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systems, uninterruptible power supplies 
for computers, and electric/hybrid vehi-
cles. Supercapacitors can be divided into 
two types according to the mechanisms 
involved in energy storage: (i) superfi cial, 
electrochemical double-layer capacitors 
(EDLCs), as illustrated by carbon mate-
rials, [ 1 ]  or (ii) multielectron-transfer fara-
daic reaction, with fast charge discharge 
properties: “pseudo-capacitors” or redox 
capacitors, as exemplifi ed by some metal 
oxides. [ 2,3 ]  

 Materials with large surface areas 
and/or open structures are extensively 
investigated for application as superca-
pacitors. Regarding high performance, 
layered double hydroxide (LDH) phases 
containing electroactive species have 
been reported to exhibit very large pseu-
docapacitive properties. Briefl y, LDH 
materials are intercalation compounds 
represented by the general formula 
[M II  1-a M III  a (OH) 2 ] x+  [(A n− )] a/n,  y H 2 O 
(abbreviated as M 1  II M 2  III -A), where M II  
is a divalent metal cation or a mixture 
of divalent cations and M III  is a trivalent 

metal. A n−  is the interlayer anion compensating the positive 
charge of the metal hydroxide layers. Signifi cantly high perfor-
mances have been obtained for CoNiAl-LDH with capacitances 
as high as 960 F.g −1  [ 4 ]  as well as for Co 2 Al-NO 3  with capaci-
tances of 833 and 466 F.g −1 . [ 5,6 ]  Since LDHs usually suffer 
from a lack of electronic conductivity, composites of graphite 
and CoAl-LDH assembled to yield graphene nanosheets with 
embedded LDH platelets have been prepared to optimize the 
capacitance, and values as high as 711.5 and 772 F.g −1  have 
been reported at a current density of 1 A.g −1 , [ 7,8 ]  as well as 
the use of graphene oxide layers, resulting in a capacitance of 
1031 F.g −1  at 1 A.g −1 . [ 9 ]  

 In the present study, we combine the properties of layered 
materials with the electronic conductivity provided by the asso-
ciation of Co II /Co III  electroactive cations into a LDH hydroxide 
layer. The material was prepared through a topochemical oxi-
dative reaction (TOR), resulting in the partial cobalt cation 
oxidation from an oxidation state of +2 to +3. As previously 
reported, [ 10–13 ]  brucite-like cobalt hydroxide Co(OH) 2  converts 
under air to a Co II Co III -CO 3  LDH phase, but the associated 
electrochemical properties of such a material have never been 
studied, and its local structure has not been uncovered. 
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  1.     Introduction 

 Complementary to lithium or lithium-ion batteries that pro-
vide high specifi c energy, electrochemical capacitors—so-
called “supercapacitors”—have the potential to deliver a high 
power density in a very short time and excellent cyclability, 
thus explaining the renewed interest for such electrochemical 
devices in different domains such as digital telecommunication 
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 The Co III  surface composition, determined using X-ray pho-
toelectron spectroscopy (XPS), may be compared to the bulk 
composition by coupling thermogravimetric analysis (TGA) 
and iodometric titration of the Co III  species along with other 
characterizations described below. All the solids were then fully 
characterized by X-ray diffraction (XRD) and the local structure 
was unravelled using extended X-ray absorption fi ne structure 
(EXAFS), X-ray absorption near-edge structure (XANES), and 
pair distribution function (PDF) analyses. The particle mor-
phology was observed with scanning and transmission electron 
microscopy (SEM and TEM). The electrochemical character-
istics were evaluated by cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) on thin LDH fi lms. 
The capacitive properties were fi nally determined using Galva-
nostatic cycling with potential limitation (GCPL) analysis at dif-
ferent current densities to map the power–energy dependence 
in a Ragone diagram.  

  2.     Results and Discussion 

  2.1.     Chemical and Structural Characterizations of Co II Co III –CO 3  

 Adapting the protocol described by Xu and Zeng [ 13 ]  using air as 
the oxidizing agent (TOR reaction) of Co(NO 3 ) 2  in the precipi-
tation process, a mixed oxidation state cobalt (Co II  and Co III ) 
hydroxide compound was prepared. 

 In  Figure    1  A, the powder X-ray diffraction pattern of a Co II-

 Co III -CO 3  sample obtained by TOR reaction is compared to that 
of a Co 2 Al-CO 3  reference sample, indicating the formation of 
a layered double hydroxide phase with three distinct regions: 
(1) the low angle region (<30° 2 θ ) containing the basal refl ec-
tions (00 l ), which positions depend on the size of the interca-
lated anion; (2) the high angle region (>55° 2 θ ) containing the 
( hk 0) and ( hkl ) refl ections characteristic of the metal hydroxide 
layers; (3) the mid-2 θ  region (30–55° 2 θ ), containing the ( h 0 l ) 
and (0 kl ) refl ections, which positions depend on the polytype.  

 The powder XRD (PXRD) pattern of Co 2 Al-CO 3  is typical of 
a stacking disorder with a very pronounced asymmetric broad-
ening of the ( h 0 l )/(0 kl ) refl ections in the mid-2θ region, also 
called the Warren fall, while the (00 l ) and (110)/(113) refl ections 
are not affected. [ 14 ]  Small crystallite size effects are likely to be 
responsible for the overall broadening of the Bragg refl ections 
in the PXRD patterns of Co II Co III -CO 3 . 

 Owing to the very diffuse mid-2 θ  region of Co 2 Al-CO 3 , the 
cell parameters  a  and  c  were determined from single-peak pro-
fi le analyses of the (00 l ) and (110) refl ections, respectively, using 
a pseudo-Voigt peak shape and assuming the R-3m space group: 
 a  = 2x d  110  = 3.063(2) Å,  c  = 3x d  003  = 22.63(2) Å, and  d  003  = 7.54 Å. 
Furthermore, the size of the coherent domains was estimated 
from the full width at half-maximum (FWHM) of the (00 l ) and 
(110) refl ections, both unaffected by the structural disorder and 
using the Scherrer formula. [ 15 ]  The dimensions thus calculated 
are L 00 l   = 32.5 nm and L 110  = 50.0 nm, respectively, in agree-
ment with the platelet shape of LDH particles, i.e., a thickness 
L 00 l   much lower than the in-plane L 110  dimension. 

 For the Co II Co III -CO 3  sample, the unit cell parameters were 
determined from the Le Bail method (pattern matching):  a  = 
3.0468(9) Å,  c  = 22.66(1) Å. The resulting interlayer distance 

 d  003  = 7.55 Å is identical to that observed for Co 2 Al-CO 3 , thus 
confi rming the presence of carbonate anions [ 16 ]  in the interlayer 
space to compensate the positive charge created by the oxida-
tion of Co II  within the hydroxide layers ( Table    1  ). It is worth 
noting that the implementation of corrections for anisotropic 
size broadening was essential to reach acceptable reliability fac-
tors for the pattern-matching analysis. The modeling of the Lor-
entzian part of the peak broadening with linear combinations 

Adv. Funct. Mater. 2014, 24, 4831–4842

 Figure 1.    A) X-ray powder diffraction data ( λ  = 1.5418 Å) for a) Co 2 Al-
CO 3  and b) Co II Co III -CO 3 . Results of the profi le match the R-3m space 
group: experimental X-ray powder diffraction patterns (dots), calculated 
data (continuous line), Bragg refl ections (ticks), and difference profi le. 
B) FTIR spectra of a) Co 2 Al-CO 3 , and b) Co II Co III -CO 3 .
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of spherical harmonics allowed the calculation of the average 
apparent sizes in the directions corresponding to a given Bragg 
refl ection. [ 17 ]  The values thus obtained along the [110] and [00 l ] 
directions are L 110  = 5.3 nm and L 00 l   = 4.5 nm, respectively. 
Therefore, the dimensions of the coherent domains are ten 
times smaller than for Co 2 Al-CO 3 , in agreement with the lower 
crystallinity of Co II Co III -CO 3 .  

 Fourier-transformed IR (FTIR) spectra (Figure  1 B) con-
fi rm the formation of a hydroxylated structure, similar to that 
of Co 2 Al-CO 3  LDH. Indeed, all the characteristic bands of 
brucite-like metal hydroxide layers are observed: the vibration 
band of the O-H bonds around 3500 cm −1 , an H 2 O vibration 
band at 1600 cm −1 , and M-O/M-OH bands above 1000 cm −1 . 
The carbonate antisymmetric stretching vibration ν 3  appears at 
1344 cm −1 . Well defi ned vibration bands around 400–500 cm −1 , 
characteristic of a well-ordered intralayer arrangement, [ 18 ]  have 
to be correlated with PDF analysis. 

 To determine the bulk composition of Co II Co III -CO 3 , in par-
ticular the Co III /Co tot  molar ratio, the total amount of cobalt 
(Co tot  = Co II  + Co III ) in the sample was determined by TGA anal-
ysis while the Co III  content was obtained by iodometric titration. 
The Co III /Co tot  molar ratio was found to be 0.12 ± 0.02, which 
is surprisingly low; LDH materials obtained by a coprecipitation 
technique generally display M II /M III  ratios ranging between 2 
and 4. To go further in the knowledge of electronic changes at 
the surface of materials, XPS was used as a fi ne probe ( Table    2  ) 
in the case of pristine and electrochemically treated LDH (see 
also Section 2.3.4), to give a highly resolved overview of the 
chemical composition, although investigated over the very fi rst 
layers of the materials (5 nm depth analysis). The fi tting of 
well-defi ned Co 2p 3/2  peaks for the pristine material ( Figure    2  a) 
clearly highlights the coexistence of two oxidation states for 
cobalt, with a Co III  component at 780.0 ± 0.1 eV (with an asso-
ciated satellite structure at 789.8 ± 0.1 eV) and a Co II  compo-
nent at 781.2 ± 0.1 eV (satellite structure at 785.7 ± 0.2 eV). 
These attributions were possible using Co 3 O 4  spinel and Co 2 Al-
CO 3  LDH containing defi ned amount of Co III  as standards. For 
the Co II Co III -CO 3  LDH, the Co III /Co tot  ratio calculated from the 
Co2p spectrum deconvolution was found to be 0.15, a value 
very close to that determined above from iodometric titration, 
although slightly higher. This small difference can be attrib-

uted to the fact that XPS is mainly a surface analysis, while 
iodometric titration concerns the bulk. Hence, the surface 
chemical composition as determined by XPS is Co II  0.85 Co III  

0.15 (OH) 2 (CO 3 ) 0.07 •0.9 H 2 O while the bulk chemical formula 
is Co II  0.88 Co III  0.12 (OH) 2 (CO 3 ) 0.06 •0.9 H 2 O, obtained from I 2  titra-
tion. These results suggest that only 1/7 of the Co II  sites within 
the hydroxide layers are oxidized to Co III  using TOR.   

 Co K absorption near-edge spectra (XANES) for Co II Co III -
CO 3  are displayed with Co 2 Al-CO 3  LDH and Co 3 O 4  refer-
ence products ( Figure    3  A). It is known that edge absorption 
features are sensitive to the site environment, i.e., coordina-
tion number and metal oxidation state. [ 19 ]  Three distinct edge 
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  Table 1.    Cell parameters and sizes of the coherent domains determined from X-ray diffraction (numbers in parenthesis are given for accuracy on the 
last number).  

Compound Cell parameter  a  
[Å]

Cell parameter  c  
[Å]

Interlayer distance 
[Å]

L 00l  
[Å]

L 110  
[Å]

Co 2 Al-CO 3 3.063 (2) 22.63 (2) 7.54 325 500

Co II Co III -CO 3 3.0468 (9) 22.66 (1) 7.55 45 53

  Table 2.    XPS, PDF, and iodometric titration determinations of Co III  and 
Co II  contents before and after electrochemical treatment.  

Sample XPS PDF I 2  Titration 

 % Co II % Co III % Co II % Co III % Co II % Co III 

Co II Co III -CO 3 85 15 89 11 88 12

Co II Co III -CO 3  ox 31 69 46 54 41 59

Co II Co III -CO 3  ox/red 55 45 79 21 66 34

 Figure 2.    Co 2p  XPS spectra of a) Co II Co III -CO 3 , b) Co II Co III -CO 3  oxidized at 
0.45 V/SCE, and c) Co II Co III -CO 3  oxidized at 0.45 V/SCE and then reduced 
at 0.0 V/SCE.
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features are observed. The weak absorption pre-edge peaks are 
associated with the dipole-forbidden 1 3s d→  electronic tran-
sitions, partially allowed in the case of the 3d and 4p orbitals 
mixing. Note that such hybridization is generally observed for 
non-centro-symmetric environments for oxygen atoms in the 
fi rst metal coordination sphere. Indeed, the transition metals 
in tetrahedral sites usually show much more intense pre-edge 
peaks than when located in octahedral sites due to a decrease in 
the inversion center in the tetrahedral coordination symmetry. 
The strong main absorption peak is a dipole-allowed 1 4s p→  
transition, and the associated energy position is considered to 
evaluate an average oxidation state (vide infra). The shoulder 

corresponds to the electronic dipole-allowed transition of a 1s 
core electron to an unoccupied 4p bound state, which is modi-
fi ed by the ligand-to-metal charge transfer, also called a “shake-
down” process. [ 20 ]   

 For Co II Co III -CO 3 , the associated pre-edge of low intensity 
indicates that Co atoms are located in Oh-type sites. The pres-
ence of tetrahedrally coordinated Co atoms even in small rela-
tive numbers is usually depicted as for β-type cobalt hydroxide, 
where 1/5 to 1/6 of the Co II  at octahedral sites are replaced by 
pairs of tetrahedrally coordinated Co II . [ 21 ]  Since the pre-edge is 
very sensitive to deviation in coordination and its associated 
intensity is similar to brucite, it discards here the possibility 
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 Figure 3.    Co K-edge XANES A) fi rst derivative and B) spectra of the Co II Co III -CO 3  sample compared to references. C) Comparison of the Co K-edge 
Fourier transform magnitudes of k 3 -weighted EXAFS spectra for a) β-Co(OH) 2 , b) Co 2 Al-CO 3  LDH, and c) Co II Co III -CO 3  (note that the distances are 
not corrected from phase shift). Cation correlations at a, √3a, and 2a are visualized by dashed lines. D) k 3 (k) refi nement curves for the sample after air 
oxidation including the two fi rst ligand spheres <Co-O> and <Co-Co> (Debye-Waller σ 2  (10 −3 .Å 2 ) factors are indicated in parenthesis).
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of forming Co in tetrahedral coordination that would have 
explained shorter distances in terms of bond length and valence, 
as discussed below. [ 22 ]  On the other hand, one can note that the 
energy threshold is sensitive to the oxidation state, leading to a 
shift of the 1s to 4p transition to higher energy with an increase 
of the valence. Indeed, the core electrons being more strongly 
held to the nucleus, their photo-ionization necessitates higher 
photon energies and such a shift is often associated with a 
“chemical shift”. This appears to be the case for Co II Co III -CO 3 , 
since the main edge is shifted toward a higher energy when 
compared to either β-Co(OH) 2  or Co 2 Al-CO 3 . Discrete features 
visualized on the fi rst derivative XANES curve versus energy 
help to measure the precise position in energy of the hump-
shaped absorption process. The position in energy is taken when 
the fi rst XANES derivative is equal to zero at around 7.73 keV 
(Figure  3 B). Interestingly, one notes that by changing the 
type of ligand (i.e. hydroxyl for oxygen), the energy position is 
slightly shifted in agreement with the bond length variation, as 
observed between β-Co(OH) 2  versus CoO (data not shown). 

 Pre-edge and edge XANES peaks inform us about the Co 
cation coordination remaining in octahedral environments 
with an average oxidation state increased by +2 to 2.15, yielding 
a composition Co II  0.85 Co III  0.15 , which agrees well with the 
above characterizations. The accommodation of Co III  into the 
hydroxide layers of the LDH has already been investigated by 
means of X-ray absorption spectroscopy (XAS) in the case of 
low layer charge Co 5 Al LDH, uncovering a partial oxidation of 
Co II  to Co III . [ 23 ]  

 EXAFS oscillations were analyzed to identify the local 
structural variations around Co sites in Co II Co III -CO 3 . Fou-
rier transform of k 3 -weighted EXAFS spectra are displayed in 
Figure  3 C. FT spectra were not phase-corrected, explaining why 
the R-values are shorter. We attribute the fi rst peaks between 
1.0 and 2.0 Å and the second peak at approximately 2.5 Å to, 
respectively, the single scattering paths of the closest oxygen 
(i.e. M-O) and the second neighboring transition metals within 
the same a-b plane (i.e. M–M) surrounding the Co absorbing 
atoms. These two contributions were refi ned, resulting in the 
presence of oxygen atoms at two distances 1.92 and 2.13 Å and 
a fi rst metal–metal distance at 3.08 Å, as shown in the inset text 
of Figure  3 D. These results are consistent with values reported 
elsewhere for Co II -O OH  bonds for octahedrally coordinated Co II , 
which are around 2.0 to 2.1 Å [ 21,24–28 ]  and Co III -O OH  bounds for 
octahedrally coordinated Co III , which are close to 1.9 Å. [ 26,29,30 ]  
By applying a simple bond-valence parameters concept, an 
average oxidation state close to 2.5 is observed. We tentatively 
ascribe this slight discrepancy to an inaccuracy in the neigh-
bor’s number between short and long Co-O distances, prob-
ably overestimating the shorter one due to noise in the short 
k-value Fourier transform (experiments performed at room 
temperature). 

 At larger R-values, the Fourier transform of the Co II Co III -
CO 3  sample is quite similar to Co 2 Al-CO 3 , with the observa-
tion of a cation–cation correlation at a distance of a, √3a, and 
2a (Figure  3 C), characteristic of the LDH intralayer cation local 
arrangement, and slightly different from β-Co(OH) 2 . This indi-
cates that the average arrangement of Co cations in the   ab  -
plane is similar between LDH-type compounds in spite of the 
ionic radius difference between Al III  (51 pm) and Co III  (63 pm), 

and also that it does not adopt the in-plane organization of the 
β-Co(OH) 2  phase that presents edge-sharing Co II (OH) 6  octa-
hedra of similar sizes. It further confi rms that the air oxida-
tion is a topochemical reaction occurring at the local scale con-
verting β-Co(OH) 2  into an LDH-type compound. 

 To further explore the cation distribution within the 
hydroxide layers, the approach of atomic pair distribution func-
tion analysis was used. The PDF obtained for the Co II Co III -CO 3  
sample presented  Figure    4   is quite similar to that recently pub-
lished by Taviot-Gueho et al. [ 14,31 ]  for other related LDH com-
pounds. Consistent with the crystalline character of this mate-
rial, the oscillations of the PDFs extend over 50 Å (see the Sup-
porting Information). For  r  values below the interlayer distance 
 d  003 , the fi rst peak with a large maximum centered at r ∼ 1.97 Å 
is attributed to the nearest-neighbor Co-O OH  correlation, while 
the Co-Co correlations contribute to the peaks observed at a 
(∼3.07 Å), √3a (∼5.33 Å), and 2a (∼6.14 Å); the other peaks are 
the result of multiple pairs.  

 Besides the identifi cation of low- r  peak positions, it is also 
possible to reveal details about the local distortions and number 
of neighboring atoms by extracting the PDF peak width and 
area. Hence when the feature of the fi rst peak corresponding to 
the closest O OH  shell around Co II /Co III  atoms is scrutinized, a 
left shoulder is also observed. It implies that the fi rst contribu-
tion can be modeled by the superposition of two components 
(Figure  4 B). By fi tting this peak with two Gaussians, two dis-
tances are found at 1.92 Å and 2.02 Å, which can be unam-
biguously attributed to Co II -O OH  and Co III -O OH  bonds, respec-
tively (vide supra). Notwithstanding the difference in oxidation 
degrees, one can assume that Co II  and Co III  cations display the 
same X-ray scattering power and, therefore, the relative per-
centage of number of mole of Co II  and Co III  can be determined 
in a straightforward way from peak areas. The values thus 
obtained, i.e., 89% of Co II  and 11% of Co III , are in agreement 
with XPS analysis and iodometric titration (Table  2 ).  

  2.2.     Morphological Characterization 

 To visualize the texture and morphology of the as-made thin 
fi lms by SEM, the aqueous suspensions of LDH platelets were 
deposited onto a platinum substrate. The image obtained with 
low magnifi cation ( Figure    5  A) shows a Co II Co III -CO 3  fi lm 
homogeneously covering the entire Pt surface. At higher mag-
nifi cation (Figure  5 B,C), little aggregated platelets are observed 
with lateral dimensions ranging from ∼50 nm to 200 nm and an 
average size for most of the observed particles of around 100 nm. 
This is consistent with the poor crystallinity observed by XRD 
analysis. For Co 2 Al-CO 3 , well crystallized hexagonal platelets 
are observed ( Figure    6  A,C) with main dimensions around 200–
250 nm and well defi ned sheets with a regular spacing of ∼1 nm. 
The average number of stacked sheets is 40 (Figure  6 E), a 
value very close to that deduced from XRD data, i.e., L 00 l  / d  003  
ratio = 43 (32.5/0.754). Highly aggregated small particles with 
diameters around 50 nm are observed in case of Co II Co III -CO 3  
(Figure  6 B,D). Selective area electronic diffraction (SAED) of 
the samples once again confi rms the difference in crystallinity 
between both samples; while well defi ned hexagonal SAED 
plots are observed for Co 2 Al-CO 3 , only circular halos with weak 
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intensity light points (characteristic of quasi amorphous mate-
rials) are visualized for Co II Co III -CO 3 .    

  2.3.     Electrochemical Characterization 

  2.3.1.     Cyclic Voltammetry 

 Co II Co III -CO 3  free of electronic additives characterized by 
cyclic voltammetry in 0.1 M KOH aqueous electrolyte exhibits 
a well defi ned anodic peak at 0.250 V/SCE, associated with 
a reduction peak at 0.073 V/SCE, leading to a difference of 
potential (ΔE p ) of 0.177 V ( Figure    7  A). The number of mole 
of oxidized (n ox *) or reduced (n red *) cobalt cations during a 
reversible potential sweep is estimated from the oxidation 
and reduction peak areas measured at a low scan rate (Q a  at 
 v  = 5 mV.s −1 ). According to the formula and the total amount 
of LDH coated on the electrode surface, the percentage of 
electroactive Co II  on the electrochemical process may be 
addressed, i.e., the percentage of Co II  cations involved in the 
electrochemical oxidation process. The obtained percentages 
are 28% for Co II Co III -CO 3  and only 10% for Co 2 Al-CO 3 , under-
lining an electrochemical oxidation of Co II  more effi cient 
for the Co II Co III -CO 3  structure than for the Co 2 Al-CO 3  LDH. 
Almost 1/3 of Co II  cations present in the Co II Co III -CO 3  can be 
electrochemically oxidized to Co III . Interestingly, the net bal-
ance effi ciency per cycle n red /n ox  is <1.   

  2.3.2.     Impedance Spectroscopy 

 To scrutinize the intimate modifi cations in terms of charge 
transfer occurring during the sweep process, electrochemical 
impedance spectroscopy (EIS) measurements were performed 
after oxidation upon cycling (ten cycles) (OCP f ). EI spectra over 
a 25 mHz–100 kHz frequency range display quasi-straight lines 
for both samples (Figure  7 B). Impedance data can be fi tted 
using an equivalent circuit model ( Table    3  ), taking into account 
the representation of pseudo-capacitance and the electrolyte 
resistance only with two constant-phase components (CPE et  
and CPE d ) (Table  3 ). The electrolyte resistance is found here 
to be constant at around 100 Ω. The phase constants for CPE et  
corresponding to capacity linked with electronic transfer into 
the layers were refi ned between 0.94 and 0.98, corresponding to 
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 Figure 4.    A) Experimental pair distribution function of Co II Co III -CO 3 ; the major contributions are labeled according to Taviot-Gueho et al. [ 14 ]  B) Gaussian 
fi t to the fi rst peaks in the PDF: experimental data (black squares), fi tted data (solid line), individual Gaussians (dashed lines); peaks are labeled with 
the corresponding atomic pairs. C) Experimental PDFs of electrochemically treated samples of Co II Co III -CO 3 ox   (circles) and Co II Co III -CO 3 ox    /red   (triangles) 
compared to the starting phase (squares). D) Gaussian fi t to the fi rst peaks in the PDFs for a) Co II Co III -CO 3 ox   and b) Co II Co III -CO 3 ox    /red  : experimental 
data (squares), fi tted data (solid line), individual Gaussians (dashed lines). Peaks are labeled with the corresponding atomic pairs. E) Experimental 
PDFs of Co II Co III -CO 3  ox   and Co II Co III -CO 3 ox    /red   compared to calculated PDFs of Co 3 O 4  (ICSD, 9005891), CoOOH (9009449), and βCo(OH) 2  (9009101).

  Table 3.    Equivalent circuit and EI spectra refi nement values obtained. 
with ZView software.

    

Compound R el  
[Ohm]

CPE et  
[10 −3  F −1  s n+1 ]

n (CPE et ) CPE d  
[10 −2  F −1  s n+1 ]

n (CPE d )

Co II Co III -CO 3 102.3 3.27 0.94 2.63 0.50

Co 2 Al-CO 3 121.3 0.11 0.92 2.37 0.50
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a quasi π/2 angle toward Z’ axis underlining a behavior close to 
an ideal capacitor. A second constant phase element (CPE d ) was 
necessary to fi t the lower frequency part where a change of slope 
in Z′′ vs Z′ curve is observed. Less abrupt than in the higher 
part, the phase constant is fi xed at 0.5, corresponding to a π/4 
angle with a real axis and representative of a diffusive Warburg-
type process. Counterintuitively, well shaped CV peaks arising 
from redox reactions, even fast ones, should be observed with 
a Z′′-Z′ (ω) frequency dependence, by a usual convex down-
ward semi-circle, but they are absent here. It should be inter-
preted that redox reactions are occurring mostly at the surface, 
revealing no bulk effect (intra-granular interactions). Compared 
with the Co 2 Al-CO 3  reference, the CPE et  values are multiplied 
by 30 for the Co II Co III  samples. Contrary to CPE et , the CPE d  is 
almost the same for all compounds, indicating a similar diffu-
sion phenomenon.   

  2.3.3.     Galvanostatic Charge and Discharge Study 

 Co II Co III -CO 3  reference presents a pseudo-capacitive behavior 
which is interesting for electrochemical applications as super-
capacitors and more precisely as “pseudo-capacitors”. Capaci-
tive performances of the as-prepared LDH thin fi lm electrodes 
were scrutinized by Galvanostatic cycling in a 0.1 M KOH solu-
tion. The samples were allowed to perform over an optimized 
potential window using Galvanostatic cycling. The charge and 
discharge processes are shown in Figure  7 C and D. 

 Applying current densities from 0.5 up to 50 A.g −1  allowed us 
to obtain Ragone plots for the charge and discharge of the com-
pounds, representing power density (W.kg −1 ) vs energy density 
(W.h.kg −1 ). [ 32 ]  At a current density of 0.5 A.g −1 , Co II Co III -CO 3  
exhibits a capacity as high as 1490 F.g −1 , whereas the capaci-
tance for Co 2 Al-CO 3  is limited to 760 F.g −1  ( Table    4  ). At a higher 
current density of 50 A.g −1 , the monometallic LDH composi-
tion sustains 20 F.g −1 , but only 2 F.g −1  for Co 2 Al-CO 3 , thus 
clearly demonstrating the signifi cantly higher pure capacitive 
properties (response in short time) for Co II Co III -CO 3  compared 
to the Co 2 Al-CO 3  reference LDH.  

 To the best of our knowledge, the obtained values are among 
the highest values ever reported for LDH compounds. It is also 
worth noting that the present electrode material is straightfor-
wardly coated as a thin fi lm onto the electrode surface, in the 
absence of any linking agent such as acetylene black or addi-
tives for enhancing electronic paths, like graphene, [ 6,8,33 ]  which 
would increase the response at shorter times. 

 The stability upon cycling (charge and discharge) was 
evaluated after 100 cycles at 1 A.g −1  and 300 cycles at 2 A.g −1  
( Figure    8  ). The loss of capacity for Co II Co III -CO 3  was about 
25% for charging at 1 A.g −1  (Figure  8 A) and 15% at 2 A.g −1  
(Figure  8 B), whereas the electrochemical net balance between 
cathodic and anodic sweeps (effi ciency), representing the ratio of 
charge/discharge capacities, is found to be stable upon cycling 
at around 37% at 1 A.g −1  and 65% at 2 A.g −1  (Figure  8 A,B).  

 Typical Ragone plots of charge and discharge for Co II Co III -
CO 3  (Figure  8 C and D) exhibit features ranking them from 
capacitor to battery-type performances with an energy den-
sity of 340 mW.h.kg −1  at a power density of 17.5 kW.kg −1  and 
25.4 W.h.kg −1  at a power density of 175 W.kg −1  for charge. The 
comparison can be made with Co 2 Al-CO 3  LDH, which has an 
energy density of 32 mW.h.kg −1  at a power density of 17.5 kW.kg −1  
and 12.4 W.h.kg −1  at a power density of 175 W.kg −1 . Indeed, the 
difference between Co II Co III -CO 3  and Co 2 Al-CO 3  of a factor 
10 at low power density slightly levels out when increasing the 
power density, and such a behavior competes well with other sys-
tems containing nickel hydroxides and graphene [ 34,35 ]  or cobalt-
containing materials like CoO even doped with carbon micro-
spheres, [ 36 ]  cobalt hydroxide nanofl akes, [ 37,38 ]  cobalt hydroxide with 
CNTs, [ 39 ]  mesoporous Co 3 O 4 , [ 40 ]  or Ni-Co LDH nanosheets. [ 41 ]   

  2.3.4.     Characterization of Materials after Electrochemical 
Treatment 

 To further investigate the possible changes in both short-range 
and long-range structural order that occur during the electro-
chemical treatment of Co II Co III -CO 3 , the atomic pair distribution 

Adv. Funct. Mater. 2014, 24, 4831–4842

 Figure 5.    SEM analysis with a magnifi cation of A) 500×, B) 25 000× and 
C) 100 000× for Co II Co III -CO 3 .
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 Figure 6.    TEM analysis of A) Co 2 Al-CO 3  and B) Co II Co III -CO 3  with a magnifi cation of 57 000× and C,D) with magnifi cation of 97 000×. Insets show 
electronic diffraction of the observed particles. E) Lamellar stacking observed with magnifi cation of 230 000×.

  Table 4.    Charge and discharge capacities at different current densities.  

 Co 2 Al-CO 3 Co II Co III -CO 3 

Current density 
[A.g −1 ]

Charge Capacity 
[F.g −1 ]

Discharge Capacity 
[F.g −1 ]

Net balance* 
[%]

Charge Capacity 
[F.g −1 ]

Discharge Capacity 
[F.g −1 ]

Net balance* 
[%]

0.5 720 265 36 1490 335 23

1 320 200 63 860 305 37

2 200 150 75 405 260 65

5 135 120 89 280 200 71

10 90 80 89 205 165 80

20 30 30 100 110 95 86

50 2 2 100 20 20 100

   *Net capacitance balance between cathodic and anodic sweeps.   
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functions were also measured on two electrochemically treated 
samples: Co II Co III -CO 3 ox  , which was obtained after electrolysis 
at a potential of 0.45 V/SCE for 8 h, and Co II Co III -CO 3 ox    /red  , 
which was oxidized for 8 h at a potential of 0.45 V/SCE then 
reduced for 8 h at a potential of 0 V/SCE. To better understand 
the origin of performance and discriminate between surface 
and bulk effects, as well as possibly explain the electrochemical 
effi ciency deviating from 1 (in time and in power (Table  4 ), 
the composition of electrochemically treated samples was also 
determined using both iodometric titration and XPS. The values 
were compared with those obtained by PDF analysis (Table  2 ). 
As previously noticed, Co III  percentages determined by XPS 
appear systematically higher than with the other methods. 

 In Figure  4 C, the experimental PDFs of the electrochemically-
treated samples are compared to Co II Co III -CO 3  reference. As 
can be seen, the changes are many and concern at fi rst the fi rst 
peak of the PDF. This peak corresponds to the Co-O OH  distances 
within Co II  /Co II (OH) 6  octahedra and is sensitive to the Co II /
Co III  ratio. For Co II Co III -CO 3 ox   sample, the PDF peak broadens 
and almost splits in two peaks probably due to a more important 
contribution of Co III -OH bond lengths as a result of the oxida-
tion process. The deconvolution of this peak by two Gaussians 
leads to two distances 1.89 Å and 2.15Å attributed to Co II -OH 

and Co III -OH respectively (see 2.1). The relative percentages of 
Co II  and Co III  determined from peak areas are 46% Co II  and 54% 
Co III  (Figure  4 Da). These values are in the same order as those 
obtained with iodometric titration and XPS analysis (Table  2 ). 

 By comparison, a narrower and more intense PDF peak is 
observed for Co II Co III -CO 3  ox    /red   as a consequence of the reduc-
tion process. Gaussian fi tting gives two distances at 1.85 Å and 
1.98 Å, attributed to Co II -OH and Co III -OH, respectively. The rela-
tive percentages are 79% for Co II  and 21% for Co III  (Figure  4 Db), 
which lie between the values obtained by XPS and iodometric 
titration (Table  2 ), refl ecting the different scale of analysis and 
indicating a net difference in composition between surface and 
bulk, as suggested above. During XPS analysis, collected data 
associated to Figures  2 B,C, have shown a clear evolution of the 
experimental profi le in relation with the redox processes. 

 As expected, changes on the O OH  shell around Co II /Co III  
atoms result in changes in the Co-Co distances at a, √3a, and 
2a, and these are rather important in the case of Co II Co III -
CO 3 ox    /red   sample. We also have to consider a possible deg-
radation of the material and the formation of phases such as 
Co 3 O 4 , CoOOH and βCo(OH) 2 . In Figure  4 E are compared the 
experimental PDFs of the electrochemically-treated sam-
ples with calculated PDF for βCo(OH) 2 , CoOOH and Co 3 O 4 ; 

Adv. Funct. Mater. 2014, 24, 4831–4842

 Figure 7.    A) Cyclic voltammogramms, B) EI spectra, C) charge curves, and D) discharge curves for a) Co II Co III -CO 3  and b) Co 2 Al-CO 3 .
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although it is not easy to be affi rmative, it seems that none of 
these latter phases is present.    

  3.     Conclusions 

 TOR of β-Co(OH) 2  yields a Co II Co III -CO 3  LDH-type material 
with a Co III /Co tot  ratio measured by chemical titration of about 
0.13. The average oxidation state is in agreement with XPS and 
XANES measurements, and slightly over-estimated by EXAFS 
refi nement of the fi rst shell composed of two Co-O overlapped 
contributions. Similarly, both contributions are depicted by 
a PDF analysis, and their refi nement accords well with the 
chemical analysis. The resulting electrochemical behavior was 
scrutinized along with the structural evolution occurring upon 
electrochemical treatment by coupling analysis techniques. It 
appeared that, after the electrochemical oxidation, the mean 
amount of Co III  present in the LDH layer increased from 13% 
to 60%. The net balance between half cycles, characteristic of 
the electrochemical effi ciency, deviates from 1, resulting in an 
average value stabilized at 30% of Co III  after reduction. This 
results in the usual ratio of 2 to 1 between divalent and trivalent 
cations in the LDH composition. Finally, the sample Co II Co III -
CO 3  is found to perform well at a high power density due to a 

wettability of the electrolyte in association with a rapid surface 
redox reaction.  

  4.     Experimental Section 

  4.1.     Materials Synthesis 

 Co(NO 3 ) 2 •6H 2 O (Acros, 99%); NH 4 OH (Acros, 28–30% wt. in 
water); and KOH (Sigma-Aldrich) were used as received without 
further purifi cation. Deionized water was employed throughout all the 
experiments. Dry air was used for oxidization of Co II  cations. 

 Co II Co III -CO 3  compound was prepared by TOR, adapting the protocol 
described by Xu and Zeng, [ 12,13 ]  using O 2  contained in air as the oxidizing 
agent. Typically, 25 mL of 0.1 M Co(NO 3 ) 2  solution was quickly added to 
250 mL of 0.5 M NH 4 OH solution in the reactor just after air bubbling 
started. After stirring for 60 h at 40 °C, the solution was centrifugated 
at 4500 rpm for 10 min and was then rinsed three times with deionized 
water. The solid was fi nally dried in air at 30 °C overnight. Co 2 Al-CO 3  
was prepared with a Co II /Al ratio of 2 by a coprecipitation method as 
described previously. [ 42,43 ]   

  4.2.     Physical Characterization 

 The oxidation rate of Co II  to Co III  after TOR was evaluated by coupling 
TGA measurements with iodometric titration of Co III , as reported by 
Xu and Zeng. [ 13,44 ]  In this method, the total Co content (Co tot ) was 

 Figure 8.    Charge capacity and electrochemical net balance (effi ciency) evolution with cycle number at A) 1 A.g −1  and B) 2 A.g −1  for Co II Co III -CO 3 . Ragone 
plot for C) charge and D) discharge of a) Co II Co III -CO 3  and b) Co 2 Al-CO 3 .
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determined by using TGA analysis considering that only Co 3 O 4  was 
obtained above 600 °C: this was confi rmed by XRD analysis of the 
residual product. TGA analyses were made on a Setaram 92–16.16 under 
air fl ow in the temperature range 25–1100 °C with a linear temperature 
ramp of 5 °C per min. Iodometric titration of Co 3+  content was realized 
with 20 mg of LDH phases dissolved in an acidifi ed 0.1 M KI solution. 
The corresponding concentration of formed I 2  was determined by UV 
spectroscopy at 352 cm −1  (ε = 12 000 cm −1 .L −1 .mol). The analysis was 
performed on a Nicolet Evolution 500 from Thermo Scientifi c between 
200 and 500 cm −1 . 

 XPS measurements were performed on a Thermo K-alpha spectrometer 
with a hemispherical analyzer and a microfocussed (analysis area was ca. 
400 µm 2 )/ monochromatized radiation (AlKα, 1486.6 eV) operating at 72 
W under a residual pressure of 10 −9  mbar. The pass energy was set to 
20 eV. Charge effects were compensated for by the use of a dual beam 
charge neutralization system (low energy electrons and Ar +  ions) which 
had the unique ability to provide consistent charge compensation. All the 
neutralizer parameters remained constant during analysis and allow ones 
to fi nd a 285.0 eV C(1s) binding energy for adventitious carbon. Spectra 
were mathematically fi tted with Casa XPS software using a least squares 
algorithm and a nonlinear baseline. The fi tting peaks of the experimental 
curves were defi ned by a combination of Gaussian (70%) and Lorentzian 
(30%) distributions. Infrared spectra were recorded in transmission mode 
using the KBr pellet technique with a Nicolet 5700 spectrometer from 
Thermo Scientifi c over the wavenumber domain from 400 to 4000 cm −1  
with a number of scans of 128 and a resolution of 4 cm −1 . The samples 
were diluted to about 20% weight with KBr. 

 SEM analyses were made using a Zeiss Supra 55 VP with an 
acceleration voltage of 3 kV with magnifi cations of 500×, 5000× and 
50 000×. TEM images were taken on a Philips CM20 electron microscope 
operating at 200 kV; the LDH powders were suspended in ethanol 
overnight, and a drop of the suspension was deposited onto a 400 mesh 
holey carbon-coated copper grid and allowed to dry at room temperature. 

 Powder X-Ray Diffraction (PXRD) measurements were performed 
using a Siemens D501 diffractometer in Bragg-Brentano geometry 
with Cu-K α1 / α2  radiation. Data were collected between 4.0 and 70.0 
2 θ (°), with a step size of 0.08 2 θ (°) and a counting time of 3 s/step. 
Cell parameters were determined from profi le refi nement using the 
FULLPROF suite programs [ 45 ]  and considering the R-3 m  space group. 
The instrumental contribution to peak broadening was determined with 
Y 2 O 3  standard. To treat anisotropic size effects, the Lorentzian part of 
the peak broadening was modeled with linear combinations of spherical 
harmonics which allow the calculation of the crystallite average size 
along each reciprocal lattice vector. [ 17 ]  Assuming disk-shaped crystallites, 
the apparent size for the 00 l  refl ections corresponds to the thickness 
of the disk and the diameter is obtained from the apparent size for 110 
refl ections multiplied by 3π/8. [ 46 ]  

 The PDFs were obtained from high resolution powder X-ray diffraction 
data collected on the beamline CRISTAL at synchrotron Soleil (France). 
A monochromatic beam of wavelength 0.4388 Å was extracted from 
the undulator beam using a double crystal Si(111) monochromator. 
Each sample was loaded in a rotating 0.7 mm diameter glass capillary, 
which was mounted on a two circle diffractometer equipped with 
a 21 crystals multi-analyzer. The PDF method is based on the total 
scattering pattern, where the Bragg peaks and the diffuse component 
both refl ect the average longer-range atomic structure and the local 
structural imperfections. [ 47 ]  At fi rst, the diffraction pattern was corrected 
for background, which was determined using a separate diffraction 
measurement of an empty glass capillary, and taking into account 
Compton scattering, absorption, and polarization. All these corrections 
were done using the program PDFgetX2. [ 48 ]  Subsequently, the corrected 
X-ray diffraction data were scaled into electron units and the structure 
function  S(Q)  was calculated. The PDF, which gives the probability to 
fi nd an atom at a distance  r  away from another atom, was obtained by a 
Fourier transformation of  S(Q)  according to Equation  ( 1)  :

 
G r Q S Q Qr dQ2 ( ) 1 sin

0∫π [ ]( ) = −
∞

  
(1)

 

 where  Q  is the magnitude of the scattering vector.  S(Q)  was truncated at 
 Q max   = 25.4 Å −1 , the signal-to-noise ratio being unfavorable beyond that 
value of  Q . The simulated PDFs using structural data from the inorganic 
crystal structure database ICSD were compared to the experimental PDF 
using the software PDFFIT. [ 49 ]  

 Co K-edge XAS spectra were collected at SUPERXAS Beamlines of 
SLS in the transmission mode at room temperature. The beam was 
monochromatized by a Si (111) double-crystal. The beam intensity was 
reduced by 30–40% to minimize the high-order harmonics. The XANES 
and EXAFS spectra were processed using Athena software package. [ 50 ]  
For the XANES, the reference spectrum of a Co foil was collected 
simultaneously with the sample spectra for the energy calibration. For 
the analysis, a linear background was fi tted to the pre-edge region and 
subtracted from the spectra which were normalized in a consistent way. 
Data were calibrated in energy using the maximum of the fi rst derivative 
of the metallic Co foil at 7708.9 eV. 

 For the EXAFS analysis, a pre-edge background was removed using a 
linear function. A post-edge background using the Autobk algorithm was 
applied with a cutoff Rbkg = 1 and k-weight = 3 in order to isolate the 
EXAFS oscillations χ(k). The extracted EXAFS signal χ(k) was weighted 
by k 3  to emphasize the high-energy oscillations and then Fourier-
transformed in a k range from 2.5 to 13 Å −1  using a Hanning window 
with a window (Δk) of 1.0 Å −1 , thereby obtaining magnitude plots of the 
EXAFS spectra in R-space. EXAFS fi tting of distances and Debye-Waller 
factors was performed with the Artemis interface to IFeFFIT using least-
squares refi nements. [ 51 ]  The S 0  2  amplitude reduction parameter which 
takes multi-electronic effects into account and the energy shift E 0  were 
fi rst calibrated by fi tting relevant crystalline references, CoO, β-Co(OH) 2 , 
Co 2 Al(OH) 3 (CO 3 ) 0.5  2H 2 O, here called Co 2 Al –CO 3  LDH and Co 3 O 4 , 
which crystallize in Fm-3m (225), P-3m (164), R-3m (166) and Fd-3m 
(227) space group, respectively. The reliability of the fi t was assessed by 
a residual factor that was minimized.  

  4.3.     Electrochemical Characterization 

 Thin LDH fi lms were used for electrochemical analysis. Typically, 10 µL of 
an overnight stirred 2 mg/mL LDH suspension (20 µg) were deposited 
on platinum electrodes. The Pt electrode surface was of 0.07 cm 2 . 
Before deposition, the electrode surface was polished with 1 µm 
diamond paste and washed with acetone and then polished again with 
0.05 µm alumina slurry to be fi nally rinsed with water and ethanol. Cyclic 
Voltammetry, Galvanostatic Cycling and Electrochemical Impedance 
Spectroscopy measurements were made using a BioLogic Science 
Instruments SP-150. The experiments were made in a 0.1 M KOH 
solutions using a three-electrode cell, including a saturated calomel 
electrode (SCE) as reference electrode, a platinum auxiliary electrode 
and the platinum electrode coated with LDH thin fi lms as working 
electrode. Nyquist plots were then fi tted with ZView software to 
determine equivalent circuits. For the latter and for a reason of 
simplicity, three components were used: an ohmic resistance for the 
electrolyte resistance, and two constant phase elements (CPE) CPE et  
and CPE d  associated to an impedance 1/(jCω) n , where j is an imaginary 
number, C is the capacitance of the CPE and n represent the deviation 
from a pure capacitor (n = 1). 

 Galvanostatic Cycling with Potential Limitation were duplicated over 
a potential window from 0 to 0.45 V/SCE for charge experiments and 
from 0.45 to 0 V/SCE for discharge experiments. The current densities 
employed were 0.5, 1.0, 2.0, 5.0, 10.0, 20.0, and 50.0 A.g −1 . The current 
was so adjusted for a quantity of 20 µg of active LDH deposit on the 
platinum electrode. The capacity in charge and discharge was calculated 
using the formula:

 
C I t

m V
= ⋅ Δ

⋅ Δ   
(2)

 

 Ragone charts were plotted calculating power density and energy 
density according to the formulas:
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E V I t

m
P V I

m
and= Δ ⋅ ⋅ Δ = Δ ⋅

  
(3)

 

 Reversibility was tested after cycling at 0.5 A.g −1  after cycling at 
50 A.g −1  and cycling stability was checked doing 100 cycles at 1 A.g −1  
and 300 cycles at 2 A.g −1  .  

 Electrolyses at constant potential were fi nally carried out to oxidize 
and reduce the Co II  sites in the Co II Co III -CO 3 . To this, 2 × 100 mg of 
Co II Co III -CO 3  powder were separately suspended into 0.1 M KOH 
solution and oxidized for 8 h at a potential of 0.45 V/SCE under stirring. 
For the fi rst one and treated by oxidation at 0.45 V/SCE and reduced for 
8 h at 0.0 V/SCE for the second sample. The solids were fi nally recovered 
by centrifugation and once dried, the evolution of the Co III /Co tot  ratio 
was determined by XPS and PDF analysis.   
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