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Abstract 

In this article we focused on the comprehension of the surface reactivity of layered β(III)-cobalt 

oxyhydroxide, β(III)-CoOOH, by implementing a multi-scale study associating both experimental, 

surface characterization by X-ray Photoemission Spectroscopy (XPS) and microscopy (SEM) and 

first-principle calculations. The surface reactivity and the chemical properties of the surface are key 

factors in the charge storage mechanism and β(III)-CoOOH presents interesting characteristics to be 

used as pseudo-capacitive electrode materials in supercapacitors thanks to its large surface specific 

area (~100 m2.g-1) and its high electronic conductivity (10-3 to 1 S.cm-1).  The surface reactivity (basic 

and redox character) of the synthesized compounds, which consists in aggregates of particles with 60-
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100 nm length, has been explored from the adsorption of SO2 molecules followed by XPS analyses. A 

kinetic study of the reactivity allowed us to identify three steps in the adsorption mechanism of our 

β(III)-CoOOH samples. The coupling of XPS and computational results allows us to establish a link 

between the surface reactivity in the identified domains, the formation of sulfate and sulfite species, 

and the cobalt Co3+ and Co4+ species of the active sites along with the underlying electronic processes.  

KEYWORDS: Surface Reactivity; First-Principle Calculations; Supercapacitors; Energy 

Storage, reaction mechanism 

 

I) Introduction 

Supercapacitors are energy storage devices that rely on fast surface/interface reactions of the 

electrodes materials to store the charges, which make them ideal candidates for high power 

applications.1 In EDLCs (electric double layer capacitors), the predominant capacitive storage 

mechanism that consists in adsorption/desorption of ions from the electrolyte on the carbon electrodes 

surface, is limited by the specific surface area, resulting in restrained energy densities. Thus, compared 

to Li-ion batteries (LIB), the energy density delivered by commercial EDLC (3-10 Wh/kg vs. ~250 

Wh/kg for LIB) can be a drag to portable applications where high autonomy is required. 2,3 To increase 

the energy density of supercapacitors, a possible way is to replace one of the two carbon electrodes by 

a pseudo-capacitive or a battery electrode to build pseudo-capacitors and hybrid capacitors 

respectively.4, 5, 6   

The charge storage mechanism of pseudo-capacitive materials, which is based on rapid and 

reversible redox reactions (Faradaic process) at the surface/near surface of the active material, allows 

increasing energy densities without compromise on the high power, whereas the diffusion-limited 

process in battery electrode hampers the power response.6, 7 Thus, the characteristics of pseudo-

capacitors appear to be very attractive for the next generation of energy storage devices. In the 

literature, different oxides and oxyhydroxides such as RuO2, MnO2, FeWO4 or CoOOH, and more 
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recently MXene, have been reported to exhibit rectangular shape cyclic voltammograms in aqueous 

electrolyte, characteristic of pseudo-capacitive materials.8-12 As only the surface is used in the charge 

storage mechanism, the nano-structuration of the pseudo-capacitive materials is essential to optimize 

the electrochemical performance. Moreover, the nanoscale design improves the electrolyte 

accessibility to the material particles surface and favours the ionic diffusion through the electrode 

material. However, increasing the specific surface area (SSA) does not necessary improve the 

capacitance since the surface reactivity for a given material differs depending on, among others things, 

the crystallographic planes and the eventual presence and accessibility of redox active sites. For 

instance, it is reported that CoOOH functionalized with BMIMBF4 ionic liquid exhibits a higher 

pseudo-capacitive response than pristine CoOOH although its specific surface area is lower.12 

Understanding the surface reactivity of the pseudo-capacitive materials is thus a key point to develop 

a rational strategy and reach the best energy storage performance. To this end, we followed a strategy 

previously used in our group on the investigation of lithium-ion battery electrode materials that 

allowed us to get a deep insight on the chemical properties of the surface and the electronic processes 

taking place13-15. This strategy aims to probe the surface reactivity from a combined experimental and 

computational investigations including: synthesis, surface characterization before and after gas probe 

adsorption and first-principle calculations. 

In this work, a focus is made on the layered β(III)-cobalt oxyhydroxide phase 

(H+
wNa+

yCox+O2.n(H2O)) which possesses interesting characteristics for pseudo-capacitive electrode 

materials. Indeed, depending on the stoichiometry of H, which is linked to the amount of Co4+, this 

material has an excellent electronic conductivity (10-3 up to 1 S.cm-1) compared to most of other 

pseudo-capacitive oxides and hydroxides, good stability in aqueous electrolyte and can easily be 

synthesized as nanocrystalline powder with SSA higher than 100 m²/g.16-19 However, the experimental 

pseudo-capacitive response of β(III)-cobalt oxyhydroxide, far below the theoretical expectation, leads 

us to perform a multi-scale study to investigate in details the reactivity of the different surfaces, the 
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nature of the active sites and to identify the mechanisms involved in the charges storage.8, 12  To do 

this, the adsorption of gas such as SO2 was carried out to probe the nature of the active sites. X-ray 

photoelectron spectroscopy (XPS) was used to characterize the surface in terms of electronic structure 

and composition of the material and also to determine the adsorption mode of SO2 (redox and / or 

acid/base). Scanning Electron Microscopy (SEM) was used to highlight the morphology of β(III)-

cobalt oxyhydroxide. Theoretical calculations were made to study, at the atomic scale, the surface and 

bulk properties as well as the adsorption mechanisms. 

II) Materials and methods 

1) Synthesis and bulk characterization of β(III)-CoOOH 

For the synthesis of β(III)-CoOOH, 3.18 g of Co(NO3)2.6H2O (10-2 mol) were dissolved in 300 mL of 

distilled water. The solution of cobalt nitrate was added dropwise into 11 mL of NaOH (2M) under 

stirring, forming an unstable blue precipitate corresponding to Co(OH)2, xH2O (α hydrated variety). 

After few seconds, this precipitate has turned pink, leading to the formation of Co(OH)2 (β(II) 

unhydrated variety).  Then, 7.5 mL of NaClO (48° Cl) was added dropwise to the solution in order to 

speed up the oxidation process leading to the oxyhydroxide phase. The solution was stirred during 30 

minutes, centrifuged few times in distilled water for 5 min at 4000 rpm until neutral pH and dried 24 h 

at 40 °C. 

 

XRD analyses A Philips Panalytical X’Pert Pro diffractometer was used to record X-ray powder 

diffraction patterns. Co-Kα radiation (λKα2= 1.7928 Å, λKα1= 1.7889 Å) was used in order to avoid 

fluorescence, problematic with traditional Copper sources, and to generate high quality patterns. The 

powder diffraction patterns were recorded for about 16 h in the 20°−90° (2θ) angular range, with a 

0.02° (2θ) step size and a 2.022° (2θ) active width in the detector. 
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ICP-OES Co and Na elements were quantified in our samples using a Varian 720ES ICP-OES 

spectrometer. The samples were prepared by dissolving 25 mg of powder into HCl, the solutions being 

heated until full dissolution of powder. Then the solutions were diluted in order to obtain a 

concentration of target element between 1 and 200 mg/L. The solution was then introduced in a 

nebulization chamber along with an argon flow to create an aerosol. Five measurements were realized 

for each sample for accuracy. 

 

CHNS To quantify the % of hydrogen in the sample, 1.5 mg of the sample was burned at 920 °C in a 

tin foil in an excess of oxygen. The combustion products were collected (H2O) and quantified thanks 

to a Thermo Flash EA 111E Series apparatus. Two measurements were conducted for each sample to 

control the accuracy. 

 

IODOMETRIC TITRATION Mean oxidation states of Co were determined by iodometric titration. 

Around 25-30 mg of powder are dissolved in 5mL of distilled water, 10 mL of KI solution at 10 g/L 

and 5 mL of 12MHCl solution. The solution was heated until total dissolution of powder (yellow 

color). Immediately after, the solution was titrated by sodium thiosulfate in order to obtain Veq when 

the solution turns for yellow to pink. 

The I− ions (KI) reduce all the cobalt ions to the divalent state. 

This reaction leads to the oxidation of I− ions and to release I2. 

(𝑥 − 2)𝐼− + 𝐶𝑜𝑥+ =>  𝐶𝑜2+ +  
𝑥 − 2

2
𝐼2 

The I2 molecules are then titrated by sodium thiosulfate (0.1 M Na2S2O3):  

2 (𝑆2𝑂3)2−  +  𝐼2 →  𝑆4𝑂6
2−  +  2𝐼− 

To calculate the mean oxidation state of cobalt, the quantity of I2 formed can be expressed as: 

𝑛𝐼2
=

𝑥 − 2

2
𝑛𝐶𝑜𝑋+ =

1

2
[𝑆2𝑂3

2−] ∗ 𝑉𝑒𝑞 
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where Veq is the volume of sodium thiosulfate added at the equivalence. It is therefore possible to 

determine x: 

𝑥 =
[𝑆2𝑂3

2−] ∗ 𝑉𝑒𝑞

𝑛𝐶𝑜𝑋+
+ 2 

The following methodology is used to establish a chemical formula of the material such as 

H+
wNa+

yCox+O2.n(H2O): once the concentrations of Na, Co (ICP-OES) and H (CHNS) are determined, 

the molar ratio of each element to Co is calculated. The proton amount (w) is deduced by considering 

the total charge neutrality, and the amount of water molecules is obtained by subtracting the proton 

amount from the total H element amount.  

 

2) Surface analysis 

 

X-ray Photoelectron Spectroscopy (XPS) XPS analysis were performed on a Thermo K-alpha 

spectrometer using a focused monochromatized Al Kα radiation (hν = 1486.6 eV). The analysis depth 

is 5 nm and the analysis area represents an ellipse of 200 x 400 µ𝑚2. A Cu double tape was used to 

fix the powder on the sample holder. In order to avoid any contamination and air contact after 𝑆𝑂2 

adsorption, the samples were prepared in a glove box and transferred into the glove box which is 

directly connected to the spectrometer (𝐻2𝑂/𝑂2 < 5 ppm) using a transfer vessel. The core peaks were 

recorded with a pass energy of 20 eV and an energy step of 0.1 eV. Neutralizer gun, which sprays low 

energy electrons over the sample surface to minimize the surface charging, was employed for charge 

compensation. XPS spectra processing and quantification was obtained using CASA XPS software 

after Shirley-type background subtraction. Quantification of surface composition was based on 

Scofield’s relative sensitivity factors.20 

 

Scanning electron microscopy (SEM) An Auger JEOL JAMP 9500F spectrometer was used for 

Scanning electron microscopy (SEM).  
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In order to analyze both the surface and the core of the bare material, samples were cut with a JEOL 

IB-09010CP cross polisher under a controlled atmosphere of nitrogen in a glove box. For this, the 

β(III)-CoOOH powder was mixed with isopropanol-carbon to ensure a low charge effect and then 

deposited on a silicon wafer. The wafer as well as the powder-matrix carbon mixture was then cut with 

Argon plasma of 6 kV and 150 µA. The cutting depth of the sample is about 100 µm. 

The cut sample was then directly transferred from the glove box to the Auger spectrometer for analysis 

using a transfer vessel. 

The SEM images highlighting the morphology of β(III)-CoOOH were carried out under Ultra High 

Vacuum conditions (<2x10−7Pa). An acceleration voltage of 20 kV and a current beam of 4 nA has 

been used.  

 

Specific area The specific surface area of the β(III)-CoOOH material was determined using 

Micromeritic ASAP 2010 and with the Brunauer-Emmett-Teller (BET) theory. For this, a gas 

adsorption of N2 was carried out at a temperature of 77.300 K.  

 

3) Gas probe adsorption 

The 𝑆𝑂2 adsorption was carried out with a Micromeritics Autochem 2920 Analyzer in four steps: (i) 

the reactor was cleaned by heating at 500°C for 1 h under argon flow, (ii) the β(III)-CoOOH powder 

(m = 0.050 g) was introduced in this reactor and was cleaned of adsorbed species under argon flow at 

80°C for 1 h, (iii) the adsorption of 𝑆𝑂2 was performed under helium flux containing 1000 ppm of 𝑆𝑂2 

with a flow of 50 mL.𝑚𝑖𝑛−1. The adsorption has been maintained for: 5, 15, 30, 45 and 60 minutes, 

(iv) finally, a desorption step of physisorbed species has been conducted at 80°C under helium flow 

for 1 h. 

Each series of samples was investigated three times in order to check the reproducibility of the 

adsorption mechanism. After adsorption, β(III)-CoOOH powder is stored in a glove box under 
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controlled atmosphere until it is analyzed. The SO2 desorption is monitored as a function of time (see 

supporting information Figure SI-1) and the maximum storage time of the sample in the glove box 

between adsorption and XPS analysis can be set at one week to avoid any 𝑆𝑂2 desorption.  

SO2 gaseous probe was chosen because sulfur is not present in the material and also exhibits a large 

B.E. scale. The adsorption of gas probes, such as SO2, makes it possible to determine both the nature 

and the concentration of the active sites on the surface21-22, either acid-base or redox engaged in redox 

surface reactions, associated to faradaic process, and electrostatic adsorption associated to capacitive 

storage. Indeed, if SO2 molecules are adsorbed on the surface in sulfite species (SO3
2−), the active sites 

are basic. On the other hand, if SO2 molecules are adsorbed in sulfate species (SO4
2−), the active sites 

are oxidizing. The content of adsorbed species is determined from XPS analysis through the area ratio 

between the S 2p and the Co 2p core peaks. The adsorption mode is assigned depending on the S 2p 

core peak binding energy. A binding energy (B.E.) of the S 2𝑝3/2 core peak at 167.5 eV is characteristic 

of sulfite species and the formation of sulfate species is characterized by a B.E. of 169.0 eV21, 22. Due 

to the ultra-high vacuum conditions of XPS analyses, only the chemisorbed species are detected as the 

interactions involved in physisorption are too weak. 

4) Theoretical calculation 

All calculations were performed using the plane wave density functional theory (DFT) approximation 

available in the Vienna Ab Initio Simulation Package (VASP)23, 24. The electronic wave-functions were 

described in the Projected Augmented Wave (PAW) formalism25 using a spin polarized electronic 

density within the generalized gradient approximation, using the Perdew-Wang-Ernzerhof (PBE) 

functional26. An energy cutoff of 500 eV was used to define the plane wave basis set and the Brillouin 

zone integration was sampled using 8×8×2 and 2×2×1 k-points grids for bulk and slab calculations 

respectively. To account for the strongly localized character of 3d-electrons of cobalt atoms, DFT+U 

calculations were implemented using a Hubbard correction in the framework of the rotationally 
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invariant approximation of Dudarev et al. 28. According to previous works on cobalt oxides29,35,36 we 

performed DFT+U calculations with U = 3.3 eV.  

β(III)-CoOOH exhibits a hexagonal structure and crystallizes in a 𝑅3𝑚 space group with lattice 

parameters a = b = 2.84 Å and c = 13.16 Å 30. After a full relaxation of the system (shape, volume and 

ions positions), optimized lattice parameters are a = b = 2.874 Å and c = 13.027 Å, the shape of the 

cell being unchanged. The deviation of the computed lattice parameters from the experimental ones is 

less than 1%. (see Table SI-2). The computed density of states (DOS) of the bulk agrees with the XPS 

valence band, which enforces the accuracy of our computation level and Hubbard correction, see 

Figure SI-2. 

In this work, we considered the low index (001), (110), (012), (015) and (101) crystalline surfaces 

represented using slab models. These slab models were built from the optimized bulk structure and 

consisted in the stacking of several atomic layers perpendicularly to the considered surface plane. A 

vacuum volume of 15 Å height was left free in the direction perpendicular to the surface plane to 

quench spurious interaction between periodic images. The thickness of the slabs was chosen such as 

bulk properties were obtained at the central atomic layers. Some of these slabs correspond to polar 

surfaces of tasker type 332. To avoid the formation of any electrostatic dipole, all slabs are built to be 

symmetric either from a center of symmetry or a mirror plane at the center of the cell. A full description 

of the five slabs, Figure SI-8, is available in supporting information. All the atomic positions were 

relaxed except for the atoms of the central layer to avoid slab translations in the unit cell. All cobalt 

atoms surrounded by six oxygen atoms in an octahedral geometry, as in the bulk, were considered to 

be in a low spin state (t2g)6(eg)0. The spin states of under-coordinated cobalt atoms were explored by 

probing different electronic configuration, keeping a ferromagnetic ordering between atoms.  

The surface formation energies were calculated from the following equation 

𝐸𝑠𝑢𝑟𝑓
ℎ𝑘𝑙 =

1

2𝑆
(𝐸𝑠𝑙𝑎𝑏

ℎ𝑘𝑙 − 𝑛𝐸𝑏𝑢𝑙𝑘) 
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where 𝐸𝑠𝑢𝑟𝑓
ℎ𝑘𝑙  and 𝐸𝑏𝑢𝑙𝑘 correspond to the energies of the optimized slab and bulk energies respectively. 

S is the area of the surface of the slab and n the number of bulk formula unit in the slab model.  

SO2 adsorption was done on top of the slab models. The formation of sulfite and sulfate species 

corresponds to top and bridge adsorption sites, respectively. The adsorption energies were computed 

from 

𝐸𝑎𝑑𝑠 = 𝐸𝑠𝑙𝑎𝑏+𝑆𝑂2

ℎ𝑘𝑙 − 𝐸𝑠𝑙𝑎𝑏
ℎ𝑘𝑙 − 𝐸𝑆𝑂2

 

where 𝐸𝑠𝑙𝑎𝑏+𝑆𝑂2

ℎ𝑘𝑙  corresponds to the energy of the slab with one SO2 molecule adsorbed on the top 

atomic layer and 𝐸𝑆𝑂2
 is the energy of an isolated SO2 molecule. This energy was computed by 

isolating a SO2 molecule in a cubic box of 10 Å length. 

The Bader decomposition of the charge and spin densities was performed using a finer grid for the 

electronic density around 0.03Å 33, 34. The difference between the number of α and β electrons (nα - nβ) 

is reported as magnetic moment and labeled μ. These quantities are valuable probe of the oxidation 

degrees of transition metal atoms. Calculations of atomic charges and magnetic moments were 

performed on an ensemble of benchmark cobalt oxide structures and are used as reference to discuss 

the results obtained on slab systems. The computational details and the results of these calculations are 

reported in the supporting information section II.38 

 

III) Results and discussions 

A) β(III)-CoOOH material before SO2 adsorption  

1) Crystallographic structure 

The X-Ray diffraction pattern presented in Figure 1 confirms that the synthesis leads to the formation 

of pure rhombohedral CoOOH phase. All the reflections can be indexed in a hexagonal cell, with 3 

CoO2 slabs per cell leading to 𝑅3𝑚 space group and cell parameters: a = b = 2.84 Å and c = 13.16 Å.31 

The broad reflections reveal small coherent domains of ~ 30 nm and ~10 nm, calculated using Scherrer 

equation on (003) and (110) reflections.38 
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Figure 1:  X-ray diffraction pattern of the synthesized β(III)-CoOOH phase. Green ticks are the 

positions of reference peaks of ICSD-22285. 

As detailed in the experimental part, the exact chemical composition of the cobalt oxyhydroxide was 

determined on the basis of the H/Co, Na/Co ratio (ICP-OES and CHNS data) and the average oxidation 

state of cobalt (iodometric titration). These data, which are gathered in Table 1, lead to the following 

chemical formula for the material: H0.84
+Na0.06

+(H2O)0.19Co3.10+O2. However, for practical reasons, the 

material will be denoted as “CoOOH” all along the manuscript. 

 

 

 

 

 

2θCo(°)  
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Table 1 – Chemical composition of the synthesized CoOOH phase 

Sample 

Atomic ratios Mean 

oxidation 

state of Co 

Chemical formula 

H/Co Na/Co 

ß(III)-CoOOH  1.22 0.06 3.10 H0.84
+Na0.06

+(H2O)0.19Co3.10+O2 

 

 

 

2) Morphology 

 

Figure 2: a) and b) SEM images, c) TEM images and d) cross section SEM image of the β(III)-CoOOH 

sample 
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Figure 2 reports the SEM and TEM images obtained on uncut samples (Figure 2.a), 2.b) and 2.c)) and 

cut sample with the cross polisher of β(III)-CoOOH (Figure 2.d)). The β(III)-CoOOH material consists 

of well-defined hexagonal platelets of about 60 to 100 nm length and 10 nm thickness.8,16,39 The low 

thickness of those particles corresponds to the coherent domain size, whereas the length coincides with 

2 or 3 crystallites merged together. The platelets coalesce to form aggregates of various sizes, from 

few to several tens of micrometers (Figure 2.a) et 2.b)). On the figure 2.d), SEM image of the cut 

sample provides information on the core of the agglomerates. The particles are randomly organized 

and the material exhibits a very high porosity with the presence of many channels within the 

aggregates. The surface area of this material was estimated at about 110 m2/g and is in the same order 

as for other CoOOH reported in the literature (between 55 m²/g and 241 m²/g).12, 19, 40,41 This surface 

area is intermediate between the values obtained for materials used in batteries like LiCoO2 (up to 50 

m2/g)42 and for carbon-based materials used in supercapacitors (~ 1000-3000 m2/g)43,44. The synthesis 

method used in this work allows thus to obtain nanostructured CoOOH material with a large SSA, 

which is a key parameter to obtain good performances. Indeed, the electrolyte accessibility to the 

material surface, where the reactions engaged in the charge storage mechanism take place, is governed 

by the material morphology. 

 

3) Surface characterization  

The survey spectra of all samples are displayed in Figure SI-3. The materials surface contains Cobalt, 

Oxygen, Carbon (contamination) and Sodium (synthesis residue) elements. Sulfur is detected after 

adsorption. 
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Figure 3: Co 2p, O 1s (red : oxide anion, green : adsorbed and bulk hydroxide and under 

coordinated oxide ; blue : water and adsorbed species) and Na 1s core peaks spectra of the 

bare β(III)-CoOOH material 

 

All the spectra presented in this work were calibrated in the C 1s scale from the adventitious carbon at 

285.0 eV. The XPS spectra of Co 2p, O 1s and Na 1s of the bare β(III)-CoOOH compounds are shown 

in Figure 3. 

For the Co 2p spectrum, two peaks are observed due to the spin-orbit coupling: the first at 780.3 eV 

corresponds to 𝐶𝑜 2𝑝 3/2 (with a FWHM of 2.3eV) and the second at 795.0 eV corresponds to 

𝐶𝑜 2𝑝 1/2. There are also 2 satellite peaks located at 790.3 eV and 805 eV, with area corresponding to 

7% of the associated main peaks 𝐶𝑜 2𝑝 3/2 and 𝐶𝑜 2𝑝 1/2. As previously reported in the literature30, 
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the binding energy of the satellite peaks is efficient to estimate the presence of the Co+2 or Co+3/+4 in 

oxide materials especially. The B.E. of the core and the satellite peaks confirm, here, the predominant 

presence of Co3+ on the material surface without exclude a contribution of Co+4. The Co2+ species can 

be excluded as no satellite peak has been detected at 786 eV and 803 eV.45, 46 To get deeper in the 

determination of the cobalt valence, the signature of the Co 3s spectra have been checked. In the work 

of Daheron et al.30, it is obvious that the cobalt valency can be easily identify by considering the Co 

3s core peaks. The Co 3s spectra of our samples are reported in Figure SI-4b. The envelopes of the 

spectra are identical before and after adsorption, and close to the envelope of the LiCoO2 compound. 

Moreover, the main component is located at 103.0 eV and the FWHM is 3.2 eV, confirming that the 

Co+3 contributes in a major part to the signal30. The slight enlargement of the peak is the signature of 

a slight content of Co+4, which is consistent with the 1-6% of Co+4 determined from Co 2p spectra. 

According to reference 30, we can roughly estimate the Co+4 content in our samples. Dahéron et al. 

have reported that the satellite area for a pure Co3+ in LiCoO2 is of 9.1%. Upon lithium deintercalation 

in Li1-xCoO2, the amount of Co4+ species increases and the satellite area decreases concomitantly with 

the enlargement (FWHM) of the Co 2p core peaks to reach, respectively, 4.6% and 3.2 eV for the 

CoO2 material composition. Therefore, these two criteria can be a tool to determine the range of Co+4 

content. The fine decomposition of the Co 2p spectrum of the βIII-CoOOH sample before adsorption 

provides a satellite relative area of ~ 7% and a FWHM of 2 eV for the Co 2p3/2 main peak. Thus, from 

the Table 1 of the ref 30, we estimate that the cobalt valency is between the valency of Li0.99Co+3.01O2 

and Li0.94Co+3.06O2. We thus determine that our material contains roughly 1-6% of Co4+.This result is 

consistent with the results obtained by iodometric titration showing an average oxidation state for 

cobalt of +3.1 (approximately 10% of Co4+).  

The O 1s spectrum can be decomposed into three components at 529.5 eV, 531.2 eV and 533.0 eV. 

The component at 529.5 eV is assigned to the bulk 𝑂2−, referring to the oxide part of the material. 

According to the chemical formula 𝐻0.84𝑁𝑎0.06𝐶𝑜𝑂2, 0.19 𝐻2𝑂, the OH and 𝑂2− environments in the 
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bulk should be equivalent with a nominal ratio Co:O of 1:2. However, the Co: 𝑂2− ratio is 1:0.94 while 

the Co:O531.2eV ratio is 1:2.21. Thus, the O 1s component at 531.2 eV can be attributed to the hydroxyl 

groups located in the bulk as well as to adsorbed OH and potentially under coordinated surface oxygen 

atoms at the surface of aggregates. The last component at 533.0 eV corresponds to the presence of 

water and adsorbed species. These attributions of the different components agree with the results of 

previous studies carried out on cobalt oxyhydroxide.27,31,37 

The detection of Na in the sample is due to the presence of a few sodium atoms between the nanosheets 

and also to the synthesis conditions (see experimental part). 

 

4) Surfaces 

Electronic structure calculations were implemented to deepen the knowledge of the electronic 

properties of the bare surfaces and complete the experimental results. As reported in Table SI-2 in 

supporting information, for the β(III)-CoOOH relaxed bulk structure, the Co-O bond length is 1.92 Å, 

the atomic charge of the cobalt atom is 1.31e and the most stable spin state is the low spin state with 

no magnetic properties due to a (t2g)6(eg)0 configuration. We considered the (001), (110), (012), (015) 

and (101) crystalline surfaces, which correspond to the more intense peaks on the XRD diagram, and 

built slab models associated to each surface. The computed surface formation energies are gathered in 

Table 2. The structural data of the slabs are presented in the supporting information Table SI-3. Figure 

4 presents the side views of the (001), (110) and (012) slab models along with the electronic 

configuration of cobalt atom in the central and the top cobalt atomic layer. The same representations 

are available in the supporting information (Figure SI-8) for slab models (015) and (101). 

The lowest surface formation energy is obtained for the (001) slab model, which corresponds to the 

plane perpendicular to the stacking direction of β(III)-CoOOH sheets in the bulk. In this slab, Figure 

4 a), the cobalt atoms are in the same ML6 environment as the bulk. All cobalt atoms of the slab exhibit 

the same electronic and geometric characteristics as those of the bulk. For the (001) slab, the Co-O 
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bond lengths are 1.92 Å and the cobalt atoms exhibit a charge of 1.32e and a zero magnetic moment 

associated to the low spin state of a Co3+ species.  

 

Table 2: Surface formation energies, 𝐸𝑠𝑢𝑟𝑓
ℎ𝑘𝑙 , computed from the slab models in J.m-2. 

Slab 𝐸𝑠𝑢𝑟𝑓
ℎ𝑘𝑙  (J.m-2) 

(001) 0.593 

(110) 0.784 

(012) 1.33 

(015) 2.40 

(101) 2.88 

 

The formation of the (012) surface leads to the loss of one Co-O bond and thus cobalt atoms on the 

top surface layer are in a ML5 environment, Figure 4b). The length of the Co-O bond roughly 

perpendicular to the surface plane is 2.02 Å, longer than the bulk one, while the other four Co-O bond 

lengths are 1.90 Å, as in the bulk. This environment leads to a degeneracy break of the eg orbitals and 

the cobalt atoms exhibit a magnetic moment of 1.94 μB associated with an electronic charge of 1.32e. 

According to the reference calculations, see Figure SI-11 in supporting information, these results 

correspond to a Co3+ species in an intermediary spin configuration as depicted in Figure 4 b. For the 

(015) and (101) slab models, the cobalt atoms on the top atomic layer are also in a ML5 environment 

with atomic charges of 1.39e and 1.35e and magnetic moments of 2.01 and 1.97 μB, respectively. These 

results also correspond to Co3+ species as already observed for the (012) slab model. In the following, 

the ML5 environment of Co with a degree of oxidation +III will be represented by the (012) slab model 

as it corresponds to the most stable surface compared to (015) and (101) slab models. The cleavage of 

the bulk along the (110) surface leads to the break of two Co-O bonds and cobalt atoms on the top 

surface layer are thus in a ML4 environment, as shown in Figure 4 c. The length of the two Co-O bonds 
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in the surface plane is 1.81 Å while the length of the two remaining bonds is 1.96 Å. The cobalt atoms 

of the top surface layer exhibit a magnetic moment of 2.95 μB, along with a charge of 1.43e, higher 

than the bulk one. According to the reference calculations, see Figure SI-10 in supporting information, 

these results agree with a Co4+ species in an intermediary spin state as shown in Figure 4 c. The 

presence of these Co4+ species agree with the observation from XPS characterization (Figure 3). 
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Figure 4: a) slab (001) and the electronic configuration of Co, b) slab (012) and the electronic 

configuration of Co, c) slab (110) and the electronic configuration of Co for (βIII)-CoOOH. 

 

In conclusion of these results on the bare material, both experimental (XPS and ICP/iodometric 

titration) and computational methods demonstrate that β(III)-CoOOH can be described as a material 

with a cobalt mixed oxidation state containing a major proportion of Co3+ and a minor proportion of 

Co4+ (1-6%). The theoretical calculations on the slab models specify the conditions of the presence of 

Co4+ that plays a crucial role in the final properties of this material. In particular, it is known that the 

Co4+ species are responsible for the good electronic conductivity of the material.17,47-49 

In the following, we will focus on the (001), (110) and (012) surfaces. These three slab models 

correspond to the most stable surfaces and allow us to consider three different cobalt environments on 

the top atomic layer, namely ML4, ML5 and ML6. These chemical environments may be associated to 

the available reactive sites on the surface of the β(III)-CoOOH material. 

 

B) β(III)-CoOOH material after SO2 adsorption  

1) Surface investigation 

The purpose of subjecting the material to a 𝑆𝑂2 gas flux was to determine the nature and the 

concentration of the active sites on the surface. A follow-up of the S/Co ratio (Figure 5.a.) as a function 

of the exposure time (5, 15, 30, 45 and 60 min) to the 𝑆𝑂2 gas flow was carried out by XPS analysis 

from the S 2p (Figure 5.b) and Co 2p (supporting information S3) core peaks. The quantifications 

extracted from XPS analyses are available in the supporting information (Table SI-1).  

The Co 2p core peak spectra remain unchanged for any 𝑆𝑂2 exposure time, which means that there are 

no detectable changes in the oxidation state of cobalt upon the adsorption. (see supporting information 

Figure SI-4a) 
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Figure 5.a reports the evolution of the adsorbed species content as a function of the SO2 exposure time 

by checking the S / Co at. % ratio. Three steps can be identified according to the noticeable slope 

changes. In step 1, the S/Co ratio values increase rapidly up to an exposure time of 15 min. The 𝑆𝑂2 

gaseous probes are gradually adsorbed on the surface of the aggregates. Then (step 2), from 15 min to 

30 min of exposure time, no more 𝑆𝑂2 is adsorbed on the surface samples, which corresponds to the 

saturation of the sample surface. The nature of the adsorbed species has been determined according to 

the S 2p spectra. They exhibit a main doublet and a minor one, with S 2𝑝3/2 component located 

respectively at 166.9 eV and 168.7 eV, assigned to the sulfite and sulfate species. The sulfate species 

associated to redox adsorption mechanism represent 90% of the whole surface active sites. The oxygen 

atoms from adsorbed SO2 molecules lead to an increase of O 1s component located at 531.1 eV (see 

supporting information Figure SI-5). Beyond 30 min (step 3), the S/Co ratio values rise again. The 

main adsorption mode is still redox (B.E. S 2𝑝3/2 = 168.7 eV) with a small contribution of the acid-

base mechanism (B.E. S 2𝑝3/2 = 166.9 eV) linked with the detection of sulfite species. A third doublet 

is also appearing on the S2p spectra at B.E. S 2𝑝3/2 = 170.5eV (see Figure 5.b).  

From figure 5.a, we understand that the whole available active sites (basic and redox) located on the 

aggregates surface have reacted with the SO2 gaseous probes (step 2). And, after reaching a pseudo 

equilibrium, the SO2 chemisorption continues with the detection of a third sulfur specie. To explain 

this phenomenon, note that samples revealed the presence of channels induced by platelets 

disorganization with each other (Figure 2. d). A schematic view of the location of the SO2 adsorption 

in the three zones is presented in Figure 6.  Since the active sites located on the aggregates surface 

have been saturated by SO2 chemisorption, the SO2 molecules could diffuse inside the aggregates, 

through the channels. Thus, the chemisorption may take place on the basic and redox active sites of 

the intra-aggregates surface. Moreover, the third sulfur species, according to the doublet in the S 2p 

spectra located at B.E. S 2𝑝3/2 = 170.5eV, could be explained by the formation of a multilayer 

adsorption of trapped SO2 molecules resulting of their diffusion in the channels (Figure 6). As a result, 
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sulfur atoms of these trapped gaseous probe molecules may have interactions with second neighbor 

oxygen atoms, which impacts the electronic structure of sulfur atoms and therefore their B.E., resulting 

in the appearance of this new higher binding energy component50.  

These hypotheses were confirmed by exposing the samples to SO2 Pulses Chemisorption Analysis. 

This experiment makes it possible to send a well-defined quantity of SO2 (0.5 cc of reactive gas) and 

follow the SO2 consumption by the material. In pulse chemisorption experiment, the exposure time is 

very short which limits the gaseous probes diffusion inside the aggregates. The surface saturation has 

been reached after 45 pulses of 5% SO2/He. The sample was then analyzed by XPS. We determined 

that the S/Co ratio value reaches 0.28. This ratio fits well with the S/Co ratio value of the plateau (step 

2). We can thus confirm that the step 2 is related to the saturation of the surface of the aggregates. 



 22 

 

Figure 5: a) Ratio SO2 adsorbed/Co, b) S 2p core peaks for an exposure at the SO2 flow during 5, 30, 45 and 

60 min. 
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Figure 6: Schematic view of a β(III)-CoOOH aggregate upon adsorption. 

 

2) Modelling of 𝑆𝑂2 adsorption 

The adsorption of the gas probe was investigated from a computational approach by adsorbing a SO2 

molecule on the top atomic layer of the (001), (012) and (110) slab models. We considered the 

adsorption of the SO2 molecule on top of an oxygen atom, corresponding to the formation of sulfite 

species, and in a bridge configuration, between two oxygen atoms, corresponding to the formation of 

a sulfate species. To avoid periodic image interactions between SO2 molecules, we followed a 

supercell approach and slab with an in-plane length of about 10 Å were built. This leads to a low 

coverage of the surface, the S/Co ratio being around 3%, with a weak interaction between SO2 

molecule and its periodic image. Then the positions of all atoms were relaxed to compute the 

adsorption energies. The electronic charge transfer from the SO2 molecule toward the slab was 

computed using the Bader’s charges. 

The computed adsorption energies and the charge transfer after SO2 adsorption are presented in Table 

3. On the (001) surface, the formation of sulfate species is an endothermic reaction while sulfite species 

appear to be unstable. On the (012) and the (110) surfaces, the adsorption of both sulfite and sulfate 

species is an exothermic reaction. In agreement with previous works13,35, the formation of sulfate 
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species is accompanied by a charge transfer of about 1.1 to 1.2e toward the surface, associated to a 

redox reaction, while a low charge transfer from the surface is obtained in the case of the formation of 

sulfite species. 

On both (012) and (110) surfaces, the formation of sulfate species is favored. However, on the (012) 

surface, the adsorption energies rather correspond to week interactions and might not be strong enough 

to be detected by XPS with ultra-vacuum conditions. On the contrary, on the (110) surface, the 

adsorption energies correspond to chemisorption. These results let us assume that the reactivity of 

β(III)-CoOOH material is determined by the presence on the surface of undercoordinated cobalt atoms 

in Co4+ oxidation degrees. Indeed, the active sites on (001) or (012) surfaces, which exhibit Co3+ 

species, lead to a weak reactivity or the absence of reactivity while the (110) surface, with Co4+ species, 

leads to strong adsorptions. As a consequence, we will focus on the adsorptions on the (110) surface 

and analyze the electronic processes taking place when an SO2 adsorption occurs. The electronic 

configuration of cobalt atoms and the top and side view of the system after SO2 adsorption are depicted 

in Figure 7 for sulfite and sulfate adsorption.  

In the case of the sulfate adsorption, the magnetic moments of the two cobalt atoms bonded to the 

adsorption site (cobalt atoms surrounded in orange in Figure 7.a) decrease from 2.95μB to 2.67μB, 

while the atomic charges decrease from 1.43 to 1.27e and the total number of unpaired electrons 

decreases by an amount of 2 electrons. These results agree with the transfer of formally two electrons 

from the SO2 molecule to the slab and the reduction of the two cobalt atoms from Co4+ to Co3+ species 

with an intermediary spin configuration, the electrons coming from SO2, completing the t2g states of 

the cobalt atoms, see Figure 7a. According to our reference calculations, Figure SI-13 in the supporting 

information, the magnetic moment and the charge of the cobalt atoms agree with a Co3+ species. 

Moreover, a secondary interaction between an adsorbed oxygen and a surface cobalt atom is present 

due to the orientation of the molecule towards the surface. This interaction completes the coordination 
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sphere of the cobalt with a bond length of 2.21 Å, knowing that the Co-O bond lengths in the bulk are 

1.90 Å. 

In the case of the formation of sulfite species, Figure 7.b, the SO2 molecule is bonded to one oxygen 

atom and stabilized by interactions between the two oxygen atoms of SO2 and one cobalt atom and 

one hydrogen atom of the surface. The bond length between the oxygen atom of SO2 and the hydrogen 

atom of the surface is 2.45 Å corresponding to a weak interaction. The bond length between the cobalt 

atom of the surface layer and the oxygen atom of SO2 is 2.04 Å. This is close to the Co-O bond length 

in the bulk and thus completes the coordination sphere of this cobalt atom. The final environment of 

this cobalt atom is thus ML5 and its magnetic moment decreases from 2.95𝜇𝐵 to 1.88𝜇𝐵 while its 

charge decreases from 1.43e to 1.38e. These results are really close to the previous calculations on the 

(012) slab model with cobalt atom in a ML5 environment, see Figure 4.b, and correspond to Co3+ 

species. Contrary to the case of the sulfate species formation, in this case, the reduction of the Co4+ is 

not associated to the oxidation of the sulfur atom of SO2 but to an interaction between one lone pair of 

an oxygen atom from the SO2 molecule and the surface. As a consequence, from the point of view of 

the probe, it is not a redox process because no electron transfer takes place. 
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Figure 7: (a) Sulfate and (b) sulfite adsorption modes  

on (110)-surface of β(III)-CoOOH 
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Table 3: Adsorption energy and electronic transfer on surfaces (001), (110) and (012) of β(III)-CoOOH 

Surface species Eads (eV) Δq SO2 

(001) sulfate 0.68 1.12 

(001) sulfite No adsorption on the surface 

(110) Sulfate -3.06 1.16 

(110) Sulfite -1.35 -0.12 

(012) Sulfate -0.95 1.12 

(012) Sulfite -0.14 -0.11 

 

To conclude on the adsorption of SO2 on the β(III)-CoOOH material, we showed that the formation of 

sulfate species is favored while sulfite species are obtained in a lesser extent. Three slab models were 

investigated in the computational approach in order to consider different local environments of the 

cobalt atom on the atomic surface layer. These local environments and the associated cobalt species 

are the key factor of the surface reactivity and correspond to a microscopic view of the overall 

electrochemical behavior. The reactivity of the surface is mainly associated to a redox mechanism and 

depends on the environment and the oxidation degrees of the cobalt surface atoms. ML6 and ML5 

environments associated to Co3+ species lead to a weak or an absence of reactivity. On the contrary, 

the presence of ML4 environment with Co4+ species leads to strong chemisorption and redox 

mechanism. This kind of redox reactivity agrees with the pseudo-capacitive behavior of β(III)-CoOOH 

electrode material and we showed that it is linked to undercoordinated cobalt species with high 

oxidation degrees, namely Co4+. Moreover, these species might be available at the surface of the 

particle aggregates or inside the channels between aggregates. In order to enhance the redox reactions 

involved in pseudocapacitive processes, such Co4+ species should be favored in the synthesis of 

electrode materials, either via the growth of particles with a specific morphology (rods) exhibiting a 
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large amount of surface such as the (110) surface associated to the cleavage or two Co-O bonds (ML4 

environment) or the presence of defects leading to the formation of Co4+ species on top of more likely 

surfaces such as the (001) surface. 

 

IV) Conclusion 

The aim of this work was to investigate the surface reactivity of the β(III)-CoOOH materials from both 

experimental and computational approaches.  Adsorption of gaseous probe molecules (SO2) followed 

by XPS analyses were implemented in parallel with DFT+U periodic calculations of the bulk and 

several surfaces of the β(III)-CoOOH materials.  

We showed that the synthesis of the material leads to the formation of disordered aggregates of β(III)-

CoOOH small platelets of length 60-100nm. The cobalt atoms at the surface are Co3+ species with a 

small amount of Co4+ species (1-6%). The disordered morphology of the aggregates leads to a kinetics 

of the SO2 adsorption that takes place in three steps. The first step consists in the adsorption around 

the aggregates, followed by a latency period preceding the last step corresponding to the adsorption of 

SO2 molecules in the channels inside the aggregates. From XPS analysis, we observed that sulfate 

species (redox sites) are favored at the surface of the aggregates and inside the channels while sulfite 

species (basic sites) are observed in a lesser extent. From the surface and adsorption calculations, we 

conclude that the reactivity of the surface is associated to the presence of undercoordinated ML4 Co4+ 

species. Such Co4+ cobalt species might be obtained either through a specific morphology of the 

material (rods) that leads to an important proportion of surface such as the (110) surface associated to 

the cleavage or two Co-O bonds, or from the formation of defects on top of more likely surfaces such 

as the (001) one. 

This points out the structural characteristics for which we could expect to optimize the surface 

reactivity of β(III)-CoOOH. Therefore, it appears that the development of material with [110] growing 
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direction or a large proportion of surface defects should enhance the adsorption capacity and thus 

increase the electrochemical performances.  

Supporting Information.  

The supporting information provides: complementary XPS results; complementary data on cobalt 

oxides bulk and surfaces from DFT calculations. 
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