1078 mol cm™2) electrode (3 mm of diameter) in a 0.1 M borate buffer solution (pH 9.2) at different potentials of 0.2 (a), 0.6 (b), 0.8 (c), 0.9
(d) and 1.0 V (e) vs. Ag/AgCl; inset in (C) shows the equivalent circuit model used to fit the EIS data.
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Table1 Values of equivalent circuit elements (Ry,, Cq, and ny, and Rgyp, Csub, and ny) obtained for the fitting of the experimental data obtained for
various potentials with C/PPN*-CoO, and C/CoO, in a 0.1 M borate buffer at pH 9.2

o (V) Ry (Q Cmiz) Cal (l’l’lF Cmiz) ny Rsub (Q Cmiz) Csub (mF Cmiz) ny
C/PPN"-C0O,

0.6 12+1 0.67 + 0.06 0.936 + 0.004 >10 (ref. 17) — —

0.8 10+ 1 1.1 £ 0.1 0.930 £ 0.006 >10 (ref. 14) — —

0.9 7.2 £ 0.5 1.2 £ 0.1 0.89 + 0.01 145+ 9 1.32 £ 0.09 0.905 £ 0.006
1.0 5.6 £ 0.7 0.8 £ 0.2 0.875 £ 0.006 30+1 1.4 £ 0.1 0.91 + 0.01
C/Co0Oy

0.6 18+1 0.15 + 0.03 0.956 + 0.003 >10 (ref. 17) — —

0.8 16 £ 1 0.30 £ 0.05 0.958 £ 0.003 >10 (ref. 15) — —

0.9 14 +1 0.38 £ 0.06 0.952 £ 0.003 350 £ 40 0.34 £ 0.06 0.922 £ 0.002
1.0 8.2 £ 0.8 0.30 £ 0.03 0.929 £ 0.007 40 £ 0.5 0.39 £ 0.07 0.901 £ 0.095

¢ Potentials are given versus Ag/AgCl.

circuit elements obtained between +0.6 and +1.0 V are reported
in Table 1. This corroborates the fact that no redox process of
cobalt is observable in the CVs of C/PPN*-CoO, and C/CoO, in
the region of +0.2 V (Fig. 2D) and both electrodes are mainly
insulating in this potential region. Hence, EIS measurements
confirm that the conductivity within the PPN"-CoO, film is only
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ensured by the cobalt oxide particles through the various
oxidation states of cobalt (i.e. Co"/Co™ and Co™/Co™).

In the region between +0.6 and +0.8 V, the EIS spectra allow
recovery of only the Cy; and R, parameters which are here
related to the Co"/Co™ redox system. Since the water oxidation
catalysis is weak or non-operative between +0.6 and +0.8 V, Ry,

» 70 nm

0nm

“I(F)

45/
40
35
30
25
20
00 01 02 03 04 05 06 0.7
X/ um

Z/nm

Fig. 4 3D and 2D AFM images in the peak force mode of (A and B) ITO coated with CoO, (56 mC used for the deposition of Co°); (D and E) ITO
coated with the PPN*-CoO, nanocomposite (56 mC used for the deposition of PPN* and for the subsequent deposition of Co%); (C and F)
section analysis of the AFM images of ITO/CoQ, and C/PPN*-CoO, shown respectively in (B) and (E).
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and Cg,p cannot be determined. Otherwise, EIS measurements
reveal that, irrespective of the potential, the R, resistance is
weaker for the C/PPN'-CoO, electrode than for the C/CoO,
electrode, and conversely, the Cgq value of C/PPN'-CoO, is
higher than those of C/Co0,. At '0.6 V in the Co(u)/Co(m) redox
process (see Fig. 2D), the Cq value of C/PPN'-CoO, (670 uF
cm ™ ?) is 4.5 times greater than that of C/CoO, (150 uF cm ™ ?).
Therefore, EIS measurements confirm that C/PPN*-CoO,
exhibits greater nanostructuration than C/CoO,. At +0.8 V, Cq;
values drastically increase to 1100 and 300 pF cm™ 2, respec-
tively, for C/PPN'-CoO, and C/CoO,, most probably due to
further oxidation of cobalt active sites leading to the onset of the
OER (Fig. 2D)."

For potentials above +0.9 V, all the parameters of the
equivalent circuit were recovered from the spectra. Indeed, the
RsubCsub loop in the equivalent circuit correctly models the
interfacial charge transfer with the surface intermediates
produced during the OER,™ with the latter operating efficiently
above +0.9 V. Cq, values are higher at +0.9 V (1200 uF cm > for C/
PPN*-Co0O, and 380 uF cm ™ for C/Co0,) than those at +0.6 and
+0.8 V for both films for the reason mentioned above. It is worth
noting that, when the potential goes from 0.9 to 1.0 V, the
decrease in Cq (800 UF cm ™2 for C/PPN'-CoO, and 300 pF cm >
for C/CoO, at 1.0 V) was ascribed by Bisquert et al.”® to the
strong release of O, bubbles obtained at the higher potentials
that diminish the electrode surface area exposed to the
substrate and thus reduce its capacitive behavior. The values of
n, and n, are the parameters associated with the transition from
the CPE to a pure capacity.”” When n is close to 1, it means that
we are approaching a pure capacity. Here, the n values are all
greater than 0.87 indicating a relatively good homogeneity” of
both film/solution interfaces, PPN'-CoO, and CoO,. This may
reflect the fact that the catalytic sites are certainly distributed
relatively homogeneously. In addition, the n value associated
with the double-layer capacitance is slightly lower for the PPN -
CoO, film, which shows that in the presence of the polymer, the
roughness at the film/solution interface is slightly greater. This
increase in the film surface roughness was also observed by
scanning electron microscopy (SEM) (see below and Fig. S77).
Therefore it can be envisaged that, even if the catalytic sites are
distributed in a homogeneous manner for the two interfaces,
the roughness of the polymer lowers very slightly the value of n;.
The change in this parameter would then be an illustration of
the increase in the surface area of the interface provided by the
roughness of the polymer, this greater surface area inducing
higher catalytic activity.

2.2. Characterization of cobalt oxide and poly(pyrrole-
alkylammonium) cobalt oxide nanocomposites by AFM, TEM,
SEM and XPS

For atomic force microscopy (AFM), transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
studies, the films of PPN*-CoO, or CoO, were deposited on ITO
electrodes (surface of 1.0 cm?). ITO/PPN*-Co0O, and ITO/Co0,
electrodes were prepared with a charge of 56 mC for both the
PPN" and Co° deposition to obtain a charge density of 56 mC
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cm 2, similar to that used for the preparation of the C/PPN™-
CoO, and C/CoO, electrodes (4 mC for a C electrode with
a surface of 0.071 cm?) (see ESIT Section 3 for more details).

The surface topography of ITO/PPN'-CoO, and ITO/CoO,
electrodes was studied by AFM (Fig. 4). The 3D and 2D AFM
images for ITO/CoO, display a homogeneous nodular topog-
raphy composed of aggregated CoO, particles with a root-mean
square (r.m.s.) roughness of 10.2 nm (Fig. 4A and B), while the
images of ITO/PPN"-CoO, exhibit an ill-defined cauliflower-like
topography with a similar r.m.s. roughness of 11.6 nm (Fig. 4D
and E). Such a cauliflower topology is usually observed for
electrodeposited polypyrrole films.*”**”* From the height profile
analysis of the AFM image of ITO/CoO, (Fig. 4C), the size of
CoO, nodules was estimated to be 58 &+ 31 nm. For ITO/PPN*-
Co0y, nanoparticles of CoO, are buried within the PPN" film
preventing the determination of the particle size by AFM.
Secondary electron SEM images also confirmed the nodular and
cauliflower morphologies observed for ITO/CoO, and ITO/PPN*-
CoO,, respectively (Fig. S71).

To further characterize the size of CoO, particles electro-
generated inside the PPN" film or directly electrodeposited on
the electrode surface, the PPN*-CoO, and CoO, materials were

Fig. 5 TEM images of (A) CoOy (56 mC used for Co® deposition on
ITO, scale 100 nm) and (B) PPN*-CoO, nanocomposite (56 mC used
for PPN* deposition and subsequent Co® deposition on ITO, scale 100
nm).

This journal is © The Royal Society of Chemistry 2021
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observed by TEM (Fig. 5). PPN'-CoO, and CoO, fragments of
films were scraped off from the ITO plates and deposited on
carbon-coated copper grids. TEM images reveal large agglom-
erates (>100 nm) of CoO, nanoparticles for ITO/CoO, (Fig. 5A),
while for ITO/PPN'-CoO, the cobalt nanoparticles are not
aggregated and are well-dispersed in the polymer film with an
average particle size of 31 £+ 20 nm (Fig. 5B). These images
clearly show that the PPN" polymer prevents the nanoparticle
agglomeration, resulting in a larger electrochemically active
surface area of PPN'-CoO, compared to that obtained from
a direct electrodeposition of CoO, on the electrode surface.
The nature of the electrogenerated cobalt oxide particles
within the PPN" film, after 5 cycles between 0 and +1.2 V in 0.1
M borate buffer (pH 9.2), was also studied by X-ray photoelec-
tron spectroscopy (XPS) measurements (Fig. 6 and S6). For XPS
analysis, PPN'-Co0O,, was electrodeposited on carbon pellets (6
mm of diameter, denoted as Cp,e;) which can be easily removed
from the electrode support by unscrewing and placed in the
vacuum chamber of the spectrometer (see ESIT Section 3 for
their preparation and Section 10 for XPS measurement). High
resolution XPS spectroscopy of the Co 2pj, region reveals
a broad signal, which could be deconvoluted into a series of
peaks corresponding to various transitions (shake-up, plasmon
loss, satellites, etc.) due to the complex nature of this transition
metal (Fig. 6). The deconvolution of the peak at ca. 781 eV
indicates that the cobalt deposit for the CpeI/PPNtCoOx anode
could be a mixture of a mixed valence cobalt oxide (Co;0,4) and
a cobalt oxyhydroxide (CoOOH).” Foelske et al.”* demonstrated
by coupling electrochemical experiments with XPS measure-
ments that poising an electrode of metallic cobalt at a potential
superior to +1.18 V vs. Ag/AgCl in a borate buffer at pH 9.3
results in the formation of a Co;0, layer on its surface. In
parallel, the group of Spiccia® demonstrated by X-ray absorp-
tion fine structure measurements (EXAFS) that cobalt oxide,
electrodeposited in a borate buffer (pH 9.2) by oxidizing a cobalt
complex, closely resembles the heterogeneous CoOOH phase.
Given the similarities between our study and that of Spiccia® in
the electrochemical behavior of CoO, in borate buffer at the
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Fig. 6 XPS spectra (Co 2ps,, region) of the electrode surfaces of Cpel/
PPN*-CoO; after 5 cycles between 0 and +1.2 V vs. Ag/AgClina 0.1 M
borate buffer (pH 9.2).

This journal is © The Royal Society of Chemistry 2021

View Article Online

Sustainable Energy & Fuels

same pH 9.2 (see discussion above), as well as with the study of
Foelske” in the electrogeneration of CoO, from Co° in borate
buffer, we can assume that our cobalt oxide within PPN" could
indeed contain a mixture of both Co;O0, and CoOOH species.

2.3. Electrocatalytic performance of cobalt oxide and
poly(pyrrole-alkylammonium) cobalt oxide nanocomposite
electrodes

The electrocatalytic activity of C/PPN'-CoO, and C/CoO, elec-
trodes has been investigated by cyclic voltammetry under mild
basic conditions in a borate buffer solution at pH 9.2 (Fig. 2).
Table 2 summarizes the catalytic OER performance of these
modified electrodes and that of C/PPN'-NiO, recently reported
by our group® in a 0.1 M borate buffer solution at pH 9.2
together with those of cobalt oxide-based electrodes reported in
the literature in a similar medium. In all reported cases, cobalt
oxide was electrogenerated on the surface of fluorine doped tin
oxide electrodes (FTO). Developing electrolyzers operating at
nearly neutral pH, such as pH 9.2, is of utmost importance in
view of avoiding the corrosion issue under strongly acidic or
alkaline conditions.'* Herein, the C/PPN*-CoO, anode exhibits
ajvalue of 4.04 mA cm™? at a 5 of +0.61 V and a 7 value of +0.44
Vat 1 mA cm™ > with a cobalt mass loading of 1.34 ug cm ™. This
performance places our nanocomposite anode among the best
reported cobalt oxide-based anodes for water oxidation oper-
ating in a 0.1 M borate buffer solution at pH 9.2.

For comparison, the C/CoO, anode presents a j value of 3.40
mA cm ™2 at a5 of +0.61 V and a 7 value of +0.46 V at 1 mA cm ™2
with a cobalt mass loading of 2.99 pg cm™>. The C/PPN"-CoO,
nanocomposite electrode presents a higher j and a lower 7
values compared to those of C/CoO, with ~2.2 times less cobalt
loading, demonstrating the beneficial effect of using a poly(-
pyrrole-alkylammonium) matrix to enhance the nano-
structuration of the thus its
electrocatalytic performance. Of note, in the three compartment
cell, the resistance R between the anode (i.e. the working elec-
trode) and the Ag/AgCl reference, which causes the ohmic drop
(related to the iR value) in the cell, could be different between C/
PPN'-CoO, and C/CoO,, making the comparison of their elec-
trocatalytic performance unfair. In view of suppressing the
ohmic drop and making a fair comparison, the resistance R in
the cell has been determined to be 1 and 4.6 Q respectively with
C/PPN*-C00, and C/CoO,. Since these R values are low, the CVs
and the catalytic current density of both electrodes are weakly
affected by the iR correction (see in the ESI the CVs with and
without iR correction; Fig. S21), which means that the previous
comparison of the catalytic activities of both anodes was
correct. According to TEM images and EIS measurements, C/
PPN'-CoO, contains small CoO, particles (31 nm) with
a capacitance of 670 pF cm™ 2, while C/CoO, exhibits big
agglomerates of CoO, particles (>100 nm) associated with
a lower capacitance of 150 uF cm 2 (see above). Hence the
higher catalytic activity of the C/PPN'-CoO, nanocomposite
compared to the direct deposition C/CoO, can be directly
correlated with a greater nanostructuration of the nano-
composite that increases the electrochemically active surface

electrode material and
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Table 2 OER performances of C/PPN*-CoO, and C/CoOQ, anodes prepared in this work compared to those of C/PPN*-NiO, and FTO/CoO;,
anodes previously reported with a 0.1 M borate buffer solution at pH 9.2

n Metal mass loading

Mass activity (A Author et al.

Catalyst/electrode  j (mA cm ?)@n (V) (V)@ (mAcm™?)  (ug cm ?) mg H@n (V) TOFpmin (s™")@n (V) (ref.)
C/PPN*-C00, 4.04@0.61 0.44@1 1.34 3.01@0.61 0.46@0.61 This work
C/PPN*-C0O, 2.17@0.51 1.34 1.62@0.51 0.25@0.51 This work
C/PPN*-C00, 0.53@0.40 1.34 0.40@0.40 0.06@0.40 This work
C/Co0, 3.40@0.61 0.46@1 2.99 1.14@0.61 0.17@0.61 This work
C/Co0, 1.32@0.51 2.99 0.44@0.51 0.07@0.51 This work
C/Co0, 0.22@0.40 2.99 0.07@0.40 0.01@0.40 This work
C/PPN*-NiO, 2.17@0.61 0.51@1 1.9 1.12@0.61 0.17@0.61 Fortage™®
FTO/Co0, 2.89°@0.51 0.37°@1 nd nd nd Nocera®*
FTO/CoOy 0.41@0.40 0.53@1 46.0 0.009°@0.40 0.001°@0.40 Nocera®
FTO/C00, 1.90°@0.61 0.51°@1 1.11 1.71°@0.61 0.26°@0.61 Spiccia®
FTO/Co0, 0.39°@0.61 0.75°@1 0.003 130°@0.61 20@0.61 Sun’®
FTO/Co0, 2.60°@0.61 nd nd nd nd Du”’
FTO/CoOy 1.40°@0.61 0.51°@1 3.53 0.40°@0.61 0.06°@0.61 Du’®

“ Values were extrapolated from the cyclic voltammograms reported by the authors. ” Data non calculated by the authors but estimated herein from
the current density (f) at defined overpotentials (n) and the mass loading of Co given in the article. © The current density was measured from cyclic

voltammetry corrected for the ohmic drop.
nd: not determined. FTO: fluorine doped tin oxide electrode.

area of the anode and ensures a great accessibility of the active
catalytic sites towards substrates such as water or OH™ ions.
The higher values of mass activity and turnover frequency (TOF)
of C/PPN*-Co0, (3.01 Amg™ " and 0.46 s~ ') compared to those of
C/Co0, (1.14 Amg™ " and 0.17 s~ ') at pH 9.2 at an overpotential
of 0.61 V confirm the higher OER catalytic activity of the
nanocomposite PPN'-CoO, material (Table 2). In order to
facilitate the comparison with the electrocatalytic performance
of previously reported anodes based on cobalt oxide operating
at pH 9.2 with a 0.1 M borate buffer (Table 2), the CVs of C/PPN -
CoO, have been recorded at different scan rates between 5 and
100 mV s~ * (Fig. $37), since various scan rates have been used to
measure the performance of the reported anodes. The CVs of C/
PPN"-CoO, are weakly impacted by the scan rate value, indi-
cating that the diffusion of the borate buffer in the polypyrrole
film is efficient. In other words, the electrocatalytic activity of C/
PPN*-Co0, measured with a scan rate of 50 mV s~ is reliable to
make a fair comparison with those of the reported anodes. It
appears that the mass activity and TOF values of the C/PPN'-
CoO, electrode are among the highest in the literature (Table 2).
Otherwise, although the CoO, films of the literature have been
realized with the same range of mass loadings (1-4 pg cm™?) as
that of the PPN'-CoO, nanocomposite, the comparison of the
performances of these anodes is not easy and could be erro-
neous due to the fact all the oxide deposits reported in Table 2
were made on an FTO electrode (ie. fluorine tin oxide) as
a conductive support, whose conductivity is lower than that of
a carbon electrode, thus possibly decreasing the overall
performance of the anodes. Otherwise, it is worth noting that
the comparison of the electrocatalytic activities of anodes, for
which the ohmic drop correction is applied, such as those re-
ported by Du””’® in Table 2, is relevant. One can see that the
catalytic currents of C/PPN'-CoO, and C/CoO, (respectively 4.04
and 3.40 mA cm ™ ” at 7 = 0.61 V) are higher than those of the
FTO/Co0, anodes (2.60 and 1.40 mA em™ > at n = 0.61 V),”’* in

4718 | Sustainable Energy Fuels, 2021, 5, 4710-4723

spite of the iR correction and the higher cobalt loading on FTO/
CoO, in ref. 78 (3.53 pg cm™? vs. 1.34 and 2.99 pg cm > for C/
PPN'-Co0O, and C/CoO, respectively). It is also interesting to
note that the OER performance of C/PPN'-CoO, is greater than
that of the analogous C/PPN'-NiO, previously reported by our
group,*® which displays lower values of j (2.17 mA cm™?), mass
activity (1.12 A mg~ ") and TOF (0.17 s~ ') for an overpotential of
0.61 V. If we consider a similar nanostructuration for C/PPN'-
Co0, and C/PPN'-NiO, anodes (particle sizes of CoO, and NiO,
(ref. 48) within PPN" of 31 and 21 nm, respectively) and a lower
metal loading of cobalt compared to that of nickel (I'c, ~ 23
nmol ecm ™2 vs. I'y; ~ 33 nmol cm™?),*® CoO, particles display
a higher intrinsic catalytic activity than NiO, for water oxidation
in borate buffer at pH 9.2.

The stability of C/PPN'-CoO, and C/CoO; electrodes at pH
9.2 in a 0.1 M borate buffer was evaluated by -chro-
noamperometry measurements over a period of about 2 h at an
applied potential of +1.2 V vs. Ag/AgCl (Fig. 7). The current
density of the C/CoO, electrode decreases from 6 to 5.30 mA
cm 2 after 5 min of electrolysis and then gradually decreases to
reach a pseudo-plateau at 4.90 mA cm ™2 after 2.5 h of electrol-
ysis. Meanwhile the current density of C/PPN*-CoO, increases
during the first hour from 7.16 to 7.80 mA cm™> and then
gradually decreases to reach a pseudo-plateau at 7.00 mA cm >
after 2.5 h of electrolysis. Over this time range, the catalytic
current of C/PPN'-CoO, is relatively stable and 1.43 times
higher than that of C/CoO,, even though there is 2.2 times less
cobalt in the former. Once again, this demonstrates the supe-
riority of the nanocomposite electrode over a simple Co-based
electrode.

Unfortunately, the current density of C/PPN"-CoO, decreases
suddenly and drastically after 2.5 h of electrolysis reaching 2.36
mA cm ™2 after 6 h of electrolysis, whereas the current density of
C/Co0, decreases slowly until 4.3 mA cm™> over the same
period of time. As we previously observed for the C/PPN"-NiO,

This journal is © The Royal Society of Chemistry 2021
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Fig.7 Chronoamperograms recorded at the C/PPN*-CoO, (I'yvt =1.2
+0.1x 107" molcm™2 and I'co = 2.27 + 0.45 x 1078 mol cm™2) and
C/CoO; (I'co = 5.07 + 0.33 x 1078 mol cm~?) electrodes (3 mm of
diameter) in a 0.1 M borate buffer solution (pH 9.2), at a constant
potential of +1.2 V vs. Ag/AgCl under stirring.

anode,*® the decrease of catalytic current with C/PPN'-CoO, is
not due to the decomposition of the material or to the gradual
release of cobalt oxide particles but to the partial film detach-
ment from the carbon electrode induced by the oxygen bubbles
released during the electrolysis (see in Picture S1 in the ESI,T the
view of a C/PPN*-CoO, electrode before and after the electrolysis
for 6 h, and the view of the PPN"-CoO, film floating in the borate
electrolyte after its partial detachment from the C electrode
induced by the electrolysis). Note that the relatively good
stability of C/CoO, (i.e. without PPN") could be ascribed to the
good physisorption of the cobalt oxide on the carbon electrode
and also to the self-healing phenomenon occurring during
electrocatalytic water oxidation with cobalt oxide in a borate
buffer.ZS,SO,Sl

To avoid the film detachment from the electrode surface
under prolonged electrolysis at +1.2 V, the physisorption of the
polypyrrole film on the electrode has been increased by the
electrodeposition of the PPN*-CoO, material on a carbon paper
electrode (denoted as Cpap) With a high roughness and a larger
surface of 2.4 cm?, following the same procedure used for the
preparation of the PPN*-CoO, nanocomposite on a small glassy
carbon electrode (see Section 3 in the ESI for its preparation and
Fig. S4AfT). The deposition of the PPN"-CoO, film on the Cpap,
electrode was evidenced by SEM images (Fig. 8A and B) and EDX
spectroscopy (Fig. 8C) by comparison with a pristine Cpqp elec-
trode (Fig. S81). The EDX spectrum of Cp,, exhibits only the
characteristic peaks of C and O atoms respectively at 0.28 and
0.50 keV (Fig. S8CT), while the EDX spectrum of C/PPN'-CoO,
displays broader peaks below 0.6 keV ascribed to the C, N and O
atoms of the overoxidized polypyrrole film, in addition to the C/
O peaks of Cp,p (see above), along with the typical peaks of
cobaltat 0.78 (La) and 6.92 keV (Ka) (Fig. 8C). As observed above
on the CV of C/PPN'-Co0, recorded in a borate buffer at pH 9.2
(Fig. 2), Cpap/PPN'-C0O, displays the redox signature of Co"/
Co™ between 0.3 and 0.8 V vs. Ag/AgCl with a strong catalytic
current attributed to water oxidation to O,, reaching 3.6 mA
em ? at 1.2 V vs. Ag/AgCl (Fig. 9 and S47). Otherwise, on this
rough support, no PPN*-CoO, film detachment is observed and

This journal is © The Royal Society of Chemistry 2021

View Article Online

Sustainable Energy & Fuels

) S AR
Grenoble INP - CMTC
Date :11 Dec 2020

Mag= 200X
EHT = 5.00 kV

Signal A = SE2
WD =10.1 mm

Grenoble INP - CMTC
Date :11 Dec 2020

Mag= 1.00KX
EHT = 5.00 kV

(c)8k c . . . . . .

7k CpapIPPN"-Coox before electrolysis

Signal A = SE2
WD =10.1 mm

6k -
5k ||[© 1

Counts
N
ol

3k~ .
2Kk

1k +

Energy / keV

Fig. 8 SEM images of the Cp,p/PPN*-CoO, electrode at (A) 200x
magnification and (B) 1000 x magnification and (C) corresponding EDX
spectrum.

the catalytic current of Cp,,/PPN™-CoOy is stable over 43 h of
electrolysis at a constant potential of +1.2 V vs. Ag/AgCl in
a borate buffer at pH 9.2 (Fig. 10). In addition, the stability of
the catalytic current is a good indication of the stability of the
Co0, nanoparticles which remain embedded in the PPN" film
during electrocatalysis. This is confirmed by the post-
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Fig.9 Cyclic voltammograms recorded at Cp,p/PPN*-CoO, (red, I'v*
=153 + 0.03 x 107" mol cm™2 and I'co = 1.04 + 0.16 x 108 mol
cm3), Cpap/CoOy (blue, I'co = 3.70 + 0.27 x 108 mol cm2) and Cpap
(black) electrodes (2.4 cm?) in a 0.1 M borate buffer solution (pH 9.2);
scan rate of 50 mV s~1.

electrolysis characterizations of the PPN'-CoO, material
deposited on Cp,p.

Indeed, the stability of the film on Cp,;, allows us to perform
post-electrolysis characterization by SEM and EDX on this
electrode material. Post-electrolysis characterization on ITO
electrodes was not possible due to the detachment of the PPN*-
CoO, film under electrolysis at +1.2 V. The SEM images and EDX
spectra of Cp,p/PPN'™-C00O, before (Fig. 8) and after 43 h of
electrolysis (Fig. 11 and 12) are very similar. The EDX spectra
exhibit the same signals with similar intensity for the C/N/O
peaks below 0.6 keV and for cobalt at 0.78 and 6.92 keV (Fig. 12).
This result strongly indicates that the overoxidized PPN" film
and the embedded CoO, nanoparticles remain unchanged even
after being maintained at +1.2 V vs. Ag/AgCl in a borate buffer at
pH 9.2 over such a long period of time. The PPN film thus
imparts a great stability to the nanocomposite material by

6 T T T T T T T T

L 14
—— C,0/PPN*-C00,
51 —¢,,,/Co0, r12
—cC
(\"E 4] pap 10
[&] PR N emmmonmeinamesnmndd e ¥} <
<< 34 1S
S L6 =
~ ~—————
= 2
L4
1‘( L2
0 ———————————0
0 5 10 15 20 25 30 35 40

Time /h

Fig. 10 Chronoamperograms recorded at Cpap/PPN*-CoO; (red, I'v*
=153 + 0.03 x 107" mol cm 2 and I'co = 1.04 + 0.16 x 108 mol
cmM™3), Cpap/CoOy (blue, I'co = 3.70 + 0.27 x 10~8 mol cm™2) and Cpap
(black) electrodes (2.4 cm?) in a 0.1 M borate buffer solution (pH 9.2) at
a constant potential of +1.2 V vs. Ag/AgCl maintained for ca. 43 h under
stirring.
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Fig. 11 SEM image of the Cp.o/PPN*-CoO, electrode: (A) 200x
magnification, (B) 2000x magnification and (C) 500 x magnification,
along with zones 1 and 2 for which EDX analysis (see below Fig. 12) has
been performed on the Cp,p/PPN*-CoOy electrode after electrolysis
for 43 hat 1.2 V vs. Ag/AgClin a 0.1 M borate buffer (pH 9.2).

preventing the corrosion and the degradation of CoO, nano-
particles, in addition to the phenomenon of self-healing that is
known for cobalt oxide in a borate buffer.>>**** We also verified
the formation of oxygen by gas chromatography. A high faradaic
yield of 97% towards O, evolution was measured after 2 h of

This journal is © The Royal Society of Chemistry 2021
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Fig. 12 EDX spectra of the SEM images respectively in Fig. 11 of Cpap/
PPN*-CoO, before (red) and after electrolysis for 43 hat +1.2 V vs. Ag/
AgClina 0.1 M borate buffer (pH 9.2) performed in zone 1 (black) and in
zone 2 (green).

electrolysis (see ESIf Section 12), confirming that Cp,p/PPN™-
CoOy is an efficient and selective anode for water oxidation to
0,.

To compare the performance of the PPN'-CoO, nano-
composite with that of a simple CoO, film, CoO, was also
electrodeposited on the rough Cp,, electrode (without PPNY).
The CV of Cp,p/CoO, exhibits a similar Co"/Co™ signature
between 0.3 and 0.8 V vs. Ag/AgCl, but despite a cobalt loading
3.5 times higher (3.70 & 0.27 x 10~° mol cm™?) than that on
Cpap/PPN" (1.04 £ 0.16 x 10~° mol cm?), the corresponding
catalytic current density of 2.37 mA cm ™2 at 1.2 V remains lower
than that of C,,,/PPN'-C0O, (3.61 mA cm ) (Fig. 9 and S47),
further demonstrating the benefits of using PPN’ films. It is
interesting to note that, after a long electrolysis for 43 hat 1.2V
vs. Ag/AgCl in a borate buffer at pH 9.2, the catalytic current of
Cpap/C00y, is also very stable (Fig. 10) as previously observed on
a small carbon electrode with C/CoO,, most probably due to the
self-healing phenomenon.*

To obtain some mechanistic information, Tafel analysis was
performed through stepwise chronoamperometry at pH 9.2 on
C/PPN'-Co0, and C/CoO; electrodes (Fig. 13, see Section 7 in
the ESI for more detailst). A Tafel slope value of 56 mV dec™*
was determined for C/CoO, corresponding to a fast equilibrated
electron transfer. The catalytic process is thus not controlled by
an electron transfer but by a chemical step following this elec-
tron transfer.’**** Similar values were reported with cobalt
oxide catalysts in borate buffer at pH 9.2 by several groups such
as those of Nocera,” Du””® and Spiccia.”® For C/PPN*-CoO;,
a Tafel slope of 65 mV dec™ ", close to that of C/CoOy, was esti-
mated within a region of corrected overpotentials between +0.41
and +0.47 V (i.e. within a potential region between +0.9 and
+1.02 V vs. Ag/AgCl). Above +0.47 V, the Tafel plot of C/PPN'-
CoO, deviates from linearity most probably due to the limita-
tions by mass transport of the buffer within the polypyrrole film,

This journal is © The Royal Society of Chemistry 2021
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Fig. 13 Tafel plots recorded at the C/PPN*-CoO, (I'yt =1.2 £ 0.1 x
1077 mol cm™2 and I'co = 2.27 + 0.45 x 1078 mol cm™2) (A) and C/
CoO, (I'co=5.07 £ 0.33 x 108 molcm ™) (B) rotating disc electrodes
(3 mm of diameter) in a 0.1 M borate buffer solution (pH 9.2) under
rotation (1200 rpm).

which could not be easily obviated by the rotation of the elec-
trode.®* However, the similar Tafel slopes of C/PPN*-CoO, and
C/CoO, confirm that the O, evolution occurring with these two
electrodes involves the same catalytic mechanism.

3. Conclusion

We prepared a very efficient OER anode material based on
a cobalt oxide-poly(pyrrole-alkylammonium) nanocomposite
deposited on an electrode surface by an easy all-electrochemical
procedure. TEM images and EIS measurements evidenced the
high nanostructuration of the PPN'-CoO, nanocomposite
owing to the small CoO, nanoparticles of ca. 30 nm well
dispersed and not aggregated in the polypyrrole film. The
nature of the cobalt oxide has also been identified by XPS as
potentially being a mixture of Co3;0,/CoOOH. By comparison
with CoO, directly deposited on an electrode surface (CoO,
particles > 100 nm), we demonstrated that the high nano-
structuration of the composite material is the origin of the
higher OER electrocatalytic performances. The nanocomposite
material exhibits an exceptional mass activity of 3.01 A mg '
and TOF values of 0.46 s~ along with a faradaic yield of 97% for
water oxidation at mildly basic pH 9.2 at an overpotential of 0.61
V, and a Tafel slope of 65 mV dec'. The cobalt oxide-poly-
pyrrole nanocomposite electrode is among the most efficient

Sustainable Energy Fuels, 2021, 5, 4710-4723 | 4721
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cobalt oxide-based anodes previously reported operating in
a 0.1 M borate buffer solution at pH 9.2, but it also outperforms
cobalt oxide electrogenerated on a naked electrode surface by
the same electrochemical procedure. In addition, when the
PPN'-CoO, material is electrodeposited on a rough carbon
paper, the physisorption of the nanocomposite film is consid-
erably enhanced and consequently its catalytic activity is very
stable beyond 43 h of electrolysis. Post-electrolysis character-
ization by SEM and EDX also confirms the integrity of the PPN-
CoO, material after many hours of electrocatalysis. This work
demonstrates the beneficial role of a positively charged poly-
pyrrole matrix in the preparation of small particles of cobalt
oxide and in the achievement of a highly stable and active anode
for water oxidation. The elaboration of such a polypyrrole-metal
oxide nanocomposite material could be easily extended to other
abundant first-row transition metals such as manganese and
iron, and also could be useful to prepare mixed metal oxides
such as NiFeO, or CoFeO,, which are the most efficient OER
catalysts under alkaline or mildly basic conditions.
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