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Abstract 

Nickel-cobalt oxide is synthesized in combination with electrochemically reduced graphene 

oxide (Er-GO) by one-step electrodeposition on stainless steel followed by thermal treatment. 

The presence of reduced graphene oxide leads to enhanced electrochemical response, with a 

capacity increase from 113 mA·h·g
-1

 to 180 mA·h·g
-1

, and to increased faradaic efficiency and 

rate capability. Compared to Ni-Co oxide, the addition of reduced graphene oxide increases 

capacity retention from 58% to 83% after 5000 cycles. The material fade during cycling is 

studied by means of electrochemical impedance spectroscopy, electron diffraction 

spectroscopy and scanning electron microscopy. As a result, different degradation mechanisms 

are identified as source of the capacity decay, such as microstructural cracking, phase 

transformation and parasitic reactions. 
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1. Introduction 

High-performance, cost-effective and environmentally-friendly electrode materials play a 

pivotal role in the development of more effective electrochemical energy storage solutions. 

Electrode materials are classified in different groups according to their electrochemical 

response, namely: battery-like electrodes, capacitive electrodes and electrodes with an 

intermediate response (pseudocapacitive, supercapattery, etc.) [1–3].  

Many materials are being studied as potential candidates for the next-generation of 

electrochemical energy storage devices. For instance, for supercapacitor/pseudocapacitor 

applications, electrodes can be composed of materials as different in nature as carbon-based 

materials and manganese oxides [4,5]. An alternative is to produce composites consisting of 

materials that have complementary properties. This is the case of carbon-based materials 

mixed with polymers and single or mixed transition metal oxides/hydroxides [6–10].  

Mixed metal oxides and hydroxides are commonly studied as feasible electrode materials. 

Examples of that are NixMn1-xOy, MnCo2O4, Zn2SnO4 or CuFe2O4 amongst many others[11–15]. 

Of particular interest are nickel-cobalt oxides due to their relative low cost and toxicity, strong 

redox activity and stable electrochemical response [16]. For instance, one of the most 

interesting properties of NiCo2O4 is low proton/cation diffusion resistance and easy electrolyte 

penetration [17]. Thus, this material is often selected as electrode for charge storage 

applications.  

Several approaches have been used to synthesize nickel-cobalt oxides, such as liquid-phase co-

precipitation, sol-gel routes or microwave-assisted synthesis [18–21]. Among all possible 

techniques, electrodeposition is considered as a flexible and cost-effective route to produce 

this material. This route enables the tailoring of electrode properties, by adjusting the 

deposition parameters to create distinct film morphologies, with different composition and 

porosity, and to achieve optimal electrochemical response. For that reason, electrodeposition 
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is a promising technique for the scale up of such materials [22]. Besides, since no binders are 

required, which would decrease the overall electrochemical response, the electron transport 

to the substrate is facilitated. Moreover, resistances are generally low since most of the active 

material can be easily exposed to the electrolyte [23]. Nickel-cobalt oxides
 
can be obtained by 

direct electrodeposition of the parent hydroxide followed by thermal treatment at 300
o
C for 2 

hours [23–25]. 

To further improve the electrochemical response of nickel-cobalt compounds, its combination 

with carbon-based materials has been proposed. Several different composites have been 

studied such as NiCo2O4 with flexible carbon fabric [26], graphite oxide [27],  carbon nanotubes 

[28] or activated carbon [29]. More recently, graphene and its derivatives have attracted 

attention for fabricating composites with metal oxides. Due to their attractive properties, 

graphenes have been combined with transition metal oxides and used in different applications, 

such as drug delivery, catalysis or sensors [30]. Energy storage applications can also greatly 

benefit from the synergistic combination of the two materials by taking advantage of the large 

surface area and good conductivity of graphene derivatives. Recent work reports the synthesis 

of nickel-cobalt oxides and graphene composites by several techniques such as hydrothermal 

and solvothermal routes [30,31], self-assembly of exfoliated nanosheets with posterior 

thermal treatment [32], chemical vapour deposition and thermal treatment [33], microwave-

assisted synthesis [34] or electrochemical deposition [35]. In some cases, graphene derivatives 

were used as substrate in the electrodeposition process. For example, Lee et al. prepared a 

graphene foam by chemical vapour deposition that was covered with double metal oxides by 

electrodeposition [36]. Shim et al. decorated a nickel foam by electrodepositing GO and then 

proceeded to the two-step oxide electrodeposition process followed by thermal reduction 

[37]. 
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In the present work, a composite containing reduced graphene oxide and mixed cobalt-nickel 

oxide is prepared, by means of a one-step electrodeposition followed by thermal treatment. 

The results show that presence of reduced graphene oxide (Er-GO)/nickel-cobalt oxide induces 

relevant changes on the electrochemical activity of the mixed metal oxide. Additionally, the 

degradation of the composite is studied by means of electrochemical impedance spectroscopy, 

electron diffraction spectroscopy, cyclic voltammetry and scanning electron microscopy. These 

measurements reveal important insights to understand the capacity fade that the material 

suffers in long term use. To the best of the author’s knowledge, this is the first time that an in-

depth study of the degradation of electrochemically reduced graphene oxide in combination 

with nickel-cobalt oxide by means of electrochemical impedance spectroscopy together with 

its physico-chemical characterization after cycling is discussed.  
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2. Experimental 

2.1. Materials 

Stainless steel, AISI 304 (Goodfellow) 0.914mm thick, was used as current collector. To ensure 

homogeneous electrodeposition and absence of contaminants, steel was first polished with 

emery paper to a rough finish, then cleaned with water and acetone and, finally, air-dried. 

Ni(NO3)2·6H2O and Co(NO3)2·6H2O (pro-analysis grade) were obtained from Sigma-Aldrich.  A 

commercial graphene oxide (GO) aqueous solution from Graphenea Tech. Co, with a 

concentration of 4g·L
-1

 was used. Finally, KOH 1M was used as testing electrolyte. For that 

purpose, potassium hydroxide purchased from Sigma-Aldrich was used. 

2.2. Synthesis of electrodeposited NixCo1-xOy and NixCo1-xOy/Er-GO composites on Stainless Steel. 

The synthesis of the nickel-cobalt oxide and its composite with electrochemically reduced 

graphene oxide (Er-GO) follows a simple two-step process of electrodeposition followed by 

thermal treatment. Typically, a 50 mL aqueous solution with a concentration of 2 g·L
-1

 of nickel 

hexahydrated nitrate and 1 g·L
-1 

of hexahydrated cobalt nitrate was prepared as 

electrodeposition electrolyte. For the composite including electrochemically reduced graphene 

oxide, water was substituted as solvent by a suspension of GO commercial solution diluted to 1 

g·L
-1

. To ensure good dispersion and layer separation of the aqueous suspension of graphene 

oxide, it was ultrasonicated for 30 minutes prior to dissolution of the metal nitrates.  

Electrodeposition was conducted in a three-electrode electrochemical cell by means of an 

Interface IFC1000-07087 Potentiostat (Gamry Instruments) in a circular area of 1.6 cm
2
. The 

synthesized materials will be designated throughout the paper as NCOx (from nickel-cobalt 

oxide) and NCOx/Er-GO. 
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A platinum foil of 2.5x2.5 cm
2
 was used as counter electrode and the saturated calomel 

electrode (SCE) as reference electrode. Pulsed potentiostatic electrodeposition was carried out 

by means of two cathodic potentials, -0.9V and -1.2V, applied in a 10 second pulse for 40 

cycles. After electrodeposition, the electrodes were washed with distilled water and dried at 

room temperature for 24-48h. Finally, thermal treatment was performed by heating the 

composite materials at 300
o
C for 3 hours in normal atmosphere, as it is reported in literature 

that it is sufficient for the complete transformation of hydroxides to oxides and shows and 

optimal electrochemical response[38,39]. 

Electrodeposition has been performed on top of stainless steel for several reasons. First, it is 

an inexpensive, non-toxic and completely recyclable substrate with excellent conductive 

properties. In addition, the degradation mechanism of the active material is studied by means 

of EIS. Stainless steel is selected to confine the EIS signal to the active material since it does not 

increase porosity, has no contribution to the final electrochemical response, does not 

introduce relevant resistance and it is corrosion resistant. 

It is worth mentioning that the mass of the samples always varied between 0.15 and 0.2 mg, 

which was determined by means of a micro-balance Sartorius MC5-0CE with an accuracy of 

0.01mg.  

2.3. Electrochemical Study of NixCo1-xOy and NixCo1-xOy/Er-GO composites. 

All tests were performed in a three-electrode electrochemical cell with KOH 1M as electrolyte 

using the same electrochemical equipment as for electrodeposition. Cyclic voltammetry, 

galvanostatic charge-discharge (GCD), electrochemical impedance spectroscopy (EIS) and 

capacity retention with GCD cycling were used to study the electrochemical response of the 

materials. Cyclic voltammetry was performed in the potential range from -0.2V to 0.7V vs. SCE 

at different scan rates (10-500) mV·s
-1

. GCD was carried out at different current values from 1 

to 10 A·g
-1

 in the 0.0V to 0.45V potential range. EIS was carried out at two different potentials, 
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corresponding to two different charge states of the material, this is, discharged at -0.2V and 

charged at 0.45V. First, a conditioning pre-step was done by applying a voltage of interest for 

1000 s. Then, EIS was measured by applying a sinusoidal perturbation with 10 mV of amplitude 

(rms) in the frequency range 0.01 – 10
4
 Hz. Finally, capacity retention testing was performed 

for the nickel-cobalt oxide material by charging and discharging the material 5000 times at a 

current density of 8 A·g
-1

.  

2.4. Characterization 

Surface morphology and chemical composition of the different materials were studied by 

means of scanning electron microscopy (SEM) direct imaging, energy dispersive X-ray 

spectroscopy (EDS), transmission electron microscopy (TEM), X-ray photoelectron 

spectroscopy (XPS) and Raman spectroscopy.  

SEM imaging was obtained by means of an FEG-SEM JEOL JSM 7800F Prime coupled with an 

EDS detector (EDS SDD X-Max 80mm
2
 Oxford Instruments AZtecEnergy detector, which is 

located at the centre of micro-characterization Raimond Castaing, Toulouse). Two detectors 

were used in the measurement, compositional and upper electron detector.  

TEM images and EDS were obtained with a TEM JEOL 2200FS coupled with an EDX JEOL Si-Li 

working at 200k located at the Platform of Materials Characterization of Aquitaine 

(PLACAMAT). The image resolution is 0.19 nm and the EDS point resolution is 1.5 nm. Since the 

materials were attached to the conductive substrate, a portion of the thin layer had to be 

scratched and dispersed in ethanol on top of a carbon-coated gold grid.  

Raman spectra were recorded using a Jobin Yvon Horiba Labram HR-800 micro-spectrometer 

with a 514.5 nm excitation wavelength (Ar
+
 laser) and a power adjusted to ca. 50 µW to avoid 

any degradation of the sample.  
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XPS surface analysis was obtained using a ThermoFisher Scientific K-ALPHA spectrometer with 

a monochromatized Al Kα source (hν = 1486.6 eV) and a 200 microns spot size. Before 

insertion of samples in the analysis chamber, a pressure of 3·10
-7

 mbar was always reached in 

the load lock chamber. High-resolution photoionization spectra were acquired for the 

elements (C1s, Ca2p, Cl2p, Co2p, Co3p, Cr2p, Fe2p, Fe3p, N1s, Ni2p, Ni3p, O1s, and Si2p) by 

using a constant pass energy of 40 eV although wider spectra in the 0 to 100 eV range were 

first obtained at the constant pass energy of 200 eV. Charge neutralization was applied during 

analysis. High resolution spectra were fitted and quantified using the AVANTAGE software 

provided by ThermoFisher Scientific. 

Furthermore, XPS was also used to characterize the material and to identify its surface 

chemical state and to discriminate the oxidation state of nickel and cobalt. For that reason, the 

main elements considered were nickel, cobalt and oxygen. The spectra were corrected to 

obtain a C1s spectral component binding energy of 284.7 eV. Moreover, a standard Shirley 

background was generally used except for those cases in which relevant information was lost, 

in which linear background subtraction was considered.  

Grazing incident X-ray diffraction (GIXD) analysis were performed, however, no meaningful 

signal could be obtained due to the thinness of the deposited layer and its nanostructured 

nature.  
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3. Results and Discussion 

3.1. Physico-Chemical Characterization 

3.1.1 Morphological Characterization 

Fig. 1. shows the morphology of NixCo1-xOy (NCOx) and NixCo1-xOy/Er-GO (NCOx/Er-GO) 

obtained by electrodeposition and thermal treatment. Scanning electron microscopy results 

are shown in two different detector modes: upper electron detector, whose signal is obtained 

at very close distance from the sample, to enhance morphological details, and compositional 

(COMPO) mode, that collects secondary electrons and displays a different signal, which 

depends on the atomic mass of the elements present in the sample.  NCOx shows a relatively 

porous morphology that seems composed of small areas of aggregated nanosheets with sizes 

around 200-500 nm. This is similar to the flake-like structure presented in previous work, but 

with a greater level of agglomeration [40,41]. SEM images of the parent hydroxides have been 

included for comparison purposes (Fig. S1). Some spike-like features are still observable 

although they do not present relvant compositional differences. Moreover, this aggregated 

nanosheet-like structure with no apparent order forms densely-packed percolation networks 

whose pores can be differentiated as darker areas at the compositional image (Fig. 1.a-2) in 

accordance with literature [9,10]. This suggests that, in this case, the nanosheet-like structure 

is aggregated to better accommodate strain, becoming more densely packed, while conserving 

some of the features at a superficial level.  

The morphology of the Er-GO containing composite is, as observed by SEM in Fig. 1.a-3,4, is 

distinct of that of the material without carbon. In this case, the said aggregation has not 

occurred, and the material presents the nanosheet-based structure on the top of the 



11 

 

carbonaceous material. Er-GO displays micrometric wrinkles and defects and seems to cover 

all the substrate. Then, on top of the carbon-based material, Ni-Co oxides could  be found. This 

structure is similar to other reported Ni-Co oxides [42]. NCOx/Er-GO presents morphology 

similar to the non-thermally-treated precursor which suggests that, by dispersing the nickel 

and cobalt nanoflakes on top of the reduced graphene oxide wrinkles, aggregation of said 

flakes is avoided. In conclusion, when no electrochemically reduced graphene oxide is present, 

the material presents higher strain that accommodates under thermal treatment thanks to the 

formation of aggregates. Once Er-GO is introduced, the material morphology remains 

unchanged during thermal treatment [35].  

Pristine graphene has very high conductivity (>3000 W·mK
-1

) [43,44]. Although the properties 

of graphene oxide and reduced graphene oxide are not comparable to that of pristine 

graphene, it has been reported that reduction of graphene oxide and thermal treatment 

enhance the thermal conductivity of the material; in fact, it increased up to 10
6
 times as 

reduction at low temperature (<240
o
C) progressed [45] and it enhanced the longer the thermal 

treatment [46]. It is possible that the inclusion of a better thermal conductor inhibits the 

structural variation of the material by a homogeneous distribution of temperature in the 

material. Thus, thermal treatment does not have preferential areas while, in the case of NCOx, 

which in principle has poorer thermal conduction, the material aggregates as the thermal 

distribution is inhomogeneous. However, this phenomenon is yet poorly understood and 

requires further understanding to fully corroborate this statement. 

The transmission electron microscopy (TEM) images are shown in Fig. 1b and it can be 

observed that NCOx consists of randomly oriented grains. These grains have very small 

coherent domains of approximately 2 to 5 nm. This morphology is also in accordance to 

previously reported literature [31,47]. Therefore, aggregates of 200-500 nm observed by SEM 

consist of grains with very small coherent domains of 2-5 nm diameter. 
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For the graphene-based material, the wrinkles of the carbon flakes are observed at higher 

magnification. Nonetheless, if a closer view to the surface morphology is taken, small features 

with very small coherent domains are present (see Fig. S2). An image of the FFT obtained for 

the high-resolution image of the composite material is also included in the supplementary 

material, which evidences the polycrystalline nature of the synthesized oxide. Thus, it can be 

deduced that the oxide material is deposited on top of the carbon flakes, in accordance with 

the SEM results. These small features correspond to the spike-like structures observed by SEM 

that can be better resolved by HRTEM. 
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Fig. 1. SEM images of (a.1) NCOx obtained with an upper-electrons detector (UED), (a.2) and a 

compositional detector (COMPO). (a.3) NCOx/Er-GO obtained with an UED and (a.4) a COMPO 

detector and TEM images of (b.1,2) NCOx and (b.3,4) NCOx/Er-GO. 
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3.1.2 Chemical Characterization 

EDS results, presented in Fig. S3, show the homogeneous distribution of nickel and cobalt 

atoms evidencing the good distribution of both metals that integrate the oxide material. 

Moreover, the good coverage of the carbon flakes by nickel-cobalt oxide can also be observed 

for the Er-GO containing composite. If the EDS atomic percentage ratio between nickel and 

cobalt is considered for the semi-quantitative evaluation for the material composition, a nearly 

2:1 Nickel-Cobalt ratio is found, resulting in an empiric formula of Ni0.63Co0.37O for both the 

material with and without Er-GO; which is in accordance to the molar ratio used in the 

electrolyte for electrodeposition. Similar semi-quantitative results were obtained by means of 

XPS, in which the empiric formula considering the Ni/Co ratio obtained is Ni0.64Co0.36O for NCOx 

and Ni0.68Co0.32O for NCOx/Er-GO. Thus, this material can be understood as a mixed nickel-

cobalt oxide. XPS was done to further elucidate the composition of the material. For that 

purpose, the photoionizations of Nickel 2p3, Cobalt 2p3, Oxygen 1s and Carbon 1s were 

investigated. It shall be noted that carbon signal is present in both EDS and XPS results of NCOx 

due to adventitious carbon contamination, present in samples exposed to air [48,49], and 

residual carbonates from the interslab space of α-Ni-Co(OH)2 [50,51]. Neither Iron nor 

Chromium were detected, which evidenced complete coverage of the substrate during the 

electrodeposition. XPS results are shown in Fig. 2. 
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Fig. 2. X-ray photoelectron spectroscopy results for the elements Carbon 1s, Oxygen 1s, Nickel 

2p3/2 and Cobalt 2p3/2 for the composites (a) NCOx and (b) NCOx/Er-GO. 
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The assignment of discrete binding energy values is used to identify different oxidation states 

for nickel metal and nickel hydroxides, oxides and oxyhydroxides. However, due to the splitting 

nature into multiplet contributions and the overlaps of the main line and satellite peaks in the 

most intense Ni 2p spectra, this approach has been substituted by multi-component spectral 

envelopes. These are done with the minimum possible number of components and their 

correspondent shake-up and plasmon satellites [52–54]. 

The main contribution to the primary peak is based on Ni
2+

 and Ni
3+

 chemical states, although 

their contributions cannot be perfectly resolved, even when there is a main peak as reference. 

Nonetheless it is observed that Ni
3+

 tends to appear at higher binding energies [54]. Also, a 

third contribution in the region between the main line multiplet and the related satellites is 

considered in the fitting and represents the combined losses at 4.3 eV, 6.0 eV and 7.4 eV due 

to intra- and inter-band transitions allowed by breakdown of dipole selection rules with 

delocalized electrons in polycrystalline samples, as described by Hagelin-Weaver et al. [53,55]. 

In conclusion, the experimental signal has been reconstructed by fitting to six Voigt peaks that 

have been assigned to different electronic configurations after the creation of the 2p core-hole 

upon photoemission [56]. Three main peaks are used in the fitting of the main multiplet for 

nickel and are assigned to a cluster mode with a final configuration of cd
9
L for the peak at 

lowest BE, d
8
:cd

9
L configuration from surface-sensitive components for the peak at around 

855.6 eV and a cd
9
:d

7
 for the third component of the multiplet. Besides, three 

satellite/plasmon peaks are considered to contribute to the final signal. They arise from energy 

losses corresponding to surface plasmons and bulk plasmons, corresponding to cd
10

L
2
 and cd

8
 

cluster model final state configurations, and weaker shake-up contributions for the component 

at higher BE. These different configurations come from the overlap of the frozen ground state 

and the unscreened final state and the effect of neighbouring electrons, and associate charge 

transfer processes between the ligand anions and the Ni cation, coming from adjacent Ni-O 

clusters. Both the area and the position are considered in the fitting of nickel [54,56].  
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In this case, there is a major contribution from Ni (II)/Ni(III) centred at 854.0/855.7 eV and a 

third component corresponding to combined losses. It can be observed that the main peak 

becomes partially resolved, showing two decreasing maxima. This is only observed in nickel-

oxide configurations. Also, three other peaks, corresponding to shake-up satellites and 

plasmons at 6, 9 and 12 eV higher binding energies than the main peak, are present. Given 

these peak positions, and the contribution of each component to the total signal (as seen in 

supplementary information table S1, related to XPS identification work performed by Biesinger 

et al. [53] and the calculations presented by Gupta and Sen [55,57]) nickel can be identified, in 

this case ,to be coordinated with oxygen atoms in its nickel oxide form.  

Cobalt 2p3 was fitted with an asymmetric main peak and two plasmon loss peaks 3eV and 5eV 

above the main peak, which constitute the surface and bulk plasmons, respectively [52]. The 

main peak, similarly to the case for nickel, is resolved in two main components, associated to 

different chemical species despite the significant overlap in binding energy that they have. In 

the de-convolution of the peak there is an intense main peak centred at approximately 779.7 

eV.  Given the low value for this binding energy, cobalt may be present in its oxide form 

instead of the oxyhydroxide or hydroxide alternatives [58]. The presence of a broad peak 

centred at around 781.8 eV evidences the divalent nature of the oxide. Two satellite peaks are 

present in the case of cobalt related configuration and are associated to either coupling 

between unpaired electrons (multiplet splitting) or multiple electron excitation (shake-ups). 

Although the peak centred at 789.2eV would be present in all the possible configurations, 

Co(II) oxides are distinguished from Co(III) oxides by the absence of multi-electron excitation 

satellites in the latter. Given the fact that a peak is centred at 785.9 eV and that lower binding 

energies to what would be expected for cobalt hydroxide and its contribution to the overall 

signal, cobalt can be unequivocally identified to be in the oxide form [58].  
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In addition, four peaks are required to fit the oxygen 1s envelope. The main intense peak is 

centred at 529.6 eV. This peak is characteristic for both nickel and cobalt oxide and does not 

have a relevant contribution in isolated nickel/cobalt hydroxide [58]. Three peaks, of lower 

intensity, centred at 530.8 eV, 531.4 eV and 532.9 eV are also included. The first peak at lower 

binding energies is associated to oxygen from hydroxyl ions. The higher binding energy peaks 

are ascribed to hydroxyl, carbonate ions and other oxygen ions and possible surface 

contamination. If the contribution to the total signal is analysed and compared to literature, as 

presented in table S1, results also agree with Ni-O and Co-O bonding nature. For that reason, it 

can be concluded that the phase present is a mixed oxide with formula NixCo1-xOy.  

Fig. 3 shows the Raman spectra obtained for the composites. Raman spectroscopy is a 

powerful technique extensively used in the characterization of graphene derivatives, enabling 

the evaluation of defects and disorders associated to its structure. As expected for NCOx/Er-

GO, two main peaks are present at approximately 1368 cm
-1

 and 1594 cm
-1

, corresponding to 

the D and G bands, respectively. The former is associated to local defects and disorders and is 

originated k point phonon breathing with A1g symmetry; the latter is related to sp
2
 carbon 

atoms E2g
 
vibrational mode [41,59]. Note that the shoulder detected around 1550 cm

-1
 is 

observed for some other carbon nanostructures [63,64]. The signature obtained for NCOx/Er-

GO after thermal treatment is different from graphene oxide and as-synthesised reduced 

graphene oxide (Fig. S4) and indicates a successful reduction of the graphene derivative and an 

effect of thermal treatment on signal intensity on the D and G bands.  

Usually, the ratio between the integrated intensity of the D peak and the G peak offers 

information regarding the average size of the sp
2
 domains and the charge transfer between 

carbon and other compounds [60]. Then, a higher the ID/IG ratio is correlated to smaller sp
2
 

domains. In our case, this ratio has a value of 0.62, which indicates large sp
2
 domains [61]. It 

has been currently observed in literature that the signal of the D peak is reduced after 
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temperature treatment, indicating either an improved quality of the graphene film [62,63] or 

an agglomeration of the carbon-based material that induces a recovery of its graphitic nature. 

This change in the ID and IG intensities is shown in Fig. S4. Thus, during electrodeposition, 

electrochemically reduced graphene oxide is produced [35] and after thermal treatment 

graphene layers are likely to improve their quality by the restoration of the Csp
2
 matrix [64]. 

Although an interaction between the different carbon layers is also possible, due to their 

complete coverage with nickel-cobalt oxide, as observed by EDS results presented in Fig. S3, 

re-stacking is unlikely and a restoration of the Csp
2
 is considered.  

In addition, there are three signals at ca. 480, 550 and 655 cm
-1

, associated to nickel-cobalt 

oxide. These bands correspond to Ni-O and Co-O vibrations  and can be assigned, by analogy, 

to the Eg, F2g and A1g Raman-active modes of the ideal cubic spinel NiCo2O4 [65,66]. It is worth 

mentioning that there is a small band shift for NCOx/Er-GO that is related to the direct charge 

transfer between rGO and (Ni-Co)O [60]. Only Co-O and Ni-O vibrational modes are observed, 

this is, no -OH signal is detected between 3000 and 4000 cm
-1

, indicating successful de-

hydroxylation of the materials. This is in accordance with previously reported literature 

[65,66]. Thus, Raman spectra confirm the presence of a cobalt-substituted nickel oxide phase 

on top of thermally treated highly reduced graphene oxide with a restored 2D lattice. 
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Fig. 3. Raman spectra for (a) NCOx and (b) NCOx/Er-GO. 

3.2. Electrochemical Characterization 

Results for cyclic voltammetry, obtained at 50 mV·s
-1

 in the -0.2 V to 0.5 V (vs. SCE) potential 

range, and galvanostatic charge-discharge, obtained at 1 A·g
-1

 in the 0.0 V to 0.45 V (vs. SCE) 

range, for NCOx and NCOx/Er-GO obtained in KOH 1M are presented in Fig. 4a.  

As expected for a nickel-cobalt oxide-based material, the voltammogram presents a peak in 

the anodic wave, centred at 0.33 V and 0.30 V for the material without and with reduced 

graphene oxide respectively, and a counter-peak in the cathodic wave centred at 0.23V and 

0.20 V for NCOx and NCOx /Er-GO, respectively. 

The reported charge-discharge reaction for nickel oxide is [67]: 

NiO + OH
-
 ↔ NiO(OH) + H2O + e

-
 (eq. 1) 

Given that reaction, the charge-discharge reaction for the present material can be considered 

to be as exemplified in eq. 2: 
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Ni1-xCoxOy + 2OH
-
 ↔ Ni1-xCoxO(OH) + H2O + e

-
 (eq. 2) 

It is also worth noting that these reactions do not show the exact stoichiometry and are only 

intended to exemplify the oxidation state variation of nickel and cobalt during the charge-

discharge process.  

As far as the maximum current peak ratio (Imax, anodic/Imax, cathodic) is concerned, if the ratio of the 

intensity of the cathodic peak against the intensity of the anodic peak is calculated, it is 

approximately 1.4 in both cases, indicating a similar and partial irreversibility of the reaction. 

Again, this difference may result in the lowering of capacity efficiency with continuous charge-

discharge.  

Nonetheless, the most relevant feature is the increase in the total area of the voltammogram 

when Er-GO is introduced. This is consequence of an increase in capacity due to the synergistic 

response of Ni-Co oxides and Er-GO [34,35].  
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Fig. 4. Cyclic Voltammetry and Galvanostatic charge-discharge results comparison at 50 mV·s
-1

 

and 1A·g
-1

 respectively for (a) NCOx and (b) NCOx/Er-GO. Cyclic Voltammetry for (c) NCOx and 

(e) NCOx/Er-GO at scan rates from 10-500 mV·s
-1

 and Galvanostatic Charge-Discharge Curves 

at current densities from 1-10 A·g
-1

 for (d) NCOx and (f) NCOx/Er-GO measured in KOH 1M. 

The cyclic voltammetry response with the scan rate is presented in Fig. 4c,e, in the scan rate 

range from 10 mV·s
-1 

to 500 mV·s
-1

, and the results show that both materials present very good 

scan rate capabilities. The two characteristic peaks are always present and the form of both 
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the cathodic and the anodic wave is kept for a wide range of scan rates. Very high scan rates 

can be achieved for the nickel-cobalt oxide material by means of electrodeposition. This has 

been observed in other films for energy storage applications obtained by means of 

electrophoresis or electrodeposition [35,68], however, this is rarely seen in nickel-cobalt metal 

oxides where the highest reported scan rates are usually 100 mV·s
-1

 or lower [24,25,69,70]. 

This may be the result of a combination between good substrate-electrode contact and 

enhanced electrode-electrolyte interaction as a consequence of morphology tailoring and 

absence of binders.   

Finally, when the scan rate is increased, a shift of the anodic peak towards more positive 

potentials is observed, while the cathodic counterpart is displaced towards more negative 

potentials. Furthermore, the current density increases with faster scan rates. This is a 

consequence of the polarization effects, evidencing the quasi-reversible nature of the redox 

processes in the system and smaller diffusion layers associated to faster redox reactions with 

increased scan rate [71,72]. 

In conclusion, the graphene derivative does not alter the electrochemical signal of the material 

but does enhance the electrochemical response, resulting in an augmentation of the capacity 

due to the synergistic effect between Ni-Co oxide and reduced graphene oxide. This is also 

observable in the galvanostatic charge-discharge curve (Fig. 4b).  

On the  one hand, the capacity values obtained from the discharge curves in KOH 1M (curves 

presented in Figure 4.d,f and values shown in table 1) go from 113.4 mA·h·g
-1

 at 1A·g
-1 

to 95.5 

mA·h·g
-1

 at an applied specific current of 10 A·g
-1

 for NCOx. On the other hand, the values 

obtained for NCOx/Er-GO range from 180.6 mA·h·g
-1

 to 152.6 mA·h·g
-1

 at 1 and 10 A·g
-1

 

respectively. Indeed, an increased capacity of approximately 159% at 1A·g
-1

  is obtained, 

together with a better capacity rate when thermally treated electrochemically reduced 

graphene oxide in introduced. 
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Several groups have studied the electrochemical performance of Ni and Co oxides before, 

although sometimes wrongly reported as capacitance despite their redox reaction based on a 

phase transformation and a voltage-dependent response in their galvanostatic charge-

discharge curves as explained by Brousse et al. [73]. Li et al. have reported 1523.0 F·g
-1

 at 2 A·g
-

1
 in the 0.05V to 0.55V potential range (vs. Hg/HgO) in KOH 2M, excellent rate capability and 

cycling stability (94% retention after 1000 cycles) for electrodeposited Ni0.61Co0.39 oxide [25] 

while Gong et al. reported 1479 F·g
-1

 at 1A·g
-1

 in the 0.0V to 0.5V potential range and a 

capacity retention of a 82% after 3000 cycles in the same electrolyte [74].  

Various nickel-cobalt oxide/carbon composite materials have also been prepared, for instance, 

Wang et al. prepared Ni-Co oxide nanocages on top of graphene nanoribbons by chemical 

precipitation followed by hydrothermal reaction  resulting in 937.8 F·g
-1

 at 1A·g
-1

 in the 0.00V 

to 0.45V potential range (vs. RHE) and 97% capacity retention after 1000 cycles in 2M KOH 

[75]. Indeed, nickel cobaltite has been combined with reduced graphene oxide by different 

routes. It has been obtained by microwave-assisted synthesis [34], surface modification of 

nickel-cobalt hydroxides and self-assembly of positively charged nanosheets [32,76] and 

hydrothermal synthesis [16]. When prepared by hydrothermal method, without surfactants, 

NiCo2O4@rGO displays 737 F·g
-1

 at 1A·g
-1

 in KOH 2M in a 0.7V potential window and 94% 

retention after 3000 charge-discharge cycles. Similar results were obtained for the microwave-

assisted synthesis. Interestingly, a capacity of 735 F·g
-1

 (83% retention) for an applied current 

as high as 33 A·g
-1

 was reported. The electrodeposition of nickel-cobalt oxide on top of CVD 

graphene@Ni foam was reported by Shim et al. [77], displaying 2356 F·g
-1

 at 2A·g
-1

 in the -0.1V 

to 0.35V vs. SCE potential range and a capacity retention of a >100% capacity retention after 

1500 cycles. They also reported the electrodeposition of graphene on top of Ni foam, with a 

subsequent electrodeposition of Ni-Co hydroxide and thermal treatment. In this case, a value 

of 2260 F·g
-1

 in the -0.1V to 0.3V potential range at 1A·g
-1

 and a retention of a 92.8% of the 
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initial capacity were obtained [37]. Results in the present work are, therefore, comparable to 

the previous reported literature considering the electrochemical inactivity of stainless steel. 

Table 1 

Values of capacity calculated at current densities ranging from 1 to 10 A·g
-1

 for NCOx and 

NCOx/Er-GO. 

Current Density (A·g
-1

) 

CNCOx CNCOx/Er-GO 

(mA·h·g
-1

) (mA·h·g
-1

) 

1 113.4 180.6 

4 88.9 160.2 

7 92.5 154.8 

10 95.5 152.6 

Both materials display excellent rate capability, with a minimum capacity retention of 78% in 

the case of NCOx and of 84% in the case of NCOx/Er-GO when 10 A·g
-1 

are applied. Again, it is 

worth noticing the overall better rate capability of the material in the presence of 

electrochemically reduced graphene oxide, in accordance with literature [32,78]. This may be 

the result of better electron transport induced by the Er-GO matrix, in which the nickel-cobalt 

oxide is sustained as observed by SEM and TEM.  

Faradaic efficiency is also an important characteristic that shall be studied. If the charge versus 

discharge time for the composite materials is evaluated (tdischarge/tcharge) at 1 A·g
-1

, a ratio of 0.88 

is obtained for NCOx while a value of 1.01 is obtained for NCOx/Er-GO. This shows better 

faradaic efficiency when Er-GO is integrated. While the pure nickel-cobalt oxide material 

shows relevant faradaic losses in the charge-discharge process, it is optimized for NCOx /Er-

GO. This may be the result of a better electron transfer since Er-GO may create a matrix that 

acts as a secondary substrate and enhances the conduction of electrons and, therefore, better 

reversibility of the reaction [79].  
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Finally, another relevant feature that can be observed in the charge-discharge curves is the 

progressively descending plateau. If the discharge curve of NCOx is considered, a nearly linear 

descending plateau begins at 0.30V that ends at approximately 0.2 V whereas, in the case of 

NCOx/Er-GO, the plateau is prolonged from 0.29 V to 0.14 V. Thus, the response, which is 

voltage dependent, extends its effective potential range in the presence of Er-GO.   

3.3. Cycling Degradation Mechanism 

One of the main goals when synthesizing a new material for energy storage applications is to 

obtain increased durability in their charge-discharge cycling. In fact, end-of-life criteria for both 

supercapacitors and batteries is generally considered when their capacity/capacitance is 

reduced in a 20-30% or there is an increase of a 100% in the equivalent series resistance 

[80,81]. 

To evaluate the sources of capacity and degradation phenomenon in NCOx and NCOx/Er-GO, 

different techniques were applied. First, a durability test during 5000 cycles of charge-

discharge at 8 A·g
-1

 (Fig. 5a). EIS and cyclic voltammetry were performed after 0, 150, 750, 

1500 and 5000 cycles together with the physico-chemical evaluation by means of SEM/EDS 

before and after cycling.  

NCOx has a capacity retention of 58% after 5000 cycles, while a 70% and 80% end-of-life 

criterion occurs after 1059 and 563 cycles respectively. On the other hand, NCOx/Er-GO 

maintains a capacity retention of 83.2% even after 5000 cycles, showing much better cycle 

durability and increased performance compared to its analogous material without 

electrochemically reduced graphene oxide. Also, an initial increase in capacity is observed. 
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Fig. 5. (a) Capacity Retention comparison obtained during cycling at 8 A·g
-1

 during 5000 cycles 

measured in KOH 1M and Cyclic Voltammetry response degradation at 50 mV·s
-1

 with cycling 

for (b) NCOx and (c) NCOx/Er-GO measured in KOH 1M. 
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Results for SEM before and after cycling are depicted in Fig. 6. It is clearly visible that NCOx/Er-

GO remains unchanged, while NCOx suffers from structural cracking. During the charging 

reaction of NCOx, there is a phase transition. This is generally associated to volume changes 

due to the nature of the reaction [82], increasing electrode swelling and therefore mechanical 

degradation. The mechanical stress, given volume variation during charge and discharge, 

cannot be accommodated and results in cracking. When Er-GO is introduced, nickel-cobalt 

oxide is homogeneously distributed on top of the carbon surface in homogeneously-

distributed and smaller particles, as observed by SEM and TEM. Volume variations therefore 

affect smaller particles, as compared to the aggregates in NCOx. Consequently, the volume 

variation that nickel-cobalt oxide on top of reduced graphene oxide induces during charge-

discharge is accommodated by the carbon matrix and as consequence cracking is inhibited. 

The change in the composition is also reflected in the electrochemical response by means of 

cyclic voltammetry and impedance spectroscopy after 0, 150, 750, 1500 and 5000 cycles, 

which are depicted in Fig. 5.b,c, Fig. 7 and Fig. 8, respectively. A displacement of the peak 

towards more anodic values is observed during cycling. 

When the atomic ratios obtained by EDS are considered, initially a Ni:Co ratio of 0.63:0.37 is 

obtained for both. However, after cycling, the chemical composition evolves to a ratio of 

0.60:0.40 in the case of NCOx, while resulting in a value of 0.64:0.36 for NCOx /Er-GO. This 

would indicate a loss of nickel during the durability test for the former composite, while the 

composition for the Er-GO based composite is kept. From EDS it can be concluded that 

chemical dissolution and variation of the composition of the electrode material occurs, but this 

behaviour is not completely understood. Normally, the instability of Ni-Co LDH materials arises 

from dissolution of cobalt ions, resulting in composites with greater nickel concentration 

[51,83–85]. Consequently, the peaks tend to vary to more anodic values, where the potential 

of NiO is located. This is also observed in the present cyclic voltammetry but is contradictory 
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with the present EDS results. Thus, as a result of the semi-quantitative nature of EDS and the 

anomaly in the results, further analysis in this regard shall be done.  

 

Fig. 6. Scanning electron microscopy images showing the degradation effects in the initial 

composites (a) NCOx and (c) NCOx/Er-GO after 5000 cycles of charge-discharge at a current 

density of 8 A/g for (b) NCOx and (d) NCOx/Er-GO.  

For energy storage materials with faradaic response, it is important to evaluate their EIS 

response at least in two different potentials, charged and discharged conditions, since 

different and relevant information can be obtained from both. For that reason, the EIS spectra 

were obtained at -0.2 V and 0.45 V (vs. SCE). The direct comparison of the EIS response during 

the first cycle is depicted in Fig. S5, although the evolution of the EIS spectra after 0, 150, 750, 

1500 and 5000 cycles of galvanostatic charge-discharge cycling at 8A·g
-1

 is depicted in Fig.7 and 

Fig.8. 
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The charge mechanism involves the transformation of semi-conductive nickel-cobalt oxide into 

a conductive oxyhydroxide [86]. Thus, a reduction in the film charge-transfer resistance from 

the discharged to charged condition is expected. This is visible by the appearance of a second 

plateau with lower resistance at low frequencies in the modulus of resistance vs. frequency 

plot and the decrease in the diameter of the semi-circle in the Nyqusit plots. Moreover, in the 

discharged condition, a less kinetically favoured process at low frequencies is present, but it  

disappears when the material is charged. The material’s behaviour is, as usually reported for 

impedance spectroscopy [41,87,88], separated in the contribution of two time-constants, 

namely, double layer capacitance (superficial charges and resistance associated in the charge 

transfer change from ionic conductor to electron conduction in a solid) and film capacitance. 

This is reflected in the equivalent circuit presented in Fig. 7d. With cycling, the material 

becomes more resistive for both charge-states of the material, which leads to increased values 

of the second resistive plateau in the modulus vs. frequency plot and an increasing semi-circle 

in Nyquist plots. Moreover, low-frequency resistive phenomena become more relevant with 

cycling when the electrode is discharged, at -0.2V, as observed in the phase angle plot. 

A graphic analysis of the results obtained for the mathematical fitting of impedance results is 

presented in Fig. S6. Considering the values obtained for NCOx, three main features can be 

observed. First, the increase in the admittance of the constant phase element (CPE) assigned 

to the double-layer when the electrode is charged. Second, the drastic reduction of film 

resistance when the material is converted from oxide to oxyhydroxide (and an associated 

increase in film admittance). Third, the overall increase in resistance with cycling. The variation 

of film admittance and resistance for the material at -0.2 V and at 0.45 V is expected and 

associated to the oxidation state change for nickel and cobalt and change in conductivity when 

the phase is transformed from oxide to oxyhydroxide.  
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There are several potential explanations for the evolution/degradation of these materials with 

cycling. In the case of NCOx it shall be considered that: 1) There is a progressive decay of 

capacity, more intense during the first cycles. 2) Double layer and equivalent series resistance 

are maintained (with a very small increase) throughout cycling. 3) Film resistance increases 

with cycling. 4) There is an evident material degradation as observed by SEM. Thus, the 

increase in resistance may be related to the increased strain induced by the collapse of the 

superficial structure.  5) There is a variation in the chemical composition, which is reflected by 

EDS and the peak potential variation in cyclic voltammetry. 6) Oxygen evolution reaction is 

close to the maximum charge potential and may contribute to parasitic reactions, inducing 

capacity decay. Also, OER could mechanically degrade the material, if O2 is produced. 7) Cycling 

displaces the anodic peak to higher potentials as observed by cyclic voltammetry. Thus, the 

electrochemical reaction is closer to the OER potentially being more affected by it as long as 

the cycling evolves. 8) Low-frequency phenomena obtained at -0.2 V intensifies under 

consecutive cycling. 
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Fig. 7. (a) and (b) Bode and (c) Nyquist Electrochemical Impedance Spectra for NCOx 

composite material after 0, 150, 750, 1500 and 5000 cycles of Galvanostatic Charge Discharge 

at 8 A/g for both discharged (-0.2V, left) and charged (0.45V, right) potentials. (d) Equivalent 

circuit model used in the fitting of the impedance spectra acquired for NCOx at -0.2V 

(discharged) and 0.45V (charged). 
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When reduced graphene oxide is introduced (Fig. 8), a similar behaviour to that of NCOx is 

observed. Nonetheless, there are several features that are different and shall be considered: 1) 

ESR is slightly lower than for NCOx. 2) Double layer resistance has significantly lower values. 

The measured resistance is normalized to the apparent experimental area (1 cm
2
) but the real 

area includes a much more extensive surface area, as a consequence of the Er-GO matrix. 

Thus, these calculated values are apparent resistance values that should be multiplied by the 

real active area of the material, which would probably lead to similar values to those obtained 

for NCOx. 3) Double layer resistance is maintained at both charge-states of the material. 4) 

Film resistance is much higher for the discharged condition while lower for the charged 

condition as compared to NCOx. This may be related to a greater exposure of the nickel-cobalt 

material to the electrolyte induced by Er-GO and the change in the conductivity in the charging 

process. In a similar manner, there is a greater variance of the CPE admittance assigned to the 

film for NCOx/Er-GO, with higher conducitivity for NCOx/Er-GO compared to NCOx when the 

electrode is charged, while lower when the electrode is discharged. 5) An additional time 

constant is developed in the discharged form (-0.2V) with cycling at mid-frequencies, more 

evidenced when the material is cycled 750 times (Fig. 8e). This new time constant separates 

the capacitive contribution of the material in two components and is not as visible when the 

material is fully charged. This new time constant is included in the equivalent circuit for the 

fitting in the discharged condition after 750 cycles.  6) There is an initial decrease in film 

resistance when the material is charged during the first 1000 cycles. Accordingly, there is an 

increase in the CPE admittance as observed in the cycling test performed at 8 A·g
-1

. 7) No 

mechanical degradation or strain is identified by SEM for NCOx/Er-GO. However, there is a 

bigger variation in the electrochemical response observed by cyclic voltammetry when 

compared to NCOx, with initial increased capacity. A variation in chemical composition of the 

material shall also be taken into account since it is observed by EDS.  
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Thus, it can be considered that Er-GO acts as a matrix that accommodates strain, reducing the 

mechanical degradation observed by SEM. Moreover, given its increased active surface area, 

Er-GO induces more exposure of nickel-cobalt oxide deposited on top of it, leading to 

increased number of active sites. It also serves as a conductive matrix, reducing the overall 

electrode resistance. During the first cycles, electrolyte penetration may reach initially 

inaccessible pores that later become active sites, leading to an initial increase in capacity. 

Besides, the observed increase in resistance with cycling is much smaller in absolute terms in 

the case of the Er-GO containing material. While Ni-Co oxide is affected by mechanical 

degradation, increasing the measured resistance, NCOx/Er-GO initially increases its capacity by 

electrolyte penetration during the first 1000 cycles and inhibits mechanical stress. 
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Fig. 8. (a) and (b) Bode and (c) Nyquist Electrochemical Impedance Spectra for NCOx/Er-GO 

composite material after 0, 150, 750, 1500 and 5000 cycles of Galvanostatic Charge Discharge 

at 8 A/g for both discharged (-0.2V, left) and charged (0.45V, right) potentials. (d) Equivalent 

circuit model used in the fitting of the impedance spectra acquired for NCOx/Er-GO at -0.2V 

(discharged) and 0.45V (charged) (e) Equivalent circuit model used in the fitting of impedance 

spectra acquired for NCOx/Er-GO at -0.2V with cycling after 750, 1500 and 5000 cycles. 
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However, the increased exposure to the electrolyte leads to the formation and stabilization of 

a secondary parasitic phase, as observed by the new time constant by EIS. This parasitic 

reaction, considering previous reports, is likely to be the formation of a nickel-cobalt hydroxide 

phase. When material is charged, an oxyhydroxide phase is formed and, when this reaction is 

reversed, it may generate a hydroxide phase considering that the reaction takes place in alkali 

media and taking into account that nickel-cobalt hydroxide is also transformed into an 

oxyhydroxide phase during charging, as exemplified in equations 3 and 4 [89]: 

α-NixCo1-x(OH)2(2NO3
-
, CO3

2-
)(1-x)/2(H2O)0.5 + (0.5-y)( Na

+
, K

+
)                 γ-NixCo1-xOO(H

+
)y(Na

+
¸K

+
)(0.5-

y)(H2O)0.5 
 
+ (2-y)H

+
 + (1-x)/2 (2NO3

-
, CO3

2-
) + (0.5+x)e

-      
(eq. 3) 

β-NixCo1-xO2H1+x                           β-NixCo1-xOOH + xH
+
+ xe

-     
(eq. 4) 

 When Er-GO is introduced, the reaction presented in equation 4 is prone to occur, leading to 

the formation of Ni1-xCoxOy together with NixCo1-x(OH)2. This would explain the shift in the 

peaks of cyclic voltammetry. Moreover, when charged, the material transforms into the 

oxyhydroxide form in any case and, for that reason, mid-frequency EIS response is less affected 

in the charged state. When discharged, given the fact that the conductivity of the oxide is 

higher than of the hydroxide [90–92], this phenomenon increases mid-frequency resistance. 

Finally, a similar decay in the capacity of NCOx to NCOx/Er-GO (once the material is stabilized) 

occurs, associated to similar degradation processes. In fact, the low-frequency evolution in the 

discharged potential for NCOx and the variation observed by cyclic voltammetry suggests that 

this second phase may be also formed for NCOx, although due to the reduced electrolyte 

accessibility of the material and lower active surface area, it is not as relevant. Summarizing, 

mechanical degradation, formation of a secondary phase and OER parasitic reaction are pin-

pointed as the main sources of NCOx degradation. Regarding Er-GO, there is an initial 

activation, produced by electrolyte penetration when Er-GO is present, that leads to an initial 

increase of material’s capacity. When Er-GO is introduced, mechanical degradation seems to 
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be completely inhibited, while the formation of a secondary phase is promoted. As a result, 

the capacity decay, reduced to a 16.8% after 5000 cycles, is caused by this instability of the 

oxide phase alongside the effect of the OER parasitic reaction.  These results are summarized 

in Fig. S7. 

4. Conclusions 

Cobalt-nickel oxide in combination with electrochemically reduced graphene oxide was 

successfully prepared by electrodeposition followed by thermal treatment.  The inclusion of 

reduced graphene oxide to the mixed oxide greatly improved energy storage capability, that 

increased from 113 mA·h·g
-1

 to 180 mA·h·g
-1

. Cycling stability after 5000 cycles, and 

subsequent capacity retention, increased from 58% to 83%. The faradaic efficiency was 

improved from 0.88 to 1.01 and the rate capability of the composite rose from 78% to 84%. 

Finally, a detailed study on the degradation mechanism by means of electrochemical 

impedance spectroscopy has been performed in combination with cyclic voltammetry, 

scanning electron microscopy and electron diffraction spectroscopy. EIS evidenced 

conductivity changes during the oxidation process of the material and the appearance of a 

second time constant for NCOx/Er-GO at -0.2V after cycling that might be associated to a new 

phase composed of nickel-cobalt hydroxide. Thus, there are three main key observations 

related to the cycling stability of the material: 1) Variation in peak potential by cyclic 

voltammetry. 2) Mechanical degradation observed by SEM. 3) New time mid-frequency 

constant in EIS spectra. These results suggest that degradation mechanisms, and consequent 

capacity fade, can be attributed to cracking caused by strain during charge and discharge, 

phase transformations that result in a parasitic phase and side reactions such as oxygen 

evolution. Electrochemically reduced graphene oxide serves as a conductive matrix that 

accommodates strain and increases the number of active sites, leading to increased 

electrochemical performance. Thus, a synergistic carbon-transition metal composite material 
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can be produced by means of a very simple route that has enhanced electrochemical 

performance compared to its analogous material without electrochemically reduced graphene 

oxide. These results pin point the potential of using reduced graphene oxide for energy storage 

applications.  
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Appendix A. Supplementary data 

The following is the supplementary data related to this article: 

The Supporting Information is available online and includes: SEM image of Ni-Co oxide with 

and without reduced graphene oxide in comparison to their hydroxide parent materials, 

HRTEM images of Ni-Co oxide on top of a graphene flake and its FFT; EDS mapping results for 

both Ni-Co oxide and Ni-Co oxide with electrochemically reduced graphene oxide; table with 

results of fitted XPS spectra; comparative Raman of non-reduced graphene oxide, 

electrochemical reduced graphene oxide, pure GO thin-film thermally treated and thermally 

treated electrochemically reduced graphene oxide signal in the composite material, 



39 

 

comparative electrochemical impedance response before cycling for nickel-cobalt oxide with 

and without electrochemically reduced graphene oxide and, finally, graphic analysis of fitting 

results for EIS.  
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