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Abstract 

Developing new methods to prepare pseudocapacitive materials with high 

pseudocapacitance/electronic conductivity is of great interest for hybrid supercapacitors. 

Recently, the exfoliation/restacking of manganese and cobalt layered transition metal oxides was 

proposed. Despite improved electrochemical performance of such Mn-Co composites, their bulk 

organization (i.e. the scale at which the stacking occurs) and structure (i.e. porosity…) remains to 

be elucidated so far. To tackle this issue, here, SEM and Auger analysis with a nanoscale 

resolution, coupled to cross-section preparation is proposed. A good correlation between the 

restacking method, the nanoscale organization/structure of composites and resulting 

electrochemical performance is obtained. Importantly, the combination of cross-section with 

Auger analysis allows revealing the nanoscale stacking of the Mn and Co phases. Also, the 

porosity of the nano-composites, revealed by the cross-section preparation, is correlated to the 
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speed of the restacking process. A fast flocculation step forms aggregates with a porous bulk 

structure while a slow flocculation step leads to a dense and closed bulk structure of the 

aggregates. These results highlight that a better control/understanding of the 

organization/structure of such nano-composites can lead to further improvement. Overall, the 

innovative cross-section Auger approach proposed in this study should also benefit to the 

understanding of other nano-composites. 

 

Introduction 

Electrochemical capacitors provide relatively high power density (10 kW/kg) at the expense of 

the energy (5 Wh/kg) as the charge storage reactions remain confined to the surface.1,2 Thus, to 

increase the energy of commercially available carbon-based electrochemical double layer 

capacitors (EDLC, based on capacitive ion adsorption), the main approach is to optimize 

carbon/electrolyte interfaces,3 i.e. to maximize the specific surface area while controlling the 

pore size.4 Pseudocapacitive materials thus offer a promising alternative as they provide 

additional near surface redox reactions1 that allow exceeding the energy density of EDLC with, 

however, lower power density.5,6 Among them, manganese oxide (MnO2)7 with its high 

theoretical capacity (1380 F/g, considering one electron exchanged per manganese)8 combined to 

a good chemical stability and a low cost, is of great interest.9 In practical conditions, 

capacitances in the range of 30 – 110 F/g are often obtained, however, depending on the 

crystallographic structure.10 One of the reason is the relatively poor electronic conductivity (10-5-

10-6 S/cm) of MnO2
8 that is also detrimental to the power density. 
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To tackle this issue, MnO2-based nano-composites materials or nano-composites electrodes 

containing conductive carbons, metals, metal oxides or polymers have been successfully 

proposed.9,11 For instance, simple MnO2 electrodeposition on Ni foam allowed obtaining 

capacitances higher than 400 F/g at 1 A/g depending on the preparation conditions.12,13,14 The 

drawback of this approach is, however, the relatively low MnO2 loading (about 1 mg/cm2) of the 

obtained electrodes. Similarly, combining MnO2 (for its high pseudocapacity) with cobalt 

oxyhydroxides (for their high electronic conductivities) have been shown to significantly 

improve the electrochemical performance.16,17,18 Indeed, Co3O4@MnO2 

nanowire@nanosheetarray delivered ~400 F/g compared to ~100 F/g for Co3O4 nanowires at 

~7.5 A/g,16 cobalt doped (5%) MnO2 delivered ~200 F/g compared to ~100 F/g for MnO2 at 5 

A/g,17 and CoO@MnO2 nanowire@nanosheetarray delivered ~600 F/g compared to ~300 F/g for 

CoO nanowires at 30A/g.18 However, such composite materials still lack from an 

optimal/controlled organization/homogeneity at the nanoscale which would further improve the 

electrochemical performance. 

To address this challenge, an innovative synthesis approach, based on the exfoliation and 

restacking of manganese and cobalt layered transition metal oxides was recently proposed by 

some of us.19,20 Exfoliation is achieved by weakening the interlayer bonds between metal slabs. 

Interestingly, as the isoelectric point (IEP) of exfoliated phases is of great importance to control 

and favor the nanostructuration during the restacking process, it was showed to be predictable 

from the metals mean oxidation state using the Multisite Complexation model (MUSIC).19 Then, 

by tuning the restacking process, the microstructural homogeneity of the Mn-Co composites was 

improved so that superior electrochemical performance were obtained compared to the starting 

materials,20 mostly due to the improvement of the electronic diffusion at the aggregate scale.21 
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The optimization of the Mn:Co ratio also led to further enhancement of the performance.21 These 

results were explained by a better organization/homogeneity of the Mn and Co phases for the 

exfoliated/restacked composites, as observed using scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) coupled to energy-dispersive X-Ray spectroscopy 

(EDS).20 However, SEM-EDS only probes the micro-scale while TEM-EDS involves the 

composites dispersion in a solvent and focuses on individual nanostructures so that it is unlikely 

representative of the whole sample. Note also that commonly used chemical mapping with XPS 

(using parallel imaging mode) has a typical spatial resolution of about 3-5 μm, which is too high 

to study nanoscale assembly. Thus, these techniques are not suitable to observe the bulk 

organization (i.e. the scale at which the stacking occurs) and structure (i.e. porosity…) of nano-

composites when micrometer scale aggregates are considered. Overall, despite that these studies 

highlight that highly efficient pseudocapacitive materials can be obtained through this 

exfoliation/restacking approach, a better understanding of the bulk organization/structure of such 

composites at the nanoscale remains a challenge so far.  

To tackle this issue, this study proposes Auger analysis with a nanoscale resolution coupled to a 

cross-section preparation as a powerful approach to elucidate the bulk organization/structure of 

Mn-Co composites. To the best of our knowledge, this approach has never been used for such 

composite materials. Results are discussed regarding both structural and electrochemical 

properties of the composites. 

 

Material and methods 
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Synthesis - The preparation of layered proton-inserted birnessite manganese oxide (H-MnO2) and 

layered β(III)-type cobalt oxyhydroxide (β3-CoOOH) are fully described elsewhere.20 The 

exfoliation of H-MnO2 and β3-CoOOH was performed in tetrabutylammonium hydroxide 

(TBAOH) solutions for about 2 weeks at room temperature under vigorous stirring, allowing 

TBA+ ions intercalation via proton exchange. For H-MnO2 and β3-CoOOH, the optimized molar 

ratio of TBA+ / H+ was fixed to 10 and 2, respectively. Resulting colloidal suspensions were then 

centrifugated at 6000 rpm for 15 min to remove any unexfoliated materials. Note that the 

stability of these colloidal suspensions (at pH=12, i.e. negatively charged) were up to few 

months. Then, based on the determined IEP,19 the restacking of the as-prepared exfoliated Mn- 

and Co-based nanosheets to form Mn-Co composites was then performed using two methods. 

For better clarity, Figure 1 shows a schematic of the different approaches used to prepare the 

composites. Method 1: the two stable colloidal suspensions (i.e. at pH=12) were mixed then 

floculation was induced by the fast (1s) or slow (2 hours) addition into a nitric acid solution to 

lower the pH to 4.5 so that exfoliated/restacked composites RMC1a and RMC1b were obtained, 

respectively. Method 2: the pH of the two stable colloidal suspensions (i.e. pH=12) was lowered 

separetely to 4.5 by addition of a nitric acid solution. As this step can destabilize the suspensions 

to form aggregates due to the increase of the ionic strength, 3 centrifugation/ sonication cycles 

were performed to counteract this effect. Floculation was then induced by mixing the two 

suspensions with a control of the pH so that exfoliated/restacked composites RMC2 was 

obtained. Materials were then centrifugated and dried. For comparison, a reference sample was 

also prepared by mechanical grinding (MG), in a mortar, of the H-MnO2 and β3-CoOOH 

powders. Note that for all mixed Mn-Co composites, Mn:Co ratio was fixed to 1:1.  
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Figure 1. Schematic of the different approaches used in this work to prepare the Mn-Co composites. 

 

Structural and electrochemical properties - The average coherent domain size (nm) along the 

slab stacking direction and the specific BET surface area (m2/g) of H-MnO2, β3-CoOOH and 

Mn-Co composites were determined following previously described X-ray diffraction/Scherrer 

method and N2 adsorption analysis conditions, respectively.20 For clarity, diffraction patterns 

were recorded with a 0.0167° (2θ) step size and a 2.122° (2θ) active width in the detector using a 

Philips Panalytical X’Pert Pro diffractometer with a Bragg−Brentano θ−θ geometry. Copper Kα 

radiation (λKα2= 1.54439 Å, λKα1= 1.54056 Å) and cobalt Kα radiation (λKα2= 1.7928 Å, λKα1= 

1.7889 Å) were used for manganese oxides and cobalt oxyhydroxides powders, respectively. 

Electrochemical performance were evaluated in a three-electrodes cell using 0.5M K2SO4 as 

electrolyte with platinum and Ag/AgCl as counter and reference electrodes. Working electrodes 

were prepared by mixing 80 wt.% of active material with 5 wt.% PTFE (Sigma-Aldrich, 60 wt.% 

water suspension) and 15 wt.% acetylene black (100% compressed, Alfa Aesar) with ethanol. 8 

mm diameter discs were cut from the obtained self-supported film and pressed on stainless steel 

grid at 6 t/cm2. Cyclic voltammetry was performed using a VMP3 potentiostat (Biologic)/ECLab 

software between 0-0.8 V from 0.5 to 500 mV/s. 
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Mn-Co composites cross-section preparation and Scanning electron microscopy (SEM), Auger 

electron spectroscopy (AES) and scanning Auger microscopy (SAM) analysis - Cross-section 

samples were prepared using a JEOL Cross-Polisher (JEOL Ltd, Tokyo, Japan) in a nitrogen-

filled glove box. Powder samples were hand-mixed in a silver conducting epoxy resin then 

deposited on a silicon wafer. Resulting assemblies were then exposed (from the silicon wafer 

side and at normal angle) to an Ar+ ion beam (6 keV, ∼120 µA) for 4h at 1.10-4 Pa. More details 

about the technique can be found in previous works.22,23 This allowed obtaining perfect planar 

surfaces with no Ar+ ion implantation (Ar LMM Auger lines were never observed at the kinetic 

energies of 211 and 195 eV). Thus, possible sample damage would be limited to amorphization 

phenomenon with the same chemical composition.24,25,26 For clarity, Figure S1 shows typical 

SEM images of a MnCo composite cross-section so that readers can appreciate the flatness of the 

cross-section as well as the resulting assembly using a silicon wafer and a silver epoxy resin. 

SEM, AES and SAM analysis were performed using a JEOL JAMP 9500 F Auger spectrometer 

(JEOL Ltd, Tokyo, Japan) equipped with a Schottky Field Emission gun and a hemi-spherical 

analyser coupled with a high dynamic multichannel detector following a previously described 

procedure.23,27 For clarity, considering the beam energy/probe current used (10 keV/5 nA) for 

Auger analysis, the probe size for AES (i.e. to record an Auger spectrum) is about 20 nm leading 

to a spatial resolution for SAM (i.e. to record an Auger image) of about 30 nm. Also, the probing 

depth is about 3 nm. Thus, the simultaneous presence of Mn and Co transitions in an Auger 

spectrum means that the Mn and Co containing phases are located together at a 20 nm wide scale 

and for a 3 nm depth. The operating pressure was <2 x10-7 Pa and analysis were performed at 

30° tilt to prevent charging effect. AES survey spectra were recorded between 15 to 2000 eV 

with 1 eV step size using a focused probe (10 keV/5 nA, i.e. a probe size of about 20 nm) and a 
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CRR mode (constant relative resolution, also called FRR mode) corresponding to a relative 

energy resolution (dE/E=constant) with dE/E = 0.5% (high sensitivity). Scanning Auger 

microscopy (SAM, elemental 2D distribution) images were recorded using a CAE mode 

(constant analyzer energy, also called FAT or CAR mode) corresponding to a fixed energy 

resolution (dE=constant). Images are represented using “peak minus background” (P-B) Auger 

intensity for a transition (dE/E=0.5%). The spatial resolution was about 30 nm (at 10 keV/5 nA). 

Also, for SAM analysis, an “auto probe tracking” correction was applied to control and 

compensate any potential drift. 

 

Results and discussion 

Previous XRD analysis20 showed that both the mechanically grinded composite and the 

exfoliated/restacked composites showed no structural change in the layers, i.e. very close 

diffractograms compared to the initial H-MnO2 and β3-CoOOH phases.20 Table 1 shows the 

average coherent domains size (nm) along the slab stacking direction and the specific BET 

surface area (m2/g) for all composites. The thickness of Mn-based domains similarly decreased 

regardless of the restack procedure, while the thickness of Co-based domains did not change 

except for RMC1a so that an increase of the specific BET surface area can be expected. 

However, RMC1a and RMC2 gave intermediate BET surface area (between 90 to 100 m2/g) 

compared to the starting H-MnO2 (85 m2/g) and β3-CoOOH (110 m2/g) materials while a drastic 

decrease was observed for RMC1b (2 m2/g). Regarding the mechanically grinded (MG) 

composite, no significant change was observed compared to the starting materials so that the 

efficiency of the mixing step is expected to be rather poor. Overall, these results suggest: (i) an 
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homogeneous organization with a porous structure for the RMC1a and RMC2 composites due to 

the fast flocculation step of oppositely charged Mn- and Co- nanosheets during the restacking 

process and (ii) a much denser structure for the RMC1b composite due to the slow flocculation 

step during the restacking process. At this point, however, the formation of nano-composites can 

not be proven by XRD and thus their bulk organization/structure still need to be investigated. 

 

Table 1. Average coherent domain sizes (nm) along the slab stacking direction (i.e. thickness) of the Mn- and Co-

phases for the starting materials (H-MnO2 and β3-CoOOH), the mechanically grinded composite and the 

exfoliated/restacked Mn-Co composites as determined by the Scherrer method and their specific BET surface areas. 

   Size of coherent domain (nm) 
Specific BET 

surface (m2/g) Sample 
(001) line of 

Mn-based phase 

(003) line of 

Co-based phase 

H-MnO2 11 - 85 
β3-CoOOH - 5 110 

MG 12 3 95 
RMC1a 7 3 92 
RMC1b 7 6 2 
RMC2 6 6 100 

 

To tackle this issue, SEM, AES and SAM analysis were performed on cross-section of all 

composites. SEM and SAM (elemental 2D distribution, from Mn LMM and Co LMM 

transitions, in blue and green, respectively) images and Auger spectra are shown in Figure 2 for 

the mechanically grinded (MG) composite and in Figure 3 for the exfoliated/restacked Mn-Co 

(RMC1a, RMC1b and RMC2) composites. Overall, SEM images showed micrometer scale 

aggregates for all composites (Figures 2-3, S2-5). The bulk structure of the aggregates was 

clearly different, however, as function of the composite preparation method. SEM images taken 

at different magnification showed a porous bulk structure for both RMC1a and RMC2 while a 

much denser and closed bulk structure was observed for RMC1b (Figures 3, S3 and S5). This 
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result explains the very low specific BET surface area of RMC1b (2 m2/g) compared to RMC1a 

and RMC2 (about 95 m2/g). It also highlights that the flocculation step speed of oppositely 

charged Mn- and Co- nanosheets controls the porosity of the nano-composites. The fast decrease 

of the pH to induce the flocculation leads to a porous bulk structure of the aggregates (RMC1a 

and RMC2) while the slow decrease of the pH leads to a dense and closed bulk structure 

(RMC1b). Overall, SEM analysis coupled to cross-section preparation allowed revealing the 

bulk structure of Mn-Co composites, highlighting the interest of this approach compared to 

classical SEM. 

Now, considering that the average coherent domain sizes of both Mn and Co phases along the 

slab stacking direction (i.e. their thickness) is lower than 10 nm (Table 1), the aggregates are 

expected to be a stacking of Mn and Co phases. The bulk organization (i.e. the scale at which the 

stacking occurs) of the composites was then investigated. At this point, conventional approaches 

such as SEM-EDS only probes the micro-scale while TEM-EDS involves the composite 

dispersion in a solvent and the study of individual nanostructures, which is unlikely 

representative of the whole sample. Instead, cross-section Auger analysis was proposed as an 

alternative. It is reminded that the probing depth is about 3 nm, the probe size about 20 nm (to 

record an Auger spectrum) and the spatial resolution of about 30 nm (to record an Auger image). 

In Auger spectra, transitions were observed at about 500 and 480 eV for the O KLL, at about 

630, 580 and 530 eV (the latter overlapped with the O KLL at 500 eV) for the Mn LMM and at 

about 775, 710 and 645 eV (the latter overlapped with the Mn LMM at 630 eV) for the Co 

LMM. For the MG composite (Figure 2), Auger spectra taken at different positions of the 

aggregates showed either Mn LMM or Co LMM transitions. Results for additional aggregates 

shown in Figure S2 provides evidence that this result is representative of the whole sample. 
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Thus, the use of the mechanical grinding approach leads to a microscale segregated composite, 

as expected. At the opposite, aggregates of exfoliated/restacked composites showed the 

simultaneous presence of Mn and Co transitions in most Auger spectra (Figure 3) for a probe 

size of about 20 nm (with a 3 nm probing depth). This result supported by the analysis of 

additional aggregates (Figures S3-5) highlights that the stacking of Mn and Co phases occurred 

at the nanoscale. Therefore, these composites can be denoted as nano-composites, which could 

not be proven by XRD analysis. Moreover, some discrepancies were observed as function of the 

restacking method. In the case of RMC2 (prepared by method 2, Figure 1), some of the Auger 

spectra showed either Mn or Co transitions while for RMC1a and RMC1b (prepared by method 

1, Figure 1), all Auger spectra showed both Mn and Co transitions (Figures 3, S3-5). Therefore, 

RMC1a and RMC1b are more homogeneously stacked at the nanoscale compared to RMC2. 

This is further confirmed by SAM images (Figures 3, S3-S5) that showed a more homogeneous 

distribution of the Mn and Co areas (in blue and green, respectively) for RMC1a and RMC1b 

compared to a more segregated distribution of the Mn and Co areas for RMC2. This is explained 

by the restacking method used. For RMC1a and RMC1b, colloidal suspensions of Mn and Co 

nanosheets were mixed together before flocculation (i.e. before the pH was lowered) so that a 

better nanoscale stacking is obtained. For RMC2, the pH of the separate colloidal suspensions 

were first lowered before mixing, favoring the formation of aggregates due to the destabilization 

of the solutions. Overall, Auger analysis coupled to cross-section preparation allowed elucidating 

the bulk organization (i.e. the scale at which the stacking occurs) of Mn-Co composites, which 

remained a challenge so far. 
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Figure 2. SEM images for the mechanically grinded (MG) composite and Auger spectra taken at different positions 

as indicated. 

 

Figure 3. SEM and SAM images (elemental 2D distribution taken at the indicated areas, from Mn LMM and Co 

LMM transitions, in blue and green, respectively as well as Auger spectra taken at indicated positions for the 
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exfoliated/restacked Mn-Co nano-composites a) RMC1a, b) RMC1b and c) RMC2. Note that the white/grey flakes 

observed in the SEM images correspond to the silver epoxy resin used for sample preparation.23 

 

Based on these results, the electrochemical performance of all composites (Figure 4) can be 

better understood. For comparison, the theoretical capacitance calculated on the basis of the 

starting H-MnO2 and β3-CoOOH capacitances (with the 1:1 ratio) is also shown in Figure 4 

(dashed line). For the MG composite, slightly improved performance were observed compared to 

the theoretical capacitance, indicating the beneficial impact of the Co oxyhydroxide addition to 

the MnO2 birnessite. For the nano-composites RMC1a and RMC2, higher improvements were 

observed. In particular, RMC2 showed superior capacitances compared to MG, whatever the 

scan rate was. For RMC1a, higher capacitances than MG were observed but up to a scan rate of 

about 50 mV/s. These results can be explained by a better electronic conductivity due to the 

homogeneous stacking of MnO2 birnessite with highly electronic conductive Co oxyhydroxide at 

the nanoscale. This thus leads to a better use of the birnessite pseudocapacitance in the nano-

composites, in agreement with the more rectangular shapes of the CV curves previously 

observed compared to the starting H-MnO2.20 Interestingly, despite a homogeneous nanoscale 

stacking, RMC1b showed poor performance due to its denser and closed bulk structure (i.e. low 

BET surface area) as observed by cross-section SEM. 



 14

 

Figure 4. Variation of specific capacitance (F/gactive-material) vs. scan rate (mV/s) obtained for the starting 

materials (H-MnO2 and β3-CoOOH), the mechanically grinded composite (MG) and the exfoliated/restacked Mn-Co 

nano-composites (RMC1a, b and RMC2). The dashed line corresponds to the theoretical average capacitance 

calculated on the basis of the capacitances of H-MnO2 and β3-CoOOH, for the 1:1 ratio. 

 

Conclusions 

In this study, the bulk organization (i.e. the scale at which the stacking occurs) and structure (i.e. 

porosity…) of Mn-Co composites formed by different exfoliation/restacking methods was 

investigated. XRD analysis as well as previous SEM- and TEM-EDS could not prove, however, 

the formation of nano-composites. To tackle this issue, SEM and Auger analysis coupled to 

cross-section preparation was proposed for the time to study such composites. Importantly, 

cross-section Auger analysis allowed revealing that the stacking of Mn and Co phases occurred 

at the nanoscale, which could not be proven so far. In addition, the porosity of the nano-

composites was revealed by the cross-section preparation and explained the low BET surface 

area of one of the sample. Interestingly, it highlighted that a fast flocculation step forms 

aggregates with a porous bulk structure while a slow flocculation step leads to a dense and closed 

bulk structure of the aggregates. Overall, a very good correlation between the restacking methods 

used, the nanoscale organization/structure of the composites and the resulting electrochemical 
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performance was obtained. These results thus open new possibility to improve further the 

performance of such nano-composites for hybrid supercapacitors. Finally, the innovative cross-

section Auger approach proposed in this study should also benefit to other researchers working 

on understanding and improving other nano-composites. 
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