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High-Performing Monometallic Cobalt Layered Double Hydroxide Supercapacitor with Defined Local Structure



systems, uninterruptible power supplies for computers, and electric/hybrid vehicles. Supercapacitors can be divided into two types according to the mechanisms involved in energy storage: (i) superficial, electrochemical double-layer capacitors (EDLCs), as illustrated by carbon materials,[1] or (ii) multielectron-transfer faradaic reaction, with fast charge discharge properties: “pseudo-capacitors” or redox capacitors, as exemplified by some metal oxides.[2,3] Materials with large surface areas and/or open structures are extensively investigated for application as supercapacitors. Regarding high performance, layered double hydroxide (LDH) phases containing electroactive species have been reported to exhibit very large pseudocapacitive properties. Briefly, LDH materials are intercalation compounds represented by the general formula [MII1-aMIIIa(OH)2]x+ [(An−)]a/n, y H2O (abbreviated as M1IIM2III-A), where MII is a divalent metal cation or a mixture of divalent cations and MIII is a trivalent metal. An− is the interlayer anion compensating the positive charge of the metal hydroxide layers. Significantly high performances have been obtained for CoNiAl-LDH with capacitances as high as 960 F.g−1[4] as well as for Co2Al-NO3 with capacitances 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 association of CoII/CoIII electroactive cations into a LDH hydroxide layer. The material was prepared through a topochemical oxidative 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 CoIICoIII-CO3 LDH phase, but the associated electrochemical properties of such a material have never been studied, and its local structure has not been uncovered.



Through a topochemical oxidative reaction (TOR) under air, a β-Co(OH)2 brucite type structure is converted into a monometallic CoIICoIII–CO3 layered double hydroxide (LDH). The structural and morphological characterizations are performed using powder X-ray diffraction, Fourier-transformed IR spectroscopy, and scanning and transmission electron microscopy. The local structure is scrutinized using an extended X-ray absorption fine structure, X-ray absorption near-edge structure, and pair distribution function analysis. The chemical composition of pristine material and its derivatives (electrochemically treated) are identified by thermogravimetry analysis for the bulk and X-ray photoelectron spectroscopy for the surface. The electrochemical behavior is investigated on deposited thin films in aqueous electrolyte (KOH) by cyclic voltammetry and electrochemical impedance spectroscopy, and their capacitive properties are further investigated by Galvanostatic cycling with potential limitation. The charge capacity is found to be as high as 1490 F g−1 for CoIICoIII–CO3 LDH at a current density of 0.5 A g−1. The performances of these materials are described using Ragone plots, which finally allow us to propose them as promising supercapacitor materials. A surface-to-bulk comparison using the above characterization techniques gives insight into the cyclability and reversibility limits of this material.
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The CoIII surface composition, determined using X-ray photoelectron spectroscopy (XPS), may be compared to the bulk composition by coupling thermogravimetric analysis (TGA) and iodometric titration of the CoIII 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 fine structure (EXAFS), X-ray absorption near-edge structure (XANES), and pair distribution function (PDF) analyses. The particle morphology was observed with scanning and transmission electron microscopy (SEM and TEM). The electrochemical characteristics were evaluated by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) on thin LDH films. The capacitive properties were finally determined using Galvanostatic cycling with potential limitation (GCPL) analysis at different current densities to map the power–energy dependence in a Ragone diagram.



2. Results and Discussion 2.1. Chemical and Structural Characterizations of CoIICoIII–CO3 Adapting the protocol described by Xu and Zeng[13] using air as the oxidizing agent (TOR reaction) of Co(NO3)2 in the precipitation process, a mixed oxidation state cobalt (CoII and CoIII) hydroxide compound was prepared. In Figure 1A, the powder X-ray diffraction pattern of a CoIICoIII-CO3 sample obtained by TOR reaction is compared to that of a Co2Al-CO3 reference sample, indicating the formation of a layered double hydroxide phase with three distinct regions: (1) the low angle region (55° 2θ) containing the (hk0) and (hkl) reflections characteristic of the metal hydroxide layers; (3) the mid-2θ region (30–55° 2θ), containing the (h0l) and (0kl) reflections, which positions depend on the polytype. The powder XRD (PXRD) pattern of Co2Al-CO3 is typical of a stacking disorder with a very pronounced asymmetric broadening of the (h0l)/(0kl) reflections in the mid-2θ region, also called the Warren fall, while the (00l) and (110)/(113) reflections are not affected.[14] Small crystallite size effects are likely to be responsible for the overall broadening of the Bragg reflections in the PXRD patterns of CoIICoIII-CO3. Owing to the very diffuse mid-2θ region of Co2Al-CO3, the cell parameters a and c were determined from single-peak profile analyses of the (00l) and (110) reflections, respectively, using a pseudo-Voigt peak shape and assuming the R-3m space group: a = 2xd110 = 3.063(2) Å, c = 3xd003 = 22.63(2) Å, and d003 = 7.54 Å. Furthermore, the size of the coherent domains was estimated from the full width at half-maximum (FWHM) of the (00l) and (110) reflections, both unaffected by the structural disorder and using the Scherrer formula.[15] The dimensions thus calculated are L00l = 32.5 nm and L110 = 50.0 nm, respectively, in agreement with the platelet shape of LDH particles, i.e., a thickness L00l much lower than the in-plane L110 dimension. For the CoIICoIII-CO3 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 4832
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Figure 1. A) X-ray powder diffraction data (λ = 1.5418 Å) for a) Co2AlCO3 and b) CoIICoIII-CO3. Results of the profile match the R-3m space group: experimental X-ray powder diffraction patterns (dots), calculated data (continuous line), Bragg reflections (ticks), and difference profile. B) FTIR spectra of a) Co2Al-CO3, and b) CoIICoIII-CO3.



d003 = 7.55 Å is identical to that observed for Co2Al-CO3, thus confirming the presence of carbonate anions[16] in the interlayer space to compensate the positive charge created by the oxidation of CoII 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 factors for the pattern-matching analysis. The modeling of the Lorentzian part of the peak broadening with linear combinations
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Compound



Cell parameter a [Å]



Cell parameter c [Å]



Interlayer distance [Å]



L00l [Å]



L110 [Å]



Co2Al-CO3



3.063 (2)



22.63 (2)



7.54



325



500



CoIICoIII-CO3



3.0468 (9)



22.66 (1)



7.55



45



53



of spherical harmonics allowed the calculation of the average apparent sizes in the directions corresponding to a given Bragg reflection.[17] The values thus obtained along the [110] and [00l] directions are L110 = 5.3 nm and L00l = 4.5 nm, respectively. Therefore, the dimensions of the coherent domains are ten times smaller than for Co2Al-CO3, in agreement with the lower crystallinity of CoIICoIII-CO3. Fourier-transformed IR (FTIR) spectra (Figure 1B) confirm the formation of a hydroxylated structure, similar to that of Co2Al-CO3 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 H2O vibration band at 1600 cm−1, and M-O/M-OH bands above 1000 cm−1. The carbonate antisymmetric stretching vibration ν3 appears at 1344 cm−1. Well defined 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 CoIICoIII-CO3, in particular the CoIII/Cotot molar ratio, the total amount of cobalt (Cotot = CoII + CoIII) in the sample was determined by TGA analysis while the CoIII content was obtained by iodometric titration. The CoIII/Cotot molar ratio was found to be 0.12 ± 0.02, which is surprisingly low; LDH materials obtained by a coprecipitation technique generally display MII/MIII 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 fine 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 first layers of the materials (5 nm depth analysis). The fitting of well-defined Co 2p3/2 peaks for the pristine material (Figure 2a) clearly highlights the coexistence of two oxidation states for cobalt, with a CoIII component at 780.0 ± 0.1 eV (with an associated satellite structure at 789.8 ± 0.1 eV) and a CoII component at 781.2 ± 0.1 eV (satellite structure at 785.7 ± 0.2 eV). These attributions were possible using Co3O4 spinel and Co2AlCO3 LDH containing defined amount of CoIII as standards. For the CoIICoIII-CO3 LDH, the CoIII/Cotot 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 attribTable 2. XPS, PDF, and iodometric titration determinations of CoIII and CoII contents before and after electrochemical treatment. Sample



XPS % CoII



PDF



% CoIII



% CoII



I2 Titration



% CoIII



% CoII



% CoIII



CoIICoIII-CO3



85



15



89



11



88



12



CoIICoIII-CO3ox



31



69



46



54



41



59



CoIICoIII-CO3ox/red



55



45



79



21



66



34
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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).



Figure 2. Co2p XPS spectra of a) CoIICoIII-CO3, b) CoIICoIII-CO3 oxidized at 0.45 V/SCE, and c) CoIICoIII-CO3 oxidized at 0.45 V/SCE and then reduced at 0.0 V/SCE.



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 CoII0.85CoIII 0.15(OH)2(CO3)0.07•0.9 H2O while the bulk chemical formula is CoII0.88CoIII0.12(OH)2(CO3)0.06•0.9 H2O, obtained from I2 titration. These results suggest that only 1/7 of the CoII sites within the hydroxide layers are oxidized to CoIII using TOR. Co K absorption near-edge spectra (XANES) for CoIICoIIICO3 are displayed with Co2Al-CO3 LDH and Co3O4 reference products (Figure 3A). It is known that edge absorption features are sensitive to the site environment, i.e., coordination number and metal oxidation state.[19] Three distinct edge
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Figure 3. Co K-edge XANES A) first derivative and B) spectra of the CoIICoIII-CO3 sample compared to references. C) Comparison of the Co K-edge Fourier transform magnitudes of k3-weighted EXAFS spectra for a) β-Co(OH)2, b) Co2Al-CO3 LDH, and c) CoIICoIII-CO3 (note that the distances are not corrected from phase shift). Cation correlations at a, √3a, and 2a are visualized by dashed lines. D) k3(k) refinement curves for the sample after air oxidation including the two first ligand spheres and (Debye-Waller σ2 (10−3.Å2) factors are indicated in parenthesis).



features are observed. The weak absorption pre-edge peaks are associated with the dipole-forbidden 1s → 3d electronic transitions, 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 first 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 1s → 4 p transition, and the associated energy position is considered to evaluate an average oxidation state (vide infra). The shoulder
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corresponds to the electronic dipole-allowed transition of a 1s core electron to an unoccupied 4p bound state, which is modified by the ligand-to-metal charge transfer, also called a “shakedown” process.[20] For CoIICoIII-CO3, the associated pre-edge of low intensity indicates that Co atoms are located in Oh-type sites. The presence of tetrahedrally coordinated Co atoms even in small relative numbers is usually depicted as for β-type cobalt hydroxide, where 1/5 to 1/6 of the CoII at octahedral sites are replaced by pairs of tetrahedrally coordinated CoII.[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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and also that it does not adopt the in-plane organization of the β-Co(OH)2 phase that presents edge-sharing CoII(OH)6 octahedra of similar sizes. It further confirms that the air oxidation is a topochemical reaction occurring at the local scale converting 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 function analysis was used. The PDF obtained for the CoIICoIII-CO3 sample presented Figure 4 is quite similar to that recently published by Taviot-Gueho et al.[14,31] for other related LDH compounds. Consistent with the crystalline character of this material, the oscillations of the PDFs extend over 50 Å (see the Supporting Information). For r values below the interlayer distance d003, the first peak with a large maximum centered at r ∼ 1.97 Å is attributed to the nearest-neighbor Co-OOH 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 identification 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 first peak corresponding to the closest OOH shell around CoII/CoIII atoms is scrutinized, a left shoulder is also observed. It implies that the first contribution can be modeled by the superposition of two components (Figure 4B). By fitting this peak with two Gaussians, two distances are found at 1.92 Å and 2.02 Å, which can be unambiguously attributed to CoII-OOH and CoIII-OOH bonds, respectively (vide supra). Notwithstanding the difference in oxidation degrees, one can assume that CoII and CoIII cations display the same X-ray scattering power and, therefore, the relative percentage of number of mole of CoII and CoIII can be determined in a straightforward way from peak areas. The values thus obtained, i.e., 89% of CoII and 11% of CoIII, are in agreement with XPS analysis and iodometric titration (Table 2).
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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 CoIICoIII-CO3, since the main edge is shifted toward a higher energy when compared to either β-Co(OH)2 or Co2Al-CO3. Discrete features visualized on the first derivative XANES curve versus energy help to measure the precise position in energy of the humpshaped absorption process. The position in energy is taken when the first XANES derivative is equal to zero at around 7.73 keV (Figure 3B). 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 CoII0.85CoIII0.15, which agrees well with the above characterizations. The accommodation of CoIII 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 Co5Al LDH, uncovering a partial oxidation of CoII to CoIII.[23] EXAFS oscillations were analyzed to identify the local structural variations around Co sites in CoIICoIII-CO3. Fourier transform of k3-weighted EXAFS spectra are displayed in Figure 3C. FT spectra were not phase-corrected, explaining why the R-values are shorter. We attribute the first 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 refined, resulting in the presence of oxygen atoms at two distances 1.92 and 2.13 Å and a first metal–metal distance at 3.08 Å, as shown in the inset text of Figure 3D. These results are consistent with values reported elsewhere for CoII-OOH bonds for octahedrally coordinated CoII, which are around 2.0 to 2.1 Å[21,24–28] and CoIII-OOH bounds for octahedrally coordinated CoIII, 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 neighbor’s number between short and long Co-O distances, probably 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 CoIICoIIICO3 sample is quite similar to Co2Al-CO3, with the observation of a cation–cation correlation at a distance of a, √3a, and 2a (Figure 3C), characteristic of the LDH intralayer cation local arrangement, and slightly different from β-Co(OH)2. This indicates that the average arrangement of Co cations in the abplane is similar between LDH-type compounds in spite of the ionic radius difference between AlIII (51 pm) and CoIII (63 pm),



2.2. Morphological Characterization To visualize the texture and morphology of the as-made thin films by SEM, the aqueous suspensions of LDH platelets were deposited onto a platinum substrate. The image obtained with low magnification (Figure 5A) shows a CoIICoIII-CO3 film homogeneously covering the entire Pt surface. At higher magnification (Figure 5B,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 Co2Al-CO3, well crystallized hexagonal platelets are observed (Figure 6A,C) with main dimensions around 200– 250 nm and well defined sheets with a regular spacing of ∼1 nm. The average number of stacked sheets is 40 (Figure 6E), a value very close to that deduced from XRD data, i.e., L00l/d003 ratio = 43 (32.5/0.754). Highly aggregated small particles with diameters around 50 nm are observed in case of CoIICoIII-CO3 (Figure 6B,D). Selective area electronic diffraction (SAED) of the samples once again confirms the difference in crystallinity between both samples; while well defined hexagonal SAED plots are observed for Co2Al-CO3, only circular halos with weak
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Figure 4. A) Experimental pair distribution function of CoIICoIII-CO3; the major contributions are labeled according to Taviot-Gueho et al.[14] B) Gaussian fit to the first peaks in the PDF: experimental data (black squares), fitted data (solid line), individual Gaussians (dashed lines); peaks are labeled with the corresponding atomic pairs. C) Experimental PDFs of electrochemically treated samples of CoIICoIII-CO3ox (circles) and CoIICoIII-CO3ox/red (triangles) compared to the starting phase (squares). D) Gaussian fit to the first peaks in the PDFs for a) CoIICoIII-CO3ox and b) CoIICoIII-CO3ox/red: experimental data (squares), fitted data (solid line), individual Gaussians (dashed lines). Peaks are labeled with the corresponding atomic pairs. E) Experimental PDFs of CoIICoIII-CO3 ox and CoIICoIII-CO3ox/red compared to calculated PDFs of Co3O4 (ICSD, 9005891), CoOOH (9009449), and βCo(OH)2 (9009101).



intensity light points (characteristic of quasi amorphous materials) are visualized for CoIICoIII-CO3.



2.3. Electrochemical Characterization 2.3.1. Cyclic Voltammetry CoIICoIII-CO3 free of electronic additives characterized by cyclic voltammetry in 0.1 M KOH aqueous electrolyte exhibits a well defined anodic peak at 0.250 V/SCE, associated with a reduction peak at 0.073 V/SCE, leading to a difference of potential (ΔEp) of 0.177 V (Figure 7A). The number of mole of oxidized (nox*) or reduced (nred*) cobalt cations during a reversible potential sweep is estimated from the oxidation and reduction peak areas measured at a low scan rate (Qa 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 CoII on the electrochemical process may be addressed, i.e., the percentage of CoII cations involved in the electrochemical oxidation process. The obtained percentages are 28% for CoIICoIII-CO3 and only 10% for Co2Al-CO3, underlining an electrochemical oxidation of CoII more efficient for the CoIICoIII-CO3 structure than for the Co2Al-CO3 LDH. Almost 1/3 of CoII cations present in the CoIICoIII-CO3 can be electrochemically oxidized to CoIII. Interestingly, the net balance efficiency per cycle nred/nox is 
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