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Electrochemical study of conductive nanometric Co3O4-based electrodes for asymmetric supercapacitors in alkaline electrolyte

increase the initial capacity by more than 70% and the best discharge capacity is obtained for 15% of carbon black. However, if the capacity is normalized to the total active material weight (cobalt oxide+carbon black) and not only to the mass of cobalt oxide, the compositions between 5 and 15% give almost the same results in terms of specific capacity. We decided therefore to use only 5% carbon added, in order to limit the composite effects during the study of our cobalt oxides, all the more as these materials exhibit quite good conductivity values.

Electrochemical characterization.-Electrochemical performances were evaluated in a three-electrode cell (classical corrosion cell from Radiometer Analytical, France), filled with a 5M-KOH electrolyte. The preparation of the working electrode is detailed just above. Platinum was used as counter electrode and HgO/Hg in 1M -KOH as reference electrode. Cyclic voltammetry was achieved using a VMP3 potentiostat (Biologic) between -0.4 V and 0.75 V vs. SHE.

An additional kinetic study was also carried out using a 35 μm cavity microelectrode in order to get rid of the ohmic drop. Actually, few μg or so are packed into the cavity leading to current in the μA range enabling sweep rates as high as several V s -1 in cyclic voltammetry. Such an electrode stands as the working electrode, with a platinum counter electrode and a HgO/Hg reference electrode. The main advantage of this system lays in the small amount of material used (several ng to mg of powder in the cavity), which allows to limit current and therefore ohmic drop, the sensitivity to cell geometry being moreover weakened. The redox peaks obtained are indeed better defined than with a macroscopic electrode, which is suitable to discriminate electrochemical phenomena that would be superimposed with a macroelectrode. Unfortunately, the very small amount of materials prevents from doing any quantitative analysis, as determining valuable capacity values.

Cycled electrodes were analyzed by XRD and SEM. For this purpose, six electrodes were primarily prepared, and activated by performing 10 oxidation-reduction cycles between -0.4 V and 0.75 V in 5M-KOH. The potential of each electrode was then maintained during 12 hours at the target value, -0.20, 0.10, 0.30, 0.47, 0.60 and 0.70 V respectively. After rinsing the electrode out with deionized water, each electrode was dried at 60 • C, and finally analyzed by XRD and SEM. X-ray diffraction (XRD) data of the cycled electrodes were collected with a Philips PANalytical X'Pert Pro diffractometer using the cobalt Kα radiation. The diffraction patterns were recorded for around 11 hours (800.1 s per step) in the 10-110 • (2θ) angular range, with a 0.0167 • (2θ) step size and a 2.122 • (2θ) active width in the detector. Scanning electron micrographs were collected with a Hitachi S-4500 field emission microscope with an accelerating voltage of 3.0 kV in secondary electrons mode.

Results and Discussion

Study of the potential window.-Fig. 1 presents the voltammograms obtained for different cutoff voltages of the spinel (SP-initial) based electrode, registered in 5M-KOH. The choice of potential window appears crucial for this system because, the best compromise must be found between the desired oxidation of the positive electrode material, to reach the highest capacity, and the unwanted electrolyte oxidation, to maintain a high coulombic efficiency. As shown in Fig. 1-insert, the charge integration of the cathodic branches of voltammograms, registered between a minimum potential of -0.2 V and a maximum potential (E max ) of 0.80 V, leads to a constant increase of the cathodic capacity vs E max value. Nevertheless, the coulombic efficiency, which is kept above 90% for E max < 0.70 V, strongly decreases for higher potential values, due to the oxidation of water electrolyte. On the basis of the coulombic efficiency measured, the maximum electrode potential will then be fixed at 0.75 V vs SHE, which ensures a coulombic efficiency of at least 90% (sufficient for an open cell). It must be noticed that, from the thermodynamic viewpoint the OER in 5M-KOH is supposed to occur at 0.35 V vs SHE. However, resulting from the strong over potential of the oxygen release reaction on the nanometric Co 3 O 4 type materials, 19,20 this reaction is set off only at higher potential (0.75 V).

Comparative cyclic voltammetry study of the materials synthesized at various temperatures (SP-initial, SP-200 and SP-300).-

As stated in the introduction section and reported in previous publications, 8,9 a thermal treatment of a nanometric Co 3 O 4 type phase (SP-initial) leads to an increase of the electronic conductivity from 3.10 -4 S.cm -1 to 9.1.10 -2 S.cm -1 , for annealing temperatures higher than 150 • C. In the same time, the specific area of the powders tends to drop beyond 300 • C (200 m 2 /g for SP-initial, 180 m 2 /g after annealing at 200 • C and 98 m 2 /g after annealing at 300 • C), as shown in Supplementary Fig. 2. The materials, thermally treated between 150 and 300 • C, are therefore likely to exhibit interesting electrochemical properties because they present a good compromise between conductivity and surface area.

The voltammograms of electrodes prepared from the materials treated at 200 • C and 300 • C (SP-200 and SP-300) were then investigated in 5M-KOH at 5 mV/s, and compared to the pristine material. They are presented in Fig. 2. In the case of the two thermally treated materials, a capacitive envelope is observed at low potential (from -0.4 V vs. NHE to 0.1 V vs. NHE), which tends to widen with the synthesis temperature. This behavior may be explained by an electrostatic charge storage, resulting from the higher electronic conductivity of the heated phases. An additional peak around 0 V in reduction can also be observed the thermally treated materials, and was assigned to the presence of carbon black. As shown in Supplementary Fig. 3, the voltammogram of an electrode that was prepared with carbon black only, exhibits indeed a cathodic peak between -0.2 and 0 V, probably due to metal traces involved in the synthesis. The fact that no additional peak around 0 V can be observed for the SP-initial sample may result from the lower conductivity of this sample as compared with the others. 17 No significant change in the oxidation and reduction peaks of cobalt oxides has to be noticed for SP-initial and SP-200, but the current drops for SP-300, which is assumed to result from the lower specific surface area of this material (98 m 2 /g against 200 m 2 /g for SP-initial). The capacity of the three materials were determined by integrating the cathodic branches of the voltammograms of Fig. 2, and are shown in Table I. The overall trend shows a decrease of the gravimetric capacity when temperature increases. Differently from what was expected on the basis of the increase of electronic conductivity, no significant increase of the specific capacity is observed after thermal treatment at 200 • C of SP-initial. The improvement of the electronic properties with temperature either does not seem to induce any increase of the electrochemical active surface, or in a so weak extent that the capacity increase is counter balanced by the slight decrease of the specific surface area of the heated material (180 m 2 /g for SP-200 versus 200 m 2 /g for SP-initial). For the SP-300 sample, the specific surface area is half the pristine one, severely limiting the faradaic storage capability, leading to a total capacity lower than those of the other two materials. The capacity change with the annealing temperature of the three materials will be discussed back later.

It seems that the electronic conductivity of the various samples does not influence in the same way the behavior in the area between -0.4 and 0.1 V vs. NHE, which is governed by double layer process, and in the area between 0.2 and 0.75 V vs. NHE, which is governed by faradaic process. In the former region, the increase of the current with annealing temperature increasing can be attributed to the increase of the electronic conductivity. In the faradaic region, complex phenomena including ionic motion are involved, so that the decrease of the specific area with annealing temperature increasing becomes predominant with regard to electronic conductivity. It appears that SP-initial and SP-200 offer the best electrochemical performance in terms of specific capacity. Importantly, for SP-initial, the main part of storage occurs between 0.4 and 0.75 V, while a significant part of the storage process occurs at lower potential (between -0.4 V and 0.1 V) for SP-200, which is not suitable for applying in hybrid C/metal oxide supercapacitors. The SP-initial material appears consequently as the most promising one from the application point of view. Nevertheless, we will also consider the SP-200 material in the subsequent study, because its weak resistance due to its higher conductivity is likely to be interesting in high rate tests.

Influence of scan rate on the electrochemical behavior.-The electrochemical behavior of the SP-initial and SP-200 samples were thus investigated by cyclic voltammetry in 5M-KOH in two different configurations: the classical microelectrode, which was used for quantitative analysis in the previous section, and the cavity microelectrode for the study of qualitative phenomena.

Macroelectrode study.-Figure 3 shows the cyclic voltammograms of the SP-initial sample at scan rates ranging from 0.1 to 200 mV/s. The electrochemical signatures of the two electrodes based on SP-initial and SP-200 samples are similar; only the curves corresponding to SP-initial are therefore presented in Fig. 3. When scan rate increases, the faradaic peaks are widened, as a result of high ohmic drop. The resistance of electrolyte (>1 ), together with high current values (several dozen of mA), tends to distort the electrochemical signal. The potential difference between the oxidation and reduction peaks increases also with scan rate. As a result, the oxidation peak of cobalt oxide merges with that of electrolyte beyond 2 mV/s, which evidences slower charge transfer kinetics.

The evolution of the cathodic capacities of the SP-initial and SP-200 materials as a function of scan rate is shown in Fig. 4. For the highest scan rates (10 < v < 200 mV/s), the capacity exhibits similar evolutions for both materials, with an increase until a maximum value when the scan rate decreases. For scan rates below 5 mV/s, the capacity of the SP-initial sample becomes higher than that of the heated material. At the lowest scan rates, the presence of a leakage current explains that the capacity is lower than theoretical one (∼223 mA • h g -1 ). For the SP-200 sample, the higher electronic conductivity can induce a decrease in the observed oxygen evolution overpotential -and then faster electrolyte oxidation -which can explain the smaller capacity obtained at low scan rate. Again, as indicated in the previous section, the electrochemical performances of the electrode based on SP-200 do not appear as better than those of the electrode based on SP-initial, in spite of the higher electronic conductivity of the former material.

Microelectrode study.-To limit the ohmic drop concern in conventional electrochemical cell, the electrochemical behavior of the SP-initial and SP-200 materials were evaluated using a cavity microelectrode (described in the experimental part). The cyclic voltammograms of the two materials are given in Fig. 5. Oxidation-reduction peaks registered at high rate are, as expected, much less distorted than when using a macroelectrode, which supports the hypothesis of a strong contribution of ohmic drop with the macroelectrode. In addition, the microelectrode measurements clearly show the presence of two reduction peaks, around 0.50 and 0.40 V. This will be discussed later.

The difference in the redox potentials (E ox -E red1 ) and (E ox -E red2 ) of the SP-initial and SP-200 samples are plotted in Fig. 6, where E ox , E red1 and E red2 correspond to the oxidation peak, the reduction peak at higher potential and the reduction peak at lower potential respectively. It appears clearly that the potential difference is lower for SP-200, which highlights the lower intrinsic resistance of this material and faster reaction kinetics than for SP-initial. This effect could not be observed in macroelectrode configuration, because of the extrinsic additional ohmic drops, associated with electrode thickness or electrolyte resistance.

Structural study of the electrode during cycling.-In order to in-

vestigate the mechanisms involved during the electrochemical cycling, electrodes based on the nanometric SP-initial material were studied by XRD and SEM, after polarization at various constant potentials, as described in the Experimental section and indicated in Supplementary Fig. 4. The XRD diffractograms registered for each potential are similar to that obtained for the pristine material, and show that the Co 3 O 4 structure is maintained all along the cycling, without any additional phase appearing and without any significant change of the grain size (no variation of the line width, usually characteristic of a modification of the size of the coherent domains). The electrodes were then analyzed by SEM; the pictures obtained for the electrodes prepared at 0.1, 0.6 and 0.7 V can be compared to those of the starting non cycled electrode in Fig. 7. Except for the starting electrode, the other three electrodes exhibit, in addition to nanometric grains characteristic of the starting Co 3 O 4 phase, domains that are recovered by platelets, which are several hundreds of nm large. EDX analysis has shown that these domains are mainly constituted of cobalt element. Such platelet morphology is characteristic of Co(OH) 2 or CoOOH cobalt hydroxides. [21][22][23] However, no such phase was detected by XRD in the electrodes prepared at various potentials. However, during these experiments, the electrodes were removed from the electrochemical cell, rinsed with water, and dried, before being investigated by XRD. A chemical modification of the material during this process of electrode preparation cannot be excluded, as, for instance, a spontaneous reduction for the electrodes recovered at high potential. To avoid any misinterpretation, an electrode was also characterized in situ during the electrochemical cycling and the results, not reported here, confirm that only the Co 3 O 4 type phase is present all along the cyclic voltammogram, with no crystallinity modification. As a consequence, the platelets, observed by SEM, can be reasonably supposed to be particles of Co(OH) 2 or CoOOH agglomerated in thin layers, localized in some domains at the near surface of the electrodes, so that they could not be detected by XRD. The formation mechanism of these cobalt hydroxide type phases is discussed in the following section.

Discussion about the electrochemical process and the charge storage mechanism.-The combined XRD, SEM and electrochemical Variations of E ox -E red1 and E ox -E red2 potential differences as a function of scan rate for SP-initial and SP-200 cycled in microelectrode. E ox , E red1 and E red2 correspond to potentials of the oxidation peak, the first reduction peak (at the highest potential) and the second reduction peak (at the lowest potential). The potential values are extracted from voltammograms presented in Fig. 5.

study has shown that i) the spinel structure is maintained within the electrode during the cycling between -0.4 and 0.75 V vs SHE (see Suppl. Figure 4), ii) platelets appear at the surface of the electrode, with a morphology characteristic of cobalt (oxi)hydroxide (see Fig. 7), iii) at 5 mV/s in a three electrode cell configuration (with classical macroelectrode), the initial spinel material undergoes oxidation reaction at high potential (peak overlapping with that of electrolyte oxidation), followed by a reduction at 0.47 V (see Fig. 3). The same experiment, performed with a microelectrode at 100 mV/s, leads to one oxidation peak at 0.61 V and two reduction peaks at 0.41 V and 0.53 V, which reflects the existence of three different cobalt oxidation states involved in the redox process. Before any electrochemical reaction, the oxidation states +2/+3/+4 coexist for cobalt within the SP-initial material, with an average oxidation state of 2.80. [7][8][9] The following redox reactions are therefore supposed to be involved in the electrochemical cycling of SP-initial:

Co 2+ ← → Co 3+ + e - [1] Co 3+ ← → Co 4+ + e - [2]
In the case of the microelectrode experiment, the reduction peaks at 0.41 and 0.53 V can be reasonably attributed to the above two transitions, while the oxidation peak at 0.61 V may result from these superimposed reactions. From macroelectrode experiments, where only one oxidation and one reduction peak are observed, the two redox processes (Reactions 1 and 2) are assumed to overlap because of ohmic drop. This mechanism is in good accordance with those claimed by several authors for Co 3 O 4 -based electrodes, cycled in KOH. 21,[24][25][26] The two redox couples observed by Cui et al. 24 at (0.54/0.33 V) and (0.60/0.45 V), attributed to Reactions 1 and 2 respectively, exhibit potentials that are close to those obtained with the microelectrode (0.61/0.43 V) and (0.61/0.53 V). The formation of Co 4+ ions is corroborated by Boggio et al., who shows that oxygen release at high potential happens only on the sites with +4 oxidation state. 27 However, even if these redox transitions appear as a tantalizing clue, the electrochemical process involved is not totally elucidated. The oxidation of cobalt can indeed either be performed within the spinel structure, which requires deintercalation of cations such as protons or lithium from the tridimensional channel network, or coupled to structural changes. The major part of the studies reported in the literature assign the electrochemical signal of Co 3 O 4 to the following reactions, [28][29][30][31][32][33][34][35][36][37] on the basis of the cobalt Pourbaix diagram: 38

Co 3 O 4 + OH -+ H 2 O ← → 3CoOOH + e - [3] CoOOH + OH -← → CoO 2 + H 2 O + e - [4] 
The formation of CoO 2 is quite uncertain because that phase is usually rather unstable and can be obtained only by electrochemical deintercalation of A x CoO 2 type phases (A = H, Li, Na) at very high potentials. [START_REF] Amatucci | [END_REF]40 CoO 2 was brought to light by Mössbauer spectroscopy by Simmons et al., from cobalt hydroxides which were anodically treated at potentials higher than 0.85 V vs SHE. 41 On the other hand, the presence of CoOOH would match with the platelet morphology observed at the surface of the electrode but only the β(III) variety can be reasonably envisaged. The γ variety (hydrated lamellar structure) is indeed excluded because it was shown by M. Butel to be irreversibly reduced to the β(III) phase below 0.15 V. 42 As reported by this author, the study of the electrochemical cycling in KOH of the β(II)-Co(OH) 2 and β(III)-CoOOH phases in the -0.3-0.7 V range involves a protondeficient β(III)-H x CoO 2 phase, with a cobalt average oxidation state higher than 3, which is denoted as β (III)-CoOOH:

β(II) -Co(OH) 2 D -0.06 V ←------→ -0.01 V β(III) -CoOOH 0.25 V ←------→ 0.24 V β (III) -CoOOH
Starting from our spinel based electrode, the formation of the β(III)-CoOOH and β (III)-CoOOH phases appear therefore as possible, and could explain the platelets observed by SEM at the surface of our electrodes. Nevertheless, it should be kept in mind that, these two phases being not detected by XRD, their formation is necessarily restricted to a thin layer at the surface of the electrode. As a conclusion, the two processes, oxidation of cobalt within the spinel structure on one hand and formation of oxihydroxide phases on the other hand, are likely to coexist within our spinel based electrode.

As far as the nature of the charge storage is concerned, as shown as an example in Fig. 5, the shape of the cyclic voltametry curves shows intense redox peaks, which shows that the charge storage is essentially faradaic. However, the contribution of electrostatic charge storage cannot be totally neglected because the pore distribution, evaluated by a simple model on the basis of BET measurements, is centered on the 2-5 nm narrow range. It is possible to evaluate roughly the thickness at the surface of the material particles that may be affected by the redox processes previously described. For this purpose, in a first step, it is necessary to evaluate the percentage of cobalt atoms covering the surface of our Co 3 O 4 -type nanoparticles. According to a simple model where we consider a spherical particle with oxygen atoms arranged with a fcc packing, the percentage of oxygen atoms at the surface of a particle can be evaluated as 400 r oxygen /r particle . The detailed calculation is presented as supplementary information. r oxygen and r particle correspond to the radius of oxygen (0.14 nm) and of the particle (5 nm), which leads to 11% of oxygen at the very surface. Using the stoichiometric formula of our SP-initial material (H ), the Co/O ratio is equal to 0.58, which leads to conclude that around 6% of the Co atoms are located in a shell at the very surface of the particles. On the other hand, if all cobalt ions present in the material particles are supposed to be converted to +4 during the oxidation process, the theoretical capacity of our SP-initial material can be calculated with the formula Q th (mA.h/g) = (0.61x2 + 1.58x1) F

M

, where F corresponds to the Faraday constant (96500) and M to the molecular weight of the material (M = 209 g/mol). The value obtained is Q th = 358 mA.h/g. The capacity we obtained experimentally (73 mA.h/g) shows that about 20% of the theoretical capacity is extracted. 6% of cobalt being located at the surface of the nanoparticles, the 20% of the cobalt ions involved in the electrochemical process represent roughly 3-4 cobalt atomic layers, i.e. a thickness lower than 10 Å at the surface of the particles. The very small thickness that is affected at the particle surface by the electrochemical cycling allows to explain that no structural change can be detected by XRD during cycling.

Electrochemical stability of the electrode based on the material SP-initial.-

The SP-initial sample exhibits an excellent chemical stability since, after one year soaking in 8M-KOH, no blue color of the solution, characteristic of Co(OH) 4 2-complexes resulting from cobalt dissolution in alkaline medium, could indeed be detected. 43,44 In addition, the XRD analysis of the electrode did not reveal any structural change of the Co 3 O 4 type phase and appearance of an additional phase.

The electrochemical stability was also investigated. As illustrated in Fig. 8, the electrochemical ageing is quite satisfying, since 91% of the initial cathodic capacity is maintained after 500 cycles, and 70% after 3500 cycles. The coulombic efficiency is kept higher than 92% all along the cycling, in an open cell configuration. Nevertheless, it should be noticed that the coulombic efficiency will become a crucial parameter in a complete closed supercapacitor cell, where values higher than 97% are required, to avoid any separator drying, or excessive electrolyte consumption, which would result in overpressure problems due to oxygen release. Normally, the electrochemical stability should be strongly improved in an asymmetric Co 3 O 4 /C supercapacitor configuration, because the carbon electrode will support one part of charge/discharge and exhibits an excellent stability (more than 99%). 45 As a conclusion, the electrochemical behavior of our nanometric Co 3 O 4 type phases are quite encouraging, with capacities higher than those obtained for numerous oxides, such as MnO 2 , 3,4,46 Fe 3 O 4 , 7 NiO 8,47 or V 2 O 5 . 6,7 The capacities are in the same range as many cobalt oxides, hydroxides and oxihydroxides reported in literature for similar cycling configurations and active material amounts. 21,[24][25][26]32,35,37 Capacities reported for cobalt oxide/hydroxide thin films are indeed as expected higher, 22,31,33 due to the weak amounts of cobalt oxide (lower than 1 mg/cm 2 ), and the possible contribution of current collector in some cases.

Conclusions

Spinel type materials with structural defects and typical formula such as H 1.34 Li 0.14 Co II 0.61 [Co III 1.58 Co IV 0.14 ]O 4 •0.32 H 2 O were prepared through a precipitation method. The electronic conductivity of such compounds is quite interesting for supercapacitor application and can be increased from 3.10 -4 S • cm -1 up to 10 -1 S • cm -1 by a simple heat-treatment at 200 • C. Thanks to a good coulombic efficiency (>92%), such kind of spinel cobalt oxide exhibits a very good stability upon cycling (up to 3500 cycles with less than 30% loss), which makes them very good candidates for asymmetric supercapacitors. Despite the charge storage mechanism is still being under investigation, our results show that at least two redox processes are involved, with both the spinel and oxihydroxide/hydroxide cobalt species. Besides, it turns out that only a thin material surface layer seems to contribute to the charge storage, leading to a gravimetric capacity of around 70 mA • h • g -1 , whereas the theoretical capacity is 220 mA • h • g -1 . Further work is now focused on improving the percolation and the morphology of the particles to take benefit of the whole capacity of such promising materials.
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 1 Figure 1. Cyclic voltammetry curves, at 5 mV/s, of a SP-initial based electrode containing 5% additional carbon black, (a) registered in 8M-KOH in the -0.4-0.75 V range, (b) registered in 5M-KOH in the -0.2-0.4/. . . /0.80 V range. As an insert of Fig. 1b, the variations of cathodic capacity and of coulombic efficiency are plotted as a function of maximum potential (E max ).

Figure 3 .

 3 Figure 3. Cyclic voltammetry measurements in 5M-KOH of an electrode prepared with SP-initial (with 5% carbon black added), at scan rates varying from 0.1 to 200 mV/s.

Figure 4 .

 4 Figure 4. Cathodic capacities extracted from voltammograms registered in 5M-KOH, at scan rates varying from 0.1 to 200 mV/s, for two electrodes prepared with SP-initial and SP-200 (with 5% carbon black added). The values obtained for SP-initial correspond to the curves of Fig. 3.

Figure 5 .

 5 Figure 5. Cyclic voltammetry measurements in microelectrode in 5M-KOH for powders of (a) SP-initial and (b) SP-200 (with 20% carbon black added), at scan rates varying from 20 to 1000 mV/s.

Figure 6 .

 6 Figure 6.Variations of E ox -E red1 and E ox -E red2 potential differences as a function of scan rate for SP-initial and SP-200 cycled in microelectrode. E ox , E red1 and E red2 correspond to potentials of the oxidation peak, the first reduction peak (at the highest potential) and the second reduction peak (at the lowest potential). The potential values are extracted from voltammograms presented in Fig.5.

Figure 7 .

 7 Figure 7. SEM pictures of electrodes containing "SP-initial" spinel cobalt oxide before cycling (starting electrode) and at fixed potentials during cycling (0.1 V, 0.6 V and 0.7 V). For each electrode, the picture on the right corresponds to a zoom of the central part indicated on the picture on the left. PTFE filaments can be observed in some pictures.

Figure 8 .

 8 Figure8. Variations of cathodic capacity and coulombic efficiency of an electrode containing "SP-initial" spinel cobalt oxide (and 5% carbon black added) over 3500 cycles. The values were extracted from cyclic voltammetry measurements performed at 5 mV/s in 5M-KOH in the -0.4-0.75 V potential range.

Table I . Cathodic capacities, extracted from voltammograms of Fig. 2, for the electrodes prepared from the materials SP-initial, SP- 200 and SP-300. The values are reported with the unities mA.h/g and F/g over 1.15 V.

 I 

SP-initial SP-200 SP-300 Cathodic capacity (mA.h/g) 60.1 62.3 48.7 Cathodic capacitance (F/g) 188 195 152
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