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This work reports, for the first time, the use of ion-selective localized electrochemical techniques to elucidate the charge-discharge
mechanism of nickel-cobalt hydroxide electrodes for electrochemical energy storage. The charge-discharge mechanism of
electrodeposited nickel-cobalt hydroxide electrodes was studied in Na,SO,4 0.05 M by localized in situ measurements of pH, pNa
and dissolved O, during cyclic voltammetry. Local pH and pNa distributions were recorded using micro-potentiometric sensors
with liquid membrane, while dissolved O, was monitored using a fiber-optic microsensor. These original results highlight how
localized potentiometry can provide new insights to better understand the charge mechanism of metal (hydr)oxide electrodes by
directly measuring the concentrations/activities of relevant species at the electrode-electrolyte interface during charge-discharge.
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Progress in nanostructured materials has enabled a wide range of
novel solutions for electrochemical energy storage, with a multitude
of electrode materials displaying various responses varying from
purely capacitive to faradaic controlled charge-discharge processes.
It is consensual that the next-generation of energy storage devices
will rely on different fit-for-purpose materials with tailored proper-
ties. Rapid advancements, however, led to a bewildering range of
electrochemical responses and, in some cases, misinterpretations
thereof, an issue that has been extensively discussed in several
reports.'™ Thus, it is agreed that is necessary to develop and adopt
dedicated tools to further understand the mechanisms associated to
the various electrochemical processes during charge-discharge of the
electrodes in an electrochemical energy storage device.

Among different materials, nickel-cobalt hydroxides and oxides
have been intensively used in electrochemical energy storage
applications such as nickel batteries* due to its high theoretical
capacity, low cost, accessibility and simple synthesis.”™ Studies to
understand the oxidation-reduction mechanism of nickel hydroxide-
based materials and the different phases involved in the charge
storage process have been performed since 1966, when Bode et al.
proposed a diagram elucidating the possible phase transformations
occurring in the material.'® Recently, this material has resurged as an
important contributor to the next-generation of electrochemical
energy storage devices,''™ with renewed interest on its charge
storage mechanism to better tailor the electrode response.

Although the final phases are well known, and the relatively
simple charge storage mechanism of nickel hydroxide-based mate-
rials has been widely discussed, the exact mechanisms of charge
storage are not completely understood ?/et, leading to several
contradicting models proposed in literature.'®!7 In general, literature
reports either solid-state H' transport mechanism'®?’ or OH~
transport model.'®*'">* On the one hand, when H™ transport is
considered, different sub-models have been proposed, depending on
the contribution of cations from the solution, the hydration of metal
ions and the extent of hydration of reactants and reaction
products.'®2° Additionally, if cobalt (III) ion contributions are
included, the typical theoretical mechanism depicted in Eq. 1 has

“E-mail: alberto.mas@tecnico.ulisboa.pt

been proposed:

o — NixCoj_x(OH),(2NO3 ™, CO3% )15 2(H20) 5
+ (0.5 — y)(Na*, K*) < v — Ni;Co; _,OO(H"),
x (Nat, K")s_y) (H0)os + (2 — y)H'
+ (1 — x)/2(2NO5~, CO327) + (0.5 + x)e™ [1]

When cobalt (II) is considered, Eq. 2 can be adopted:
6 — Nixcol,x02H1+x — ﬂ — Ni,Co;_,OOH + xHT + xe™ [2]

On the other hand, the mechanism based on OH™ has been
supported by oxygen and hydrogen isotopic studies,?” resulting in
the commonly reported mechanism for nickel-cobalt hydroxide in
energy-storage described by Eqs. 3 and 4:

a — NixCo; _x(OH),(2NO5~, CO327)(_x) ,2(H20)03s
+ (0.5 — y)(Na*, K') + (2 — y)OH
— NixCo;_xOOHT)y(Na™, K" 5-y) (H0)0.5
+ 2 - yH,0 + (1 — x)/2(2NO; ™, CO32_)
+ (0.5 + x)e™ [3]

8 — NiyCo;_xO,H;x + xOH™ « 8 — NiyCo;_yOOH
+ xH,O + xe™ [4]

There are, however, two additional contributions to consider: the
role of cations (which differs in the different models proposed in
literature’®2%) and the effect of the oxygen evolution reaction
(OER). Along the nickel hydroxide oxidation-reduction reactions,
OER has been considered a parasitic reaction that induces hysteresis
in the electrode response.%’25 However, the extent of this phe-
nomena is yet to be determined.’® Pandolfo et al.”’ reported that
OER on Ni(OH), occurs at 0.55 V vs Hg/HgO in 1 M KOH and Ta
et al.?® reported similar results at 0.5V vs Hg/HgO. In principle,
OER appears as a parasitic reaction, being fuelled by the current
used during oxidation of the electrode, and produces a slowly and
steady decrease of the oxidation state of nickel oxyhydroxide (self-
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discharge) at open circuit, as demonstrated by Conway et al.>6*%%

In any case, the effect of the oxygen evolution reaction (OER) as
parasitic reaction when charging nickel hydroxide is of relevance
when mechanistic studies are considered.

Nickel hydroxide-based materials have been thoroughly investi-
gated by different techniques, for instance, electrochemical quartz
crystal microbalance (EQCM),>'*** X-ray adsorption near edge
structure (XANES) combined with extended X-ray absorption fine
structure (EXAFS),31 Raman,>* UV,34 or scanning electron
microscopy.’® Recently, the combination of EQCM with probe laser
beam (PLB) was proposed as in situ characterization tool to
precisely determine the oxidation-reduction mechanism. EQCM
accurately quantifies mass changes,24 while PLB allows determina-
tion of the direction of the net ionic flux across the electrode-
electrolyte interface.’® Despite these important advances, it is still
challenging to separate the contribution of cations, anions and
solvent molecules and to precisely understand the nature of the
charge-compensation processes.'’

From the electrochemical point of view, electrochemical im-
pedance spectroscopy (EIS) is, probably, the most suitable tech-
nique, alongside rotating disk electrode and electrochemical quartz
crystal microbalance (EQCM) for mechanistic studies.>*¢
Conventional electrochemical methods (e.g. EIS and cyclic voltam-
metry) provide important information on the averaged response from
the working electrode-electrolyte interaction, but lack detail on the
role of individual species involved in the storage mechanisms.
Therefore, there is the need to find new tools that can bring
additional light on these issues. This role can be discriminated by
means of localized electrochemical techniques based on the use of
micro-probes, e.g. potentiometric microelectrodes and fiber-optic
microsensors.

Local micro-potentiometry, also known as scanning ion-selective
electrode technique (SIET), has been widely used in biology,
physiology and, over the last years, in corrosion science, advancing
significantly knowledge on the electrochemical response of many
systems.’’™ It enables in situ measurements of the activity of
specific ions at a quasi-constant micro-distance over an active
surface in an electrolyte. Furthermore, the fiber-optic fluorescence-
based microsensor, also employed in this work, enables in situ
detection of dissolved oxygen (DO), complementing SIET informa-
tion. These measurements, made locally and quasi simultaneously at
the interface between the active electrode material and the electro-
lyte, can provide key chemical information during polarization of the
electrode material at the vicinity of the electrode-electrolyte inter-
face. It means that polarization results can be correlated with the
results obtained locally by micro-potentiometry and DO monitoring
using fiber-optic microsensor to better understand the charge-storage
process.

It is worth stressing that there are significant differences between
measurements of bulk and localized ions’ concentrations/ activities.
Measurements in bulk electrolyte provide important insights, how-
ever, results always reflect an averaged response related to the
concentration of species in solution. Contrarily, in the vicinity of the
surface of the electrode, the distribution of some specific ions in
solution may change during the oxidation-reduction processes, thus
involving species either from the medium or from the active
material. Due to mass transfer processes (i.e. diffusion, convection,
migration), these changes in ions’ distributions vanish when
progressing into bulk solution, and, hence, can only be detected at
the vicinity of the active surface. And this is exactly the gap that can
be filled by applying spatially-resolved electrochemical tools. Thus,
localized techniques (e.g. micro-potentiometry, optic microsensors)
can bring complementary information to better understand the
charge-discharge mechanisms of materials used for electrochemical
energy storage.

The present work introduces for the first time, to the best of
author’s knowledge, localized micro-potentiometric and fiber-optic
microsensors into the field of electrochemical energy storage. To
that end, pH, pNa and dissolved O, localized measurements were

performed during charge-discharge of electrodeposited nickel-cobalt
hydroxide in 0.05M Na,SO, Results show how the use of
microsensors for localized monitorization of the concentrations of
species of interest can serve as a complementary tool to further
elucidate the mechanisms governing the charge-discharge processes
of materials for electrochemical energy storage.

Experimental

Synthesis of the Ni-Co hydroxide film.—Ni-Co hydroxide was
prepared by cathodic electrodeposition on stainless steel using a
potentiostat/galvanostat Gamry Interface SOO0E. A pulsed potential
between —0.9 V and —1.2 V was applied to the working electrode in
a three-electrode cell containing 50ml solution of 0.11g of
Co(NOs), and 0.21 g of Ni(NOs),. The duration of each pulse was
10's, resulting in a total of 400 s electrodeposition. Platinum wire
was used as counter electrode, a saturated calomel electrode (SCE)
as reference electrode and stainless-steel (AISI 304, Goodfellow) as
working electrode. The dimensions of the electrode were 4 mm X
4mm X 4mm, as shown in Fig. S1 (Supplementary information)
(available online at stacks.iop.org/JES/167/080511/mmedia).
Activation and stabilization (later referred as “break-in”’) of the
electrode material was performed prior to the sample analysis. For
that, the sample was cycled between —0.2V and 0.9V for an
average of 22 cycles at 10 mV-s™".

Electrodeposited thin-films are used since they are not affected
by the influence of binders, carbonaceous additives, current-collector
geometry or other components typically utilized in commercially
prepared nickel-cobalt hydroxide electrodes.””

Materials characterization.—To study the material’s composi-
tion and morphology, field emission scanning electron microscope
coupled with EDS was used (FEG-SEM JEOL JSM7001F with
Oxford light elements EDS detector INCA 250) and a Hitachi 8100
transmission electron microscope with LaBg filament at a working
voltage of 20.0kV coupled with a ThermoNoran SystemSix EDS
detector.

X-Ray Diffraction patterns were obtained using an X’ Pert Philips
PMD diffractometer with a Panalytical X celerator detector, using
graphite-monochromized Cu K, radiation (A = 1.54056 A).

Raman spectra were collected by means of an i-Raman” spectro-
meter from B&W Tek with an excitation laser beam of 532 nm. The
spectra were obtained with an acquisition time of 60s and 2
accumulations.

Electrochemical study.—Cyclic voltammetry was carried out
with a potentiostat/galvanostat Gamry Interface 5000E with 2 Pt
black electrodes, employed as reference and counter, at 5 mV-s~!in
a potential window ranging from —0.2V to 1.1V vs Pt black in
Na,SO4 0.05 M. Simultaneously, localized pH, pNa and dissolved
O, were monitored in situ. All the measurements are recorded during
the second cycle at the designated scan rate after the initial
conditioning of 22 cycles at 10mV-s~', hereafter referred as
“break-in.”

To ensure the reliability of Pt as QRE, important precautions
were considered: (i) Pt black was deposited on top of the Pt
reference wire electrode to increase its surface area, subsequently
improving the uniformity of current distribution and reducing the
system resistance and increasing the signal/noise ratio. (ii) The
reference electrode was located in the bulk solution, at a distance
ensuring that the polarization of the active electrode did not affect
the solution around the Pt reference. (iii) a circular Pt counter
electrode (with Pt black deposited on the top of Pt wire) was used to
improve the uniformity of current distribution and to assure that less
current reached the reference electrode.

To ensure reliability of SIET measurements, a special experi-
mental methodology was used and described in detail in the
Supporting Information.
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Micro-potentiometry.—Micro-potentiometric pH and pNa (i.e.
pNa = —logan.,.) measurements were performed using equipment
and corresponding software from Applicable Electronics™ and
Science Wares™. pH-selective glass-capillary microelectrodes
were employed. Silanized glass micropipettes were back-filled
with the inner filling solution and tip-filled with the corresponding
ion-selective membrane. The microelectrodes were prepared based
on H" and Na™ selective membranes, respectively described in.**
Both ion-selective membrane compositions were specially devel-
oped for electrochemical studies, allowing for high selectivity
concerning the ion of interest, extended pH working range and
minimal IR-drop effects. Glass-capillary microelectrodes have a tip
orifice with 1.8 = 0.2 um diametre and were prepared as described
elsewhere.***® A homemade Ag/AgCl1/0.05 M NaCl mini-electrode
was used as an external reference electrode for micro-potentiometric
measurements. In order to assess possible potential drifts, the ion-
selective microelectrodes were calibrated before and after each
measurement. The micro-potentiometric probes were positioned
(30 = 5) pum above the electrode surface. Measurements were
obtained, at least, in triplicate.

Fiber-optic oxygen microsensor.—The concentration of dis-
solved oxygen was measured using a FireStingO2 fibre-optic oxygen
meter (Pyroscience™). The microsensor (or microoptode) employs
an O,-sensitive indicator immobilized on the tip of the sensor. The
indicator is excitable with orange-red light at a wavelength of
610-630 nm and exhibits oxygen-dependent luminescence at 760—-
790 nm. The measuring principle is based on the sinusoidally
modulated red excitation light, that causes a phase-shifted sinusoid-
ally modulated emission in the near infrared. A needle-type
retractable microsensor OXR50 with 50 pm tip diameter was used.
The detection limit of the employed microoptode is 0.01 ppm. The
microoptode was positioned (70 + 10) pum over the sample surface.
This sensor provides high stability of the signal, response time of
less than 1s and neither produces, nor consumes species from
solution. The calibration of the microoptode was performed using N,
(0%DO) and air (20.9% DO) saturated solutions.*’

Results and Discussion

Physico-chemical characterization.—Nickel-cobalt hydroxides
were deposited on stainless steel collectors, as described and
characterized elsewhere,'® according to the information depicted in
Fig. S2 (Supplementary information). Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) were used to
assess the morphology and microstructural characteristics of the
electrode material, while X-ray diffraction (XRD), Raman spectro-
scopy and energy dispersive spectroscopy (EDS) were performed to
elucidate the chemical composition. As exhibited in Fig. 1a, nickel-
cobalt hydroxide presented nanosheet-like structure, with nearly
vertical alignment that forms percolation networks, in good agree-
ment with literature.® TEM images, depicted in Fig. 1b, revealed the
thin nature and also the random orientation of the electrodeposited
nanosheets. The electron diffraction pattern obtained for selected
areas (SAED) evidenced the presence of blurred diffraction peaks, as
result of the nano-structural nature or low degree of crystallinity of
the material.

XRD patterns, depicted in Fig. 1c, exhibit a wide line corre-
sponding to the (001) reticular plane family in the usual hexagonal
symmetry. At the very beginning, this line is located at 10.32°,
indicating an interslab distance of approximately 8.5 A. However,
after a 22-cycle break-in, the line is shifted to 18.70°, which
corresponds to an interslab distance of 4.7 A. Nickel-cobalt hydro-
xide materials consist of NiyCo;_4(OH), slabs that may incorporate
H,0, NO;~ and CO;>~ into the interlayer distance. Depending on
the extent of these intercalated molecules, two different phases can
be formed, o or . For 3 nickel-cobalt hydroxide materials, there are
no intercalated species in the interslab space, except protons linked
to the oxygen of the slabs, resulting in an interplanar distance of

approximately 4.8 A, while this distance is enlarged to 7.5-8.5 A for
the o phase, depending on the intercalated species.’’ In this work,
XRD results evidenced an initial interslab distance of 8.46 A, a fact
that allows to conclude that the pristine electrodeposited phase can
be unequivocally classified as a-NiyCo;_,(OH),. Moreover, results
obtained by XRD showed that, after break-in, this material is
transformed into the (3 phase due to the poor stability of the «
phase.'*>?

Raman spectroscopy was performed in the 200-3700 cm™
range. The single peak at 329.5cm™', and the double peak at
445.54 and 522.81 cm™! are characteristic of E, mode, O-M-O
bending and M-O A, vibrations modes, respectively. Moreover,
there are two main characteristics that can differentiate the o phase
from the (3 phase by means of Raman spectroscopy: first, the peak at
1048.35 cm ™ ! is associated to NO; ™ ions intercalated in the interslab
space; secondly, Raman spectra present a shoulder at 3658 cm™" that
disappears in the 3 structure. Besides these, [ structures also display
a relatively intense peak at around 3580 cm™'.>* Therefore, Raman
spectra confirm, initially, the presence of « nickel-cobalt phase.

Energy dispersive spectroscopy and mapping were performed to
evaluate the nickel-cobalt ratio and to study the homogeneity and
dispersion of nickel and cobalt in the electrodeposited material and
representative results are shown in Fig. S3 (Supplementary informa-
tion). The Ni:Co atomic ratio obtained was 1.8, which is close to the
electrolyte composition used in the synthesis process and is in good
accordance with previous work."

1

Localized electrochemical studies.—To evaluate accurately the
results obtained by localized electrochemical techniques, it is
important to consider experimental evidences observed during the
charge-discharge of nickel hydroxide, which have been obtained by
means of different techniques. Therefore, certain assumptions, based
on published work, have been considered in the discussion of the
charge-discharge mechanism of nickel-cobalt hydroxide:

1) Weidner et al.?* reported that EQCM studies show a mass
increase during charge of a-Ni(OH), a result that has been
generally assigned to cation insertion. Solid-state chemistry
would therefore evidence sodium and potassium ions in
y-NisCo; _4OOH, but not in the « structure, whose interslab
presents water molecules and anions such as carbonates and
nitrates. Thus, cations shall be intercalated in some prismatic
sites of the ~y lphases25 during charge and de-intercalated during
discharge.'**"=¢ Since electroneutrality shall be maintained,
the transport of electrons and ions has to proceed at the same
rate.”’

2) Weidner et al.** developed a non-stoichiometric model advo-
cating for a continuous change in the composition of the
material between Ni(OH), and NiOOH,® this is, they do not
exist as separate solid phases but rather as one non-stoichio-
metric solid phase.”® According to this model, during oxidation,
protons are removed from vacancies (and from the interslab
space) and diffuse to the electrode-electrolyte interface™ where
they react with OH™ to form water,'®*® with the consequent
oxidation of Ni*" into Ni*". Thus, these evidences support the
proton transport model. Charge-discharge of 3 phase does not
involve insertion or expulsion of cations.

3) Eventually, the mass variation reverses as consequence of the
unstable o phase, which is transformed into a 3 phase.®® This is
known as “break-in,” which occurs during the first cycles.
Cations and/or water molecules get de-intercalated and the
species trapped in the interlayer space of «-Ni(OH), are
expelled, typically, carbonate and nitrate anions.%*~¢>

4) Studies by means of probe beam deflection (PBD) in combina-
tion with EQCM suggested that a-films are characterized by
hydroxyl ion transfers that dominate over proton and water
movements, while 3-Ni(OH), films have an increased participa-
tion of water and protons in the exchange dynamics. Some
authors'®>* also postulated that hydroxyl ions are driven into
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Figure 1. Physico-chemical characterization of the surface film: (a) Scanning Electron Microscopy image. (b) Transmission Electron Microscopy image with
diffraction rings inset. (¢) XRD Spectra and (d) Raman Spectra of Ni,Co;_,(OH),.

the film during oxidation, while water molecules are driven out
by the associated internal pressure. There was little direct
evidence of significant transfer of cations across the interface.
Thus, based on the PBD evidences it was proposed that cations
are expulsed from the film material at a more negative potential
than the peak potential (E;,) and, once the material is polarized
above E,, either hydroxyl insertion or de-intercalation of
protons (producing water, which would not be detected by
EPB since they would rapidly recombine with hydroxyl ions)
would occur.'®>* Results are interpreted differently, depending
on authors support of either hydroxyl transport or proton-based
mechanism.

It was reported that there is a variation of the water content with
cycling, with water expulsion during charge and incorporation
during discharge,'®> regardless the counter-ion.'”** Such
increase can be explained differently depending on the model
used. In agreement with a solid-state proton diffusion model,
proton transport and expulsion during charge would ultimately
recombine to form water at the electrode-electrolyte interface.
On the other hand, assuming a hydroxyl transport model, OH™
ions are inserted during oxidation, with the consequent increase
in mass.'®%% Moreover, the rigid nature of the nickel hydroxide
lattice imposes volume constraints, thus, while hydroxyl ions
enter the structure, water molecules must leave at the same rate
during charge.'®%% This results in H,O moving on the same
time scale as ionic hydroxide and is not controlled by
diffusion.”

5)

Finally, OER may affect the entire charge-discharge reaction and
is affected by the presence of cobalt, raising the oxygen
overpotential **6°

pH and dissolved oxygen.—The Ni,Co;_,(OH), electrode was
studied by cyclic voltammetry as presented in Fig. 2. The discharge
curve of the material can be found in Fig. S4 (Supplementary
information) and the results evidence that this material displays a
battery-like response in 0.05 M Na,SO, with a plateau located at
approximately 0.1 V (vs Pt black). Due to the limited time-response
of the ion-selective electrode (2-3s), cyclic voltammetry was
performed at the scan rate of 5mV-s~' in a potential range from
—0.2V to 1.1 V (vs Pt black). Results for pH and dissolved oxygen
alongside the current response obtained by cyclic voltammetry
extended over the time are presented in Fig. 2b.

It is worth mentioning that in sulphate electrolytes, like Na,SOy,
nickel hydroxide displays an extended potential window compared
to KOH, as already reported.®®S” Analogous phase transformation
and faradaic reaction described by Egs. 1 to 4 are expected also in
this electrolyte.

Anodic scan.—When the sample was anodically polarized in the
potential window from —0.2V to 1.1V, after twenty two cycles
required to ensure stabilization, a peak at ~0.9V was clearly
observed in the voltammetric profiles (Figs. 2a, 2b). Based on
previous reports and on XRD results, these cycles were sufficient to
ensure that the “break-in” occurs. During this period, anions initially
intercalated in the interlayer space during electrodeposition are
expelled, and the initial « phase is transformed into the § phase.
This “break-in” process generated a pH value of 10-11 at the
beginning of the cycle.

According to the pH variations determined, the potential window
can be divided in three main regions: (1) in the range from —0.2 V to
0.8 V: progressive decrease of pH; (2) Scan throughout the anodic
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Figure 2. (a) Cyclic voltammetry at 5 mV-s~' and its expanded version in
time (b) with the corresponding in situ measurements of pH and dissolved O,
content variation within a potential range from —0.2 V to 1.1 V vs Pt black in
Na,SO,4 0.05 M.

peak: notorious diminution of pH; (3) Polarizations over 1 V: further
pH decrease with OER.

Regarding the first region, —0.2V to 0.8 V, it was possible to
note a progressive pH decrease from 10 to 7.44, evidencing local
acidification of the electrolyte.

If the cyclic voltammetry signal in the potential range from 0.4 V
to 0.9V is isolated, as shown in Fig. S5 (Supplementary informa-
tion), a quasi-squared response is observed until 0.7 V. The absence
of anodic peaks in this region indicates mainly pseudocapacitive
phenomena. This is a consequence of the neutral aqueous medium
used, Na,SO,, as compared to the commonly used alkali medium,
KOH, which induces the faradaic transition along the entire active
potential window.

If faradaic reactions are absent, the pseudocapacitive response
would result mainly from adsorption phenomena at the interface
with the electrolyte or surface-confined reactions. Indeed, the
progressive pH decrease profile in this potential range probably
accounts for electrolyte diffusion-controlled processes. Surface
positive polarization is neutralized by SO4>~ which attracts posi-
tively charged ions, namely H", thus decreasing pH.

Nonetheless, in this electrode material, faradaic reactions cannot
be completely discarded. Assuming that the faradaic reaction starts
at 0.3V and evolves until the main anodic peak, the progressive
decay in the pH would be associated to an increase of proton
concentration caused by proton de-intercalation, which would be in
accordance to solid-state proton diffusion model. Alternatively, it
could also be caused by hydroxyl injection if a hydroxyl transport

model is considered. This would locally decrease OH™ concentra-
tion, leading to a decrease in pH. However, it would imply
generation of water inside the material that would be expelled, due
to volume constrains imposed by the structural nature of the S-phase.
In any case, the extent of the faradaic reaction would be rather
limited.

In the potential range from 0.8 V to 1.05 V, region 2, the faradaic
reactions occur, as evidenced by the peak in the cyclic voltammo-
gram and in this range, an abrupt decrease of pH from 7.76 to 2.32 is
noticed. Thus, within this potential range a much sharper pH
decrease occurred comparatively to the previous potential range.
This abrupt acidification, occurring simultaneously with a faradaic
process, allows to exclude diffusion-controlled processes in the
electrolyte, which would induce a lower slope in the variation of pH.

The pH drop can be consequence of either hydroxyl intercalation
(in accordance with a hydroxyl transport model, which would locally
reduce its concentration at the interface), or proton transport and
proton release during the charging process (supporting a solid-state
diffusion of protons). However, while the latter is only limited by the
mobility of the protons within the electrode material (solid state
diffusion) and its response would not be limited by diffusion in the
electrolyte, hydroxide intercalation would be dominated by hydroxyl
ions diffusion from the electrolyte to the electrode surface and by the
solid-state hydroxyl mobility in nickel-cobalt hydroxide. Therefore,
the abrupt pH decrease observed indicates that the process is not
hydroxyl diffusion-limited in the electrolyte, but mainly controlled
by the inner transformation of the material. Thus, according to the
experimental evidence, solid-state transport of protons is pin pointed
as the most likely mechanism.

The final step in the anodic scan is the oxygen evolution reaction
(region 3, 1.05V to 1.1 V). Once the oxygen evolution reaction
potential is reached, there was a substantial increase of the DO signal
and an extra decrease of the pH that corresponds to the production of
protons during OER, according to the reaction proposed in Eq. 5:

2H,0 — 4 HY + de + %0, [5]

The variation of O, in solution during the redox reaction was
negligible and its concentration was maintained around 8.5 ppm
(Fig. 2), which is slightly higher than the normal range for dissolved
oxygen in aqueous electrolytes (7-8 ppm). This evidences the
production of oxygen during the charging of the electrode, this is,
a continuous effect of OER along the entire active potential window,
as previously suggested in literature.®*%°

Cathodic scan.—Once the polarization is reversed, four different
regions can be noticed: (4) Oxygen reduction reaction (1.1 V-1.0 V),
with the consequent increase in pH and decrease in dissolved
oxygen; (5) progressive pH raise (1.0 V-0.2 V); (6) sharp increase
of pH, coincident with the cathodic peak (0.2 V to 0.0 V) and (7) pH
stabilization around values of 10 after the reaction from 0.0V to
—-0.2V.

In the potential range from 1.0V to 0.20V, re?ion 5, pH
increased almost linearly from 2.9 to 5.4 at 5mV-s~ . No peaks
were detected in the voltammetric profile for this potential range and
a diffusion-controlled regime (progressive increase) in the pH
response was observed. Again, there are two possible explanations.
On the one hand, considering a pseudocapacitive response based on
adsorption/desorption of species, an equilibration between the
interface and bulk electrolyte would be expected progressively
raising the pH. On the other hand, it is possible that the reaction
begins at this potential and intercalation of protons inside the active
material would occur. Again, this process is controlled by both
diffusion in the electrolyte and solid-state proton transport and is
probably caused by the neutral nature of the electrolyte. Nonetheless,
given the fact that local pH at the beginning of this process was acid,
if de-intercalation of hydroxyl ions were considered, a more drastic
change in pH would be expected and it is, therefore, unfeasible. For
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that reason, only a solid-state diffusion of protons is proposed as
discharge mechanism for nickel-cobalt hydroxide.

Finally, during the cathodic peak (region 6), there was an abrupt
increase of pH to 9.0. The 3-unit pH variation indicates a reaction-
controlled mechanism that likely occurs in the same manner as
during anodic polarization. Protons, which are provided by the
solvent, intercalate and proceed to a solid-state proton transport to
neutralize the change in oxidation state of nickel ions. Solvent can be
assumed to be easily accessible by the surface of the active material,
being de-protonated to generate OH™ and is not considered as a
diffusion-limiting factor.

PNa results.—pNa results, shown in Fig. 3, evidence sodium ions
mobility during the reaction and indicate that they mainly play the
role of maintaining surface electroneutrality with limited contribu-
tion, as expected for 3 nickel-cobalt hydroxide. Alkali ions are not
likely to be inserted/de-intercalated during charge-discharge.
However, they may accumulate at the interface during charge.
After “break-in,” pNa levels were raised to 1.5. Based on pNa
variations (pNa ~ —log[Na']), the potential window during anodic
polarization can be divided in four regions: (1) Potential range from
—0.2V to 0.0 V: decreasing pNa from 1.5 to 1.25. This initial
decrease can be assigned to stabilization after previous cycles, as a
significant variation is caused prior to change of polarization (as seen
in the 0.0V to —0.2 V range during cathodic scan). (2) Potential
range from 0.0V to 0.8 V with a stable pNa around 1.2, where
sodium ions are apparently not involved. (3) Scan throughout the
anodic peak with a large diminution of pNa from 1.25 to 0.5. (4)
Increase of pNa during OER.

Once the anodic peak starts, there is an accumulation of sodium
ions at the vicinity of the interface, with a decrease in pNa until 0.5.
Given the solid-state structural limitations, sodium ions may be
intercalated in the interslab of G (IIT) phases as shown by Delmas et
al.®® Nonetheless, this phenomenon is not fully understood yet and
further investigations are required to better discriminate it. Other
possible explanations are that sodium ions may accumulate to either
maintain surface electroneutrality, as a result of sulphate migration,
as a consequence of the change in conductivity of the active material
in its transformation from (Ni-Co)OOH to Ni—-Co(OH), or, finally to
account for electrolyte fluxes or surface polarization.

During the oxygen evolution reaction, there was an increase of
pNa, which can be associated to a decrease in the concentration of
sodium ions. This has been previously explained by Lamaka et al.*8
as a consequence of excess of positive charge due to the proton
production that generates a localized repulsion of sodium ions
resulting in Na™ depletion.

Once the polarization is reversed, there is a constant pNa value
during the re-stabilization after OER in the potential range from
1.1 Vto 1.0V, followed by a sharp change of pNa to ~1.75 in the
1.0 V to 0.8 V potential range and posterior stabilization to 1.5 in the
1V to 0.2V range. At this point, accumulated sodium ions at the
interface caused by the anodic peak re-stablish their bulk levels,
resulting in the drastic increase of pNa. It is observed that, in this
case, pNa is slightly higher than during anodic polarization, which
may be associated to different surface neutralization phenomena. An
analogous interpretation to the anodic peak can be assumed for the
increase in pNa during the cathodic peak. Once the reaction is
finished, after complete transformation to Ni(OH),, there is no need
for further charge compensation and pNa returns to bulk levels.

In conclusion, the application of localized potentiometry enables
the measurement of pH, dissolved oxygen and pNa at the electrode-
electrolyte interface for nickel-cobalt hydroxides films used as
charge storage electrodes. pH evolution suggests two main stages
during the oxidation reaction, dominated by different processes. The
first one is characterized by a steady decrease of pH that may
correspond to ion adsorption processes, in which electrolyte diffu-
sion plays the most important role, considering its neutral nature.
This stage is followed by a drastic decrease of pH during the anodic
peak, related to a solid-state transport of protons as charge
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Figure 3. Cyclic voltammetry at 5mV-s~' expanded in time with the
corresponding measurement of pNa measured in situ within a potential range
from —0.2 V to 1.1 V vs Pt black in Na,SO, 0.05 M.

mechanism, as opposed to hydroxyl intercalation, which was also
considered. The effect of OER as a parasitic reaction has been
confirmed along the entire charge-discharge mechanism and clear
oxygen evolution has been observed at overcharging potentials.
Nonetheless, further studies shall be performed to establish the effect
of OER in the self-discharge of the material. The entire process is
exemplified in Fig. 4.

As Mousty et al. indicated,'” the understanding of the ion motion
in the electron transport mechanism and surface reaction is very
challenging. Conventional electrochemical techniques, even when
coupled with in situ characterization techniques, are not always
sufficient. The use of localized electrochemical techniques has
enabled to obtain more information on the charge-discharge reac-
tion, which has been intensively discussed for many years. These
techniques are applied, for the first time, to understand the energy
storage mechanism in nickel-cobalt hydroxides and may be extre-
mely useful, in combination with other tools, to elucidate materials’
reactivity, oxidation mechanism of LDH materials and other energy
storage materials, especially those involving intercalation phe-
nomena. The participation of alkali ions in surface charge neutra-
lization and the appearance of OER close to anodic peak potential
have been confirmed. Nonetheless, further studies regarding the
oxidation and cycling behavior, the role of cobalt in the nickel-
hydroxide structure, the effect of the solvent and the self-discharge
of the material shall be done by means of these techniques to achieve
a more complete understanding of the oxidation-reduction reactions
of nickel-cobalt hydroxide as charge storage materials.

Conclusions

For the first time, in situ localized measurements employing
potentiometric (SIET) pH and pNa microelectrodes and dissolved
oxygen fiber-optic microsensor were performed, at the micro-
resolved scale, at the vicinity of the electrode-electrolyte interface.
Such measurements allowed for direct in situ monitoring of
concentrations of particular species involved in charge storage
mechanism of nickel-cobalt hydroxide. Correlation of the results
of localized electrochemical and O, microoptode measurements (i.e.
pH, pNa and dissolved O,) and cyclic voltammetry provided
relevant information concerning the charge-discharge reaction me-
chanism. Results reinforce the solid-state proton diffusion model and
confirms the effect of oxygen evolution reaction as parasitic
reaction. Consequently, this works exemplifies, for the first time,
how spatially-resolved electrochemical techniques employing sensi-
tive microprobes, help to better understand the charge storage
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Figure 4. Schematic representation of the processes occurring during oxidation of Ni,Co;_,(OH), in Na,SO,4 0.05 M.

mechanisms, revealing novel information on the chemical and
electrochemical processes at electrode-electrolyte interface.
Undoubtedly, these localized techniques may be extended into
studying the charge storage mechanism of other materials, poten-
tially bringing key insights to develop new electrodes for electro-
chemical energy storage.
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