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A detailed study aimed at clarifying the electrochemical behavior of Co/Al-LDH thin films, prepared on
Pt electrode by electrodeposition at —0.9V, has been carried out. Reproducible thin and homogeneous
films with variable amounts of LDH coated on the electrode surface have been achieved by varying
the electrodeposition time (t=5, 10,30 and 60s): 29.2 +£0.7,37.9+1.4,55.1 + 2.1 and 62.5+ 4.3 pgcm~2,
respectively. X-ray diffraction, spectroscopic techniques and the electrochemical quartz crystal microbal-
ance analysis have been used to give an insight into the phase changes occurring when the as-prepared
Co/AI-LDH thin films were oxidized and reduced by cycling the potential between 0 and 0.6 V/SCE in
0.1 M KOH. Our experiments demonstrate that the irreversible oxidation peak observed in the first cycle
corresponds to the transformation of the Co(II)/AlI-LDH phase in a y-Co(III)OOH like phase. This result-
ing phase is stable under cycling and shows a pseudo-capacitive behavior with an estimated specific
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capacitance of 500Fg~1.
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1. Introduction

Layered double hydroxides (LDH) or hydrotalcite-like com-
pounds (HTIc) are lamellar compounds with the chemical formula
[Ma(ll)1,XMb(llI)x(OH)z]""(AQ/;) x mH;0, shortly named M,/M-A,
where M,(Il) and My(III) are metal cations, A"~ is an anion. Pure
LDH phases with M, equal cobalt can be obtained with x rang-
ing between 0.22 and 0.50 [1,2]. Due to their anion exchange and
intercalation properties and their wide range of metal composi-
tions, LDH have found many applications in different fields, such
as precursors for coatings and catalysts [3,4], hosts for photoac-
tivation and photocatalysis [5] and anion exchangers [6]. More
recently, these materials have been also applied with increasing
interest to the electrochemical field, in energy storage devices [7,8],
as electrode coatings for amperometric or potentiometric sensors
[9-11] and as biosensors, being suitable hosts for enzymes [12,13].
In particular, cobalt containing LDH phases have been evaluated
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as amperometric sensors to detect sugars [14]. Recently, an elec-
trochromic device, based on an ITO electrode coated with a thin
film of electrodeposited Co/Al-LDH, has been successfully devel-
oped [15]. Furthermore, Co based LDH modified electrodes, as thin
films or as pressed electrodes, have been used as supercapacitors,
energy storage devices that possess high energy densities and long
cycle lifetimes [16-23].

Note that Co containing LDH phases can be easily prepared by
coprecipitation involving the mixing of a metal salt solution and
an alkaline solution [24]. However with the aim of tuning struc-
tural and morphological properties of LDH, alternative synthetic
methods have been described. Uniform and large-sized platelets
of well-crystallized Co/Al-LDH have been synthesized by homoge-
nous precipitation method based on the slow hydrolysis of urea
[25]. Recently, O’Hare et al. [26] reported that the combination
of homogenous precipitation and reverse microemulsion method
permits to prepare Co/Al-LDH nanoplatelets with controlled parti-
cle sizes. Co based LDH gels are also accessible either by a sol-gel
process involving hydrolysis and condensation of alkoxides precur-
sors in alcohol [27,28] or by acetate precursors hydrolysis in polyol
medium [29].

Moreover, to prepare LDH thin films, a promising procedure
optimized in the last few years by Scavetta et al. [30,31] consists
of a one-step electrodeposition of Ni/Al or Co/Al-LDHs allowing
simultaneously LDH synthesis and modification of the electrode’s
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surface. This method is based on electrochemical generation of
hydroxide anions by cathodic reduction of nitrate ions. Advantages
of the proposed method are the short time needed to carry out
the deposition and the possibility of modulating the electrolytic
bath composition and the electrosynthesis time to tune the film
thickness and the Ni/Al or Co/Al ratios [30,31]. However the elec-
trodeposited materials display a poor crystallinity and are difficult
to characterize due to the small amount of solid deposited on the
electrode surface (few micrograms).

It is interesting to underline that Co/AI-LDH films display a dif-
ferent electrochemical behavior than Ni/Al-LDH thin films obtained
using a similar synthetic process [31]. Firstly, cyclic voltammetry
and spectroelectrochemistry revealed an irreversible phase transi-
tion occurring during the first anodic cycling of the coated electrode
in an alkaline solution. Secondly, the stable film as-obtained is
characterized by two distinct couple of peaks. Since a detailed
knowledge of the active material is the starting point of all appli-
cation, the present work is aimed to provide a further insight into
the Co/AI-LDH behavior under redox process using structural and
spectroscopic techniques, such as powder X-ray diffraction (PXRD),
Infrared (FTIR) and Raman spectroscopies, with particular atten-
tion to structural changes. In addition, the electrochemical quartz
crystal microbalance (EQCM) was employed to deeper study the
amount of LDH deposited on the Pt electrode for the different pulse
lengths and the changes of mass taking place during the electro-
chemical oxidation process.

2. Experimental
2.1. Chemicals

All chemicals (Fluka) were of reagent grade purity and used
as received. All solutions were prepared with doubly distilled
water from a glass distillation apparatus. The Co/AlI-NO3; LDH was
electrosynthesized from freshly prepared solutions of cobalt and
aluminum nitrates.

2.2. Apparatus

All the electrochemical experiments were carried out in a single
compartment, three-electrode cell. Electrode potentials were mea-
sured with respect to an aqueous saturated calomel electrode (SCE).
A Pt wire was used as the counter electrode. The CV curves were
recorded using a CHInstruments Mod. 660C, controlled by a per-
sonal computer via CHInstruments software. An Autolab PGSTAT20
(Ecochemie, Utrecht, The Netherlands) potentiostat/galvanostat
interfaced with a personal computer was used in the EQCM exper-
iments which were performed with a MAXTEK PM-710 device.

The PXRD patterns of the powder samples and thin films were
recorded using a Philips X'Pert Pro diffractometer with a Cu Ka
radiation (A =0.15415 nm) in the 2-70° 26 range, in steps 0of 0.0334°
with a counting time per step of 650 s. Raman spectroscopy mea-
surements were performed using a Jobin Yvon Horiba T64000
equipped with a liquid N, cooled CCD detector. An Ar laser line
at 515.5 nm was used as excitation source with a power of 20 mW.
Attenuated Total Reflectance-FTIR spectra were recorded on a Nico-
let 5700 (Thermo Electron Corporation) spectrometer.

The chemical composition of LDH films were investigated by
SEM/EDS analysis, using an EVO 50 Series Instrument (LEO ZEISS)
equipped with an INCA Energy 350 EDS microanalysis system and
INCA SmartMap for imaging the spatial variation of the elements
in a sample (Oxford Instruments Analytical). The accelerating volt-
age was 25kV or 10kV, the beam current 1.5nA and the spectra
collection time 100s. FEG-SEM images were acquired with a Zeiss
Supra 55 FEG-VP operating at 3 keV. Atomic Force Microscopy

(AFM) experiments were performed with AFM, Scanning Probe
Microscope Vista 100, Burleigh Instruments Inc., equipped with a
long-range 100 A tip, operating in contact mode with a 10nN con-
stant force. Thermogravimetric (TG) analyses were carried out in
a TGA 2050 instrument from TA instruments in flowing air, at a
heating rate of 10°C min~! from 30 to 1000°C.

2.3. Preparation of modified electrodes

Pt electrodes were polished to a mirror-like surface with an
aqueous alumina (Logitech) slurry of three different granulome-
tries (1, 0.3 and 0.05 wm) on a wet polishing cloth, rinsed with
distilled water and then sonically cleaned in a 1:1 ethanol/water
mixture, for 10 min, to remove any trace of alumina. The bare elec-
trode was dried at room temperature after rinsing with carbon
dioxide-free water. The films of Co/AlI-NO3 LDH were deposited
on the electrode surface by cathodic reduction of a 0.03 M metal
cation solution containing Co(NO3), and AI(NO3)3 with a Co/Al
molar ratio 3/1 and 0.3 M KNOs. The electrochemical reaction was
carried out in a single compartment three-electrode cell, by apply-
ing a potential of —0.9V vs SCE for a deposition time (t) of 5, 10,
30 or 60s [31]. After electrodeposition, the films were rinsed gen-
tly with doubly distilled water, dried in a dessiccator over silica
gel and then promptly submitted to the various characterization
analyses. For the EQCM tests the electrosynthesis was carried out
on 5MHz-AT cut quartz crystal coated with sputtered Pt (surface
area 1.37 cm?). Solid state characterizations (PXRD and spectro-
scopic analysis) were performed either on a platinum plate of 1 cm?
or on powders collected from Pt substrate after electrodeposition
repeated 10 times for an electrolysis time of 60 s.

3. Results
3.1. Deposition of Co/Al-LDH films by electrosynthesis

Co/Al-LDH was deposited at a Pt electrode surface
by cathodic reduction of aqueous solution of nitrates
(NO3~ +Hy0+2e~ - NO,~+20H~) at -09V/SCE. The elec-
trochemical deposition was carried out for different deposition
times (5<t<60s) and the electrodeposition process has been
monitored by EQCM. Fig. 1 reports the plot of the current and the
related change of mass recorded during a potential step of 60s. In
the first stages of the pulse application, there is a rapid increase
of mass at the electrode (50% of the mass is overtaken after 5s)
followed by an almost linear but slower increase in mass. The
shape of this curve is consistent with the mechanism previously
postulated for LDH precipitation by electrosynthesis [30]: as long
as the cathodic potential is applied, the pH necessary for the LDH
precipitation can be reached and the coprecipitation of the Co/Al-
LDH starts very rapidly. Indeed, curve c in Fig. 1 clearly shows the
linear relation between the mass increase and the cathodic charge
with a slope of 1mgC~'. When the mass density becomes higher
than 35 ugcm~2, the electrodeposition efficiency is decreased,
probably due to diffusional constraints of the reactive species
(NO3~, OH—, Co?*, AI3*) throughout the Co/Al-LDH coating. This
electrodeposition process has been repeated five times for each
deposition time, with the aim of investigating the repeatability. The
amounts of deposited LDH were 29.2+0.7, 37.9+ 1.4, 55.1+2.1
and 62.5+4.3 pgcm—2 for 5, 10, 30 and 60s deposition times,
respectively. The repeatability of the LDH deposition increases
as the deposition time decreases since the LDH coating is much
thinner and more homogeneously distributed on the electrode
surface.

The as-prepared Co/AI-LDH thin film (t=60s) was character-
ized by FEG-SEM and AFM analyses to gain information on its
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Fig. 1. Variation of current (curve a) and mass (curve b) recorded by the EQCM during the Co/Al-LDH electrodeposition. Variation of mass as a function of the cathodic charge

(curve ¢) (Ezpp1=—0.9V; t=605).

morphology (Fig. 2). The film thickness was estimated by AFM at
300+ 14nm [31]. The FEG-SEM and AFM images reveal a dense
and homogeneous film characterized by a relatively rough surface
due to the presence of pseudo-sperical particles whose dimensions
range from 100 nm to about 300 nm (Fig. 2, inset). As previously
observed for Ni/AI-LDH thin film electrodeposition, ill-defined LDH
particles with a random orientation are produced during the in situ
electrodeposition at the surface of the electrode. No preferential
orientation of the LDH platelets can be distinguished here, in con-
trast to the perpendicular or parallel orientation of LDH platelets

P ———

o
L

observed in the case of thin LDH films prepared by in situ growth
using urea or ammonia as precipitant agent [22].

EDS analysis was also performed on the same film to study
the elemental composition of the deposited material. In particu-
lar the Co/Al ratio, a key parameter in LDH-like materials which
determines many of their physico-chemical properties, has been
investigated. Furthermore, the potassium content in the films has
also been determined since a previous work demonstrated it was
present in abundance, and homogeneously distributed on LDH-
modified electrodes after electrosynthesis [32]. The analysis was

o -

nm

Fig. 2. FEG-SEM images of the Co/AI-LDH films deposited on the Pt electrode for 60s (a) before and (b) after potential scan (in inset high magnification FEG-SEM images)
and (c) AFM image of the as-prepared film before (or after) potential scan.



E. Scavetta et al. / Journal of Power Sources 201 (2012) 360-367

363

Table 1
EDS analysis of Co/Al-LDH.
Accelerating Cobalt Aluminum Potassium Platinum Co/Al atomic K/Co atomic
voltage (kV) atomic (%) atomic (%) atomic (%) atomic (%) ratio ratio
10 10.8 42 5.1 7.6 25 0.5
25 5.0 2.0 48 9.7 25 1.0
performed at two different accelerating voltages (25 kV and 10kV) Table 2
in order to have a different penetration width and therefore to gain XRD data of Co/Al-LDH and y-Co;,AlyOOH phases.
some information on the film composition along the perpendicular Distance values (A)
direction to the surface. From the EDS data (Table 1) we can argue
that the Co/AI-LDH material grown on the Pt electrode surface has 003 006 012 110
always the same composition (Co/Al ratio =2.5) in agreement with Co/Al-LDH 821 4.10 262 1.53
the hypothesis that the LDH precipitation proceeds in a single step Coéﬁl‘L%"‘gSH 675.23 g'ig 3'2? }Zg
. . . .. . . Y- 1—xAly . E K .
yv1thout the preliminary prec1p1'tat10n of the alumlnu'm hydrox- y-CoOOH (ceramic route [38]) 6.79 3.40 243 1.41
ide phase. Consequently local high OH~ supersaturation and pH ~-CoOOH (soft process [39]) 6.70 3.40 2.40 1.40

value must arise at the surface of the Pt electrode forcing Co(Il) and
AI(III) to precipitate together. Potassium is always present in a high
amount and the EDS data show that it is not just adsorbed on the
surface of the LDH but even more conspicuous amount of potassium
is contained in the inner layers. To further corroborate this state-
ment EDS analysis was again performed after washing several times
the electrode with double distilled water. Yet, the percentages of
the different elements were unchanged. This could be explained
hypothesising that some K* ions are adsorbed and trapped on the
electrode surface during the cathodic polarisation.

PXRD analysis was performed in order to identify the structure
of the various electrodeposited thin films. PXRD patterns (Fig. 3A,
curve a), after baseline correction, is typical of a Co/Al-LDH struc-
ture with a low crystallinity as mentioned in our previous works
for electrodeposited LDH thin films [30,31,33]. All reflections can
be indexed as those typical of a hydrotalcite-like structure (JCPDS:
38-0487). In particular, the reflections at 8.29,4.11,2.66 and 1.53 A
correspond to diffraction by the 003, 006,012 and 110 basal planes,
respectively, and are compatible with a nitrate containing LDH
structure (Table 2). Note that additional diffraction lines (23.60,
29.45,33.66,41.19, and 46.30 A) are also observed on the PXRD pat-
tern which can be assigned, respectively to the 111, 012, 130, 220,
and 113 diffracting planes of orthorhombic KNOs. The presence
of crystallized KNOj3 into the electrodeposited films, in agreement
with the results obtained by EDS, indicates that KNOs is trapped in
the pores of the films and crystallized under drying.

FTIR and Raman spectra of the film (Fig. 4A, curve a and B, curve
a) confirm the formation of the Co/Al-NO3 LDH phase. The broad
and intense bands in the 3200-3700 cm~! region (data not shown)

is due to the vg_y stretching vibrations of the layer hydroxides
and intercalated water molecules. The band at 1626 cm~1, corre-
sponding to the H,0 bending mode (dyon), is sufficiently intense
to account for a highly hydrated film. The sharp bands at 1380 cm™!
and 826 cm~! on the FTIR spectrumand at 1052cm~! and 716 cm™!
on the Raman spectrum are ascribable, respectively to the stretch-
ing and the bending mode of the nitrate anions arising from both
intercalated LDH anions and KNO3 phase. Below 1000cm~!, the
bands corresponding to the stretching modes of the brucite-like
layers are present. As previously described in the literature [34],
the bands attributed to translational modes of Al-OH and Co-OH
and the band ascribed to M-O-M bonds are recorded, respectively
between 810-500 cm~! and 427 cm~! on the FTIR spectra. The low
frequency region of the Raman spectra accounts for the analogous
molecular vibrations. The Raman spectrum is very similar to that
we reported previously for electrodeposited Ni/Al-NO3 LDH films
[33]. Substitution of Ni2* by Co?* in the brucite-like layers shifts the
v(M2* Al-0) vibration bands to lower energy values.

The amount of adsorbed and intercalated water molecules
determined by thermal analysis from the weight loss occurring at
100°C, corresponds to 0.6H,0 molecules per total metal (Co +Al).
Then, on the basis of the PXRD, FTIR and Raman spectroscopies and
on quantitative analysis from EDS, we can assume the following
chemical formula: Cog71Alg29(OH)3(NO3)p29-0.6H,0. An amount
of KNO3 comprised between 0.36 and 0.71 per LDH formula unit is
also present in the film.

A *KNO3 B 003
006
3 b) | 3
e o
E Irom ! \mw*’*"w = b)
‘B * =
= °°Gl\W* }\ " 110 -
& l H a) v a)
1“‘ 9 L“"WW A '\"v...”
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20 (°) (CuKa)
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Fig. 3. (A) PXRD patterns of Co/Al-LDH powder obtained (a) after 10 different electrodepositions for 60s, (b) after the first voltammetric cycle. (B) X-ray diffraction of
Co/AI-LDH powder obtained (a) after 10 different electrodepositions for 60 s and (b) exchanged by carbonate in 0.1 M KOH.
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Fig. 4. (A) FTIR and (B) Raman spectra of Co/Al-LDH powder obtained (a) after 10 different electrodepositions for 60 s and (b) after the first voltammetric cycle.

3.2. Electrochemical behavior of electrodeposited Co/Al-LDH in
basic solution

Co/Al-LDH is an electroactive material which can be character-
ized by cyclic voltammetry (CV) in basic medium (0.1 M KOH). In
order to give a further insight on the phase modification occur-
ring during the oxidation process, mass changes were recorded by
EQCM coupled with CV experiments and the resulting oxidized film
was characterized by PXRD, FTIR and Raman spectroscopies.

Firstly, we investigated the effect of the strong basic KOH work-
ing solution on the chemical stability of the Co/AI-LDH coated
electrode (t=60s). To correctly estimate this effect by EQCM, and
in particular in order to consider even the early dipping times,
the electrode was dipped in a doubly distilled water solution and,
once the recorded frequency had reached a stable value, an addi-
tion of concentrated KOH solution was made to obtain a final KOH
concentration of 0.1 M. As soon as KOH is added into the solu-
tion, a sudden decrease of the mass is observed (12 g), then the
frequency becomes stable and it does not change for more than
1000s (Fig. 5). Such a variation of mass can be ascribed, in one
hand, to the complete substitution of nitrate anions with carbonate.
Indeed assuming the hypothetical formula calculated above and the
amount of Co/Al-LDH deposited on the electrode (85 .g), the varia-
tion of mass calculated for a total exchange of 2 x 107 mol of NO3~
by 1 x 107 mol of CO3%~ should be 7 pg. In another hand, some
leaching of KNO3 salt from the LDH thin film into KOH electrolyte

84 -
82 - e ——= KOH addition
80 +
78 -
76

74 4

mass/ug

72 4
70+

68 -

6 6 T /Id’

50 250
time/s

T 1
300 350
Fig. 5. Plot of the mass recorded as a function of time for a Co/Al-LDH coated

electrode (t=60s) in a water solution after 1M KOH addition, the final KOH con-
centration being 0.1 M.

solution and change in hydration state should also be considered
(vide infra).

The complete replacement of nitrate by carbonate anions inside
the LDH structure was further confirmed by PXRD (Fig. 3B).
Indeed, after dipping the electrode in KOH solution, PXRD pat-
tern reveals an increase of the crystallinity of the material with
sharper peaks, especially the h k! diffractions peak characterizing
the layer (Table 2). In addition, the basal spacing determined from

the dyo3 and dpgg distances shifts from 8.21 A typical of a LDH

containing nitrate, to 7.69 A which is typical of a carbonate contain-
ing LDH structure. Such modification of the LDH interlayer anion
is explained by the stronger affinity of LDH matrix for carbonate
anions than for nitrate anions. Moreover, presence of carbonate
anion from atmospheric CO, dissolution, is due to the strong basic
medium used.

Secondly, to evaluate the electrochemical behavior of Co/Al-
LDH in 0.1 M KOH solution, EQCM experiments coupled with cyclic
voltammetry were recorded in the potential range 0-0.6V vs SCE
using a thinner film, in order to improve the sensitivity of the mea-
surement. The experiment depicted in Fig. 6 has been performed
with an electrode coated with 38 g of LDH (t=5s) corresponding
t0 3.7 x 10~7 mol.

The first scan (Fig. 6A) is dominated by an anodic irreversible
peak (A) at 0.26 V which could be ascribed to the oxidation of the
Co(II) cations to Co(Ill); the number of oxidized Co moles calcu-
lated from the integration of the oxidation peak at low scan rate
(0.01Vs~1) was 1.95 x 10~7. According to the formula proposed
for the electrodeposited LDH film containing KNOs3, almost 80% of
the Co(II) cations are concerned, indicating a quasi-complete oxi-
dation of the LDH phase. This shows the quite high electrochemical
accessibility of the Co cations within the LDH layer. Moreover in the
first scan, we observe a broad peak of small intensity at a potential
of 0.40V (peak B) which can be ascribed to the further oxidation
of a small part of the generated Co(Ill) species to Co(IV). Due to
the highly capacitive shape of the CV response in this potential
region, it is not easy to correctly consider the faradic contribu-
tion and therefore to accurately calculate the number of Co cations
involved in this second electron transfer process. One can estimate
that 4.2 x 10~ mol are involved, which corresponds to only 2% of
the Co(Ill) generated in the previous process. The reverse scan is
characterized by two peaks of small intensity, the first at 0.40 V (B")
and the second at 0.15 V (C) which correspond to the reverse reduc-
tion Co(IV) — Co(III) and Co(III) — Co(II), respectively [16-18].

As to the plot of the mass is concerned, simultaneously to the
oxidation at 0.26V (peak A), the mass irreversibly decreased by
2.2 g. The plot of the mass versus the anodic charge resulted
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Fig. 6. Mass changes during potential scans for Co/Al-LDH coated electrode in 0.1 M
KOH (A) first scan, (B) second scan. Potential scan rate: 0.01Vs~!.

linear in the potential range 0.15-0.29 V with a slope of 11 gmol~!
being the apparent mass per mole of electrons. Similarly, Roto et al.
observed the same highly irreversible decrease in the mass during
oxidation of a Ni/AI-LDH coated electrode at high pH and explained
it by the instability of the Ni/Al-LDH phase and a partial trans-
formation of the LDH phase into a 3-Ni(OH), [35]. After this first
irreversible mass drop, unlike Ni/Al-LDH coated electrodes the fol-
lowing scans are characterized by very small and reversible mass
changes (Fig. 6B).

To get better insight on the structural modification of the Co/Al-
LDH phase occurring under the potential scan the new generated
phase has been characterized by PXRD and spectroscopic tech-
niques. The structural characterization has been made on the
material after one complete scan with a final potential at 0.0V
where it appears to be stable. It should be underlined that tests have
been made to evaluate the stability of the oxidized material by mea-
suring the open circuit potential (o.c.p.) of the modified electrode
just at the end of the anodic scan (E=0.60V). However under such
conditions, the material seems to be not stable, tending its o.c.p. to
decrease.

The diffractogram of the thin film after one voltammetric scan is
shown in Fig. 3A (curve b). Compared to the starting LDH structure,
the XRD pattern of the phase obtained after potential scan reveals
a deep modification. Despite the poor crystallinity of the phase,
it is clearly observed that all the diffraction lines that is the basal
and higher order 001 reflections and the non basal h k! reflection
are shifted at higher 20 values (Table 2). The 00 3 diffraction line

characteristic of the interlayer distance shifts from 7.68 A for the
Co/Al-CO5 phase formed in basic medium to 6.89 A for the oxidized

phase whereas the 110 reflection evolves from 1.53A to 1.43A.
Such adisplacement of the diffraction lines cannot be explained by a
partial oxidation of the Co(Il) into the layer leading to a Co!lCol' Al
LDH phase associated with an anion intercalation to balance the
charge in excess produces by the oxidation process. Indeed, LDH
phases containing intralayer cobalt cations in two different oxida-
tion states have previously been reported in the literature [36,37].
Yet, the partial modification of the Co oxidation state induces only
a slight modification of the a lattice parameter, which is system-

atically described in the range of 1.53+0.1 A, in good agreement
with a maintain of the brucite-like structure. In the present work,
the XRD pattern modifications and particularly the shift of the 110
reflection clearly evidence that the first irreversible oxidation pro-
cess of Co/Al-LDH precursor phase (peak A in CV), leads to the
formation a new layered Co/Al-based phase which appears compa-
rable to the y-CoOOH-like phase reported in the literature [38,39].
This is in good agreement with the voltammetric characterization
and in particular with the postulated almost complete oxidation of
all the Co(II) cations. It is this new phase which is involved in the
subsequent electrochemical processes (peaks B, B’ and C).

In Table 2, the distance values between reflection planes
obtained from PXRD data are reported for the Co/Al-LDH precursor
phases (NO3~ and CO32~) and the oxidized phase. For comparison,
are also presented distances corresponding to a y-CoOOH phase
obtained either by ceramic route involving oxidizing hydrolysis of
MxCo0, (M=Na, K) precursor [38] or by soft chemistry processes
[39] based on the oxidation reaction of a-Co(OH),. This modifi-
cation of Co based LDH phase confirms that precursors already
presenting a large interlayer domain are necessary to access to
v-CoOOH phase (also written as HCoO;) as suggested by Bardé
et al. [39]. Under electrochemical oxidation, the Co/Al-LDH phase
obviously transforms in a y-CoOOH analogous phase containing
aluminum cations: y-Co;_,AlyOOH. Considering that Co/Al molar
ratio was measured to be 2.5, the phase could display the approxi-
mative chemical composition: y-Cog.714Alp 286 OOH. The stability of
this in situ formed y-Co;_»AlxOOH has been proved by submitting
the coated electrode to reduction at —0.1 V for over than 1000 s. The
obtained diffractogram (data not shown) did not differ from that of
the oxidized material, confirming the irreversibility of the oxida-
tion process. It is noteworthy that the presence of aluminum into
the LDH layers does not hamper the complete oxidation of cobalt(II)
cation and the modification of the structure which seems to occur
as previously described from a-Co(OH), precursor by ozonation or
in presence of NaClO [39].

EDS analysis performed on the film after the first voltammetric
scan reveals no significant modification in the elemental composi-
tion of the material. In particular Co/Al atomic ratio is unchanged
whereas K/Co ratio decreases to 0.5, indicating that K* amount is
decreased with respect to the fresh film. Presence of potassium in
the oxidized film may arise from a partial exchange of proton by K*
leading to a formula derived form that proposed by Butel et al. [38]
for y-HxCo0y, i.e. y-HyK;Coq_xAlxO>.

The phase transformation is further confirmed by FTIR and
Raman spectroscopy analysis (Fig. 4A and B, curves b). In one hand,
both FTIR and Raman spectra recorded on the sample after the
first cyclic voltammetry indicate the quasi-complete disappear-
ance of the vibration bands of NO3~ anions, confirming both the
de-intercalation of this anion from the layered structure in KOH
solution and the efficient dissolution of KNO3. At low wavelength
values, a prominent change is also observed. The broad vmomn)
stretching band typical of the hydroxylated brucite-like phase van-
ishes and the O-M-0 LDH vibration bands are replaced by a strong
doublet at 568 and 611 cm~! on the FTIR spectrum. Vibration bands
around 600cm~! corresponds to pure M(III)Og octahedral lattice
modes.
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This band appears splitted, which could be indicative of the
presence of both CoOg and AlOg polyedra. Even the absorption at
3400cm™1, related to OH~ stretching appears splitted, supporting
the evidence that two OH~ surroundings exist, namely Co(Ill)-OH
and AI(IIT)-OH.

In another hand, vibration bands of the oxidized film observed
on Raman spectra pointed at 471, 509, 608, and 673cm™! corre-
spond to those of Co304 spinel phase according, respectively to
the Eg, Fog and Az modes of Co304 [40] while we were expecting
vibration bands of y-CoOOH reported to occur at 503 and 635 cm!
[41]. As Raman spectra were recorded under a 10 mW laser power
in order to get more intense signals, a thermal decomposition
of the y-Coq_xAlyO(OH) thin film in the Co304 phase probably
occurred. Such laser power effect on the y-CoO(OH)/Co304 trans-
formation was already reported by Pauporté et al. [41]. However,
those results confirm the formation of a mixed Co/Al oxyhydrox-
ide phase. The modifications observed in spectroscopy concerning
both anion removal and the lattice changes are in good agreement
with a structural modification of the layer induced by an increase
of the oxidation state of the cobalt. Similarly, de-intercalation of
chloride anions was also described during the oxidation process of
a-Co(OH); leading to y-CoOOH [39].

In parallel, FEG-SEM image recorder after the first cycle (Fig. 2B)
indicates that the film morphology is not altered by the phase oxi-
dation and the adhesion does not seem modified. Indeed, a good
adhesion of the film is still observed after cycling process.

Then, according to the PXRD analysis, it seems obvi-
ous that the irreversible mass drop observed in the EQCM
experiment corresponds to the transformation of the
COO.714A]0.286(OH)2(CO3 )0‘]430.17 H,0 x KNO3 LDH phase into
a y-Cop.714Alp2860(OH) and is mainly linked to the LDH phase
transformation leading to the removal of the carbonate anions
from the structure. However, because of the presence of KNO3 into
the starting film and the variable amount of alkali anions which
can be present into y-CoOOH like phase, it is quite difficult to
strictly quantify the mass drop.

From the second scan (Fig. 6B), the CV curves evidence two
distinct oxidation and reduction peaks between 0.1 and 0.5V asso-
ciated with a small continuous and reversible mass variation. The
shape of the CV is similar to that previously reported for Co/Al-
LDH thin films by Wang et al. [16-18]. This current response has
a pseudo-capacitive shape which remains unchanged for several
hundreds of cycles. The number of Co moles involved in the two
redox processes, calculated by integration of the peaks, is about
1 x 108 and therefore only 5% of the total Co cations of the starting
Co/Al-LDH phase are now electroactive, thus confirming the lower
electrochemical accessibility of Co cations present in the y-CoOOH
like phase generated in the first scan compared to the precursor
Co/Al-LDH. The two redox processes are in good agreement with
the reaction occurring during the transformation of a y-CoOOH
phase known to contain Co** centers, into a 3-Co(Il)OOH which
can further transform in a 3-Co(OH), [38,39]. The variation of the
hydrous oxide charge capacity (q}), can be evaluated by integration
of the total anodic current, both due to the faradic and capacitive
processes, between 0.1 and 0.5V; it depends on the square root
of the scan rate (v'/2) [8,42]. The total charge (g3), which is pro-
portional to the entire active layer, is obtained from extrapolation
of g* at v— 0 on a plot g*~! vs v%, whereas the outer charge q,.
which is proportional to the outer active surface, is extrapolated
from the gq* vs v=1/2 plot (q* at v— oo) [42]. The corresponding
values are g3 = 1.50 x 107* C and g3, = 1.03 x 107*C, and the dif-
ference g3 — g3, corresponds to the charge within inner phase gj .
The ratio g}, /g7 is 0.3 showing that the contribution of inner sites is
limited. This means that quasi-all the film thickness is involved in
the pseudo-capacitive process. The corresponding specific capaci-
tance can be evaluated from the CV of Fig. 6B, plotting the anodic

current value (I, ), reported to the mass of the thin film (m), divided
by <!- no-mfc ->v=dV/dt(V/s)<!- [no-mfc ->, following the for-
mula <!- no-mfc —>C=2I,dt/m<!- /no-mfc —> dV given in units of
As/(Vg)~Fg~1][8]. The capacitive behavior is dependent from the
applied potential, but a mean value of 500 Fg~! is obtained in all
the investigated potential range. This value is close to that reported
by Wang et al. [18] for Co/Al-LDH nanosheets thin films (667 Fg~1),
thus making the material a good candidate for the development of
supercapacitors devices.

4. Conclusions

Reproducible thin films of Cog714Alggs(OH)2(NO3)g.86-0.6H20
were prepared by electrodeposition. Two phase modifications have
been highlighted during the oxidation process.Inone hand,in0.1 M
KOH electrolyte an anion exchange reaction occurs leading to the
formation of a carbonate intercalated Co/Al-LDH phase. In another
hand, during the first oxidative scan from 0.0 to 0.6 V, an irreversible
oxidation of the as-prepared Co/AI-LDH film occurs with the for-
mation of a stable y-Co;_xAlyOOH phase. Even though only 5% of
the total Co cations of the starting Co/Al-LDH phase remain elec-
troactive after the formation of this new y-CoOOH like phase, cyclic
voltammograms have a pseudo-capacitive shape which remains
unchanged for several hundreds of cycles. The corresponding spe-
cific capacitance is evaluated to 500Fg~!, making the material a
good candidate for the development of supercapacitors devices.
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