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Nowadays, fossil fuel limitations and environmental concerns push researchers to find clean and renewable

energy resources. Solar hydrogen production viawater splitting reactions in electrochemical and/or photo-

electrochemical systems has been accepted as a promising route and efficient electrocatalysts are involved

in both. Here, cobalt nanoflakes with an oxide/hydroxide surface and a conductive metallic core are grown

on commercially available steel mesh modified with carbon based nanocomposites as a support layer. The

portion of reduced graphene oxide sheets was changed from 0 to 100 wt% and the correlation of this

concentration with the surface morphology and electro-catalytic activity of the final electrode was

studied systematically for the first time. Obtained results revealed the least over potential (224.2 mV) for

the sample with 50 wt% rGO in the water splitting reaction which is promising for use in alkaline

electrolysis devices.

Introduction

In the last few decades, by considering the limited resources of

fossil fuels and increasing demand of energy, attention to clean

energy resources is unavoidable. Photosynthesis plays a key role

in nature to convert solar energy into clean fuels,1 inspiring

water splitting for hydrogen production in water oxidation and

reduction half reactions (WOR and WRR, respectively). Reduc-

tion of hole transfer overpotential (OP) is one of the main

criteria to enhance the water splitting efficiency. As a result,

developing efficient, low cost and environmentally friendly

oxygen evolution electrocatalysts with long term stability

remains a great challenge to decrease the required overpotential

to initial water oxidation on the surface.2–5 Although Ru and Ir

have shown the best reported performance, their rarity keeps

them out of practical plans and hence, it is necessary to replace

them with some earth abundant candidates which are poten-

tially suitable for commercial uses like Ni, Co, Cu etc.1–5

Increase of surface interface between WOR electrocatalysts

by approaching to nanoscale and facilitation of charge trans-

port in the fabricated nanostructures are two main strategies to

enhance efficiency of the mentioned catalysts. In this regard,

introducing carbon nanomaterials like graphene and carbon

nanotubes (CNT) as a host for electrocatalyst growth is a prom-

ising choice. These carbonaceous support layers not only

provide conductive backbone for electron transfer, but also

provide signicant effective surface for catalytic sites and

improve their mechanical strength as well.2 Despite of pub-

lished related reports, the optimum composition of such

carbon based supporting layer and correlation between surface

structure and performance of nal grown electrocatalysts are

still open questions.

One systematic and informative way to investigate surface

structure is analyzing the sample morphology based on SEM

technique and obtaining structural functions and fractal

dimensions in micro and nano scales.

Recently, it has been clear that the 3D surface morphology

plays a major role in nanotribology, chemical reactions and

thermodynamics of surfaces at micro and macro scales.6,7

Fractal/multifractal geometry is useful for understanding the

3D nanoscale architecture and phenomena of 3D surface

roughness.8–10 Also, it is known that the 3D engineering surface

can be divided into isotropic (Gaussian or non-Gaussian) or

anisotropic textures.11–14 In general, fractal approach in the

surface morphology analysis makes use of the similarity law
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that governs the behavior of data series of height samples at

different scale lengths which is benecial to reveal 3D nano-

scale specic patterns and their special performances.15

Here, for the rst time, we used carbon based supporting

layer including reduced graphene oxide (rGO) nanosheets and

CNTs with different mass ratios as substrate to deposit cobalt

nanoakes for water oxidation reaction. We tried to nd

a correlation between composition of supporting layer, surface

morphology parameters and electro catalytic performance of

the grown Co species.

Surface topography of the samples was characterized using

statistical, fractal and functional parameters determined from

SEM images. Numerical procedure that was carried out to

perform that task has been described elsewhere.16 Obtained

results established a bridge between specic geometry of

residual surface and its tribological and physical

characteristics.

Experimental details
Fabrication of rGO-CNT paste

GO nanoakes were synthesized using modied Hummers'

method in which 3.00 g of graphite powder were added into

a mixture of concentrated H2SO4 (12 mL), K2S2O8 (2.50 g) and

P2O5 (2.50 g). Themixture was heated at 80 �C and stirred for 5 h

in an oil bath. The suspension was diluted with 500 mL of

deionized water. The product was obtained by ltering the

solution using 0.2 mm Nylon lm, washed with deionized water

several times and dried under ambient condition. The oxidized

graphite was added to the 460mL of H2SO4 in an ice bath. Then,

60 g of KMnO4 was put slowly with controlling the temperature

below 10 �C. Stirring was continued for 2 h at 35 �C. Then, 920

mL of deionized water was added drop wise keeping the

temperature below 50 �C. Aer 2 h, 2.8 L of deionized water and

50 mL of H2O2 30% were added to the mixture. The mixture was

centrifuged and washed with 5 L of HCl 10% solution followed

by adding 5 L of deionized water to remove the acid. The

resulting solid was subjected to dialysis for a week. Finally, the

product was dried under the vacuum condition at ambient

temperature.17

To make the paste, commercially available multiwall CNT

with 20–30 nm diameter and 30 mm length and carbon black

(CB) were added to GO solution.

Because GO and CNTs have not enough adherence to steel

mesh (SM; applied substrate), solved PVDF in NMP was added

as binder and CB was also used for compensating the conduc-

tivity. It the nal mixture, various ratios of GO to CNT (100, 75,

50, 40, 0 wt%) were considered while total active material (GO +

CNT) was xed at 85 wt% in the paste.

To cast the nal paste on the substrate, a hot plate at 70 �C

was used. The paste was dropped with a micropipette on the

steel mesh rst and then the layer was placed in the oven at

80 �C for 1 h.

To benet high electrical conduction of rGO akes in the

carbonaceous nanostructured paste, electrodes were electro-

chemically reduced to turn GO akes into rGO ones. For this

purpose, under continuous ow of N2 gas in a three-electrode

equipped sealed reactor with sodium sulfate as electrolyte (pH

¼ 7), GO was reduced in a cyclic voltammetric method changing

the applied bias from 0 to �1.6 V for 30 cycles.

Fabrication of Co electrocatalysts

To growth cobalt electrocatalysts, modied steel mesh with

carbon paste, Ag/AgCl and Pt sheet were utilized as working,

reference and counter electrodes, respectively. Electro-

deposition of Co species in a conventional three electrode

system was performed by chronopotentiometry technique

applying a constant current density of 7 mA cm�2 for 2000 s.

Then, all samples were immersed in 1 M KOH for 24 h.

Instrumentals

Morphology of the samples and their crystalline structures were

investigated by eld emission scanning electron microscope

(FESEM; TESCANVEGA3-SB) and X-ray diffraction spectrometer

(XRD; PEN analytical with Cu source), respectively. Electro-

catalytic tests were carried out in 1 M KOH in a three-

electrode contained glassy cell with Ag/AgCl and Pt rod as

reference and counter electrodes, respectively. Surface chemical

state of the samples was investigated by X-ray photoelectron

spectroscopy (XPS). In the later technique, AlKa was used as

monochromatic radiation source (1486.6 eV). All binding

energies were calibrated by xing Au(4f) peak at 84.0 eV with

accuracy of �0.1 eV. Chemical state analysis was performed by

deconvoluting all peaks to different possible states using SDP

soware (version 4.1) with 80% Gaussian–20% Lorentzian peak

tting.

Surface texture analysis

SEM technique provides gray-scale images representing planar

projections of investigated surface along its normal.18 Upon

conversion of intensity values of each pixel into a series of

surface heights, obtained samples z scale, z(x,y), can be char-

acterized in terms of monofractal9,19 as well as multifractal8

surface geometry.

Statistical analysis started from computation of the root-

mean-square deviation of the surface roughness Sq:

Sq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N

X

N�1

k¼0

X

N�1

l¼0

zkl
2

v

u

u

t (1)

where N is the number of the steps along each scan direction,

and zkl is the height sample at a given position. However, the

roughness itself is insensitive to surface patterns, and to reveal

any higher-order arrangement, another statistical measure, the

autocorrelation function R is necessary:

Rnm ¼
1

ðN � nÞðN �mÞ

X

N�n

k¼1

X

N�m

l¼1

ðzkþm;lþnzklÞ (2)

where (m, n) corresponds to discrete steps along each scan axis.

The surface lay was expressed by the statistical parameter

referred to as the surface anisotropy ratio Str which was dened
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as the fraction of the shortest and the longest autocorrelation

decay lengths s:20

0\Str ¼
sa1

sa2

# 1 (3)

where a1 and a2 were the directions of the fastest and the

slowest autocorrelation decay, respectively. Isotropic surfaces

pose Str higher than 0.5 while anisotropic ones are lower than

0.3.

In order to gain an insight into fractal properties, the auto-

correlation function was required to be converted into the

structure function using the following formula:21

S(m,n) ¼ 2Sq
2(1 � R(m,n)) (4)

It was shown22 that the mean prole of the structure function

averaged around its central point exhibits specic scaling

behavior that can be expressed in terms of the fractal

parameters:

S(s) ¼ Ks
2(2�D) (5)

where, D and K were the fractal dimension and pseudo-

topothesy, respectively. In general, D and K correspond to the

way, how the relative and absolute amplitudes of surface height

variations behave at different wavelengths, respectively. Power

law scaling behavior disappears at a threshold referred to as the

corner frequency. However, there may be multiple corner

frequencies when the surface exhibits multifractal

characteristics.

Results and discussions
Crystalline structure

To study crystalline structure of the prepared samples, XRD

analysis was done for Co nanoakes grown on carbonaceous

paste containing 50 wt% graphene in both forms of oxide (GO,

before electrochemical reduction) and reduced (rGO). Resulted

XRD spectra revealed complex patterns due to multicomponent

structure of the samples under study. In order to determine the

relative contributions of each crystalline component, the Riet-

veld method was used that enables quantitative phase analysis

of crystalline materials by tting the XRD data with pseudo-

Voigt proles.23,24 Performed XRD measurements revealed

diffraction peaks from both electrocatalytic Co lms as well as

steel substrate. Two crystalline phases were found: hexagonal

Co with P63/mmc symmetry (space group no 194) (01-089-7373

JCPDS card), and austenitic steel of Feg structure (96-900-8470

JCPDS card). These obtained results are shown in Fig. 1.

Additionally, numerical analysis of XRD spectra and related

estimation of the lattice parameters of respective crystalline

phases as well as their contributions can be seen in Table 1.

Rietveld analysis clearly shows that the Co contribution in

rGO-CNT sample is more than twice of that in the GO-CNT

sample. It is likely due to the fact that crystalline growth of Co

species on the more conductive substrate (rGO-CNT paste) is

more preferred and facilitated in comparison with Co/GO-CNT

sample. It is widely known that the penetration depth into

metals depends on several parameters: wavelength of the inci-

dent beam, atomic number of the material under study and

diffraction angle. Here, penetration depth into the Co lm

varies between 0.5 and 7.0 mm. Hence, it can be concluded that

electrochemically reducing GO species to rGO facilitated crys-

talline structure formation of Co nanoakes during electro-

deposition step, which is benecial for their electro-catalytic

activities.

For the samples grown on carbonaceous pastes with other

graphene contents, crystalline structure was same due to simi-

larity in Co electro-deposition conditions.

Morphological analysis

Fig. 2 shows SEM images of the structures under investigation

containing various weight percent of rGO: 0, 40, 50, 75 and

100% as well as an example plot of the prole structure function

of the sample 75% (Fig. 2(f)). The images revealed complex

morphology of the samples composed of larger extended

objects with tens of micrometers in length and only around one

micrometer wide while their surface covered with much smaller

regular akes. As a rule, it gave rise to cluster structures that can

be characterized using bifractal characteristics. However, SEM

images also provide interesting observation on the changes in

the specic shape of the clusters. Samples deposited on

a carbonaceous paste with 0, 50 and 100% wt of rGO repre-

sented sharp and well-established surface features whereas the

remaining two showed atter and uffy shape.

Results presented in Table 2 generally conrmed bifractal

structure of the samples under study while in the case of

samples deposited on carbonaceous support layer containing

40 and 75 wt% of rGO their characteristics became in fact even

more complex exhibiting tri-fractal structure. Fig. 2(f) exhibits

an example of such a behavior with three different fractal

dimensions, i.e. three different inclinations of the log–log plot

of the structure function (at, asymptotic part of the curve did

not count).

Table 2 shows several interesting trends. At rst, the fractal

dimension determined for the shortest wavelengths D1 was

constant for the all samples and equaled to 2.5. The threshold

for this scaling exponent (corner frequency s1) extended up to 81

and 95 nm for the samples with 0 and 50 wt% of rGO, respec-

tively, which were signicantly larger than other ones. More-

over, different behavior was found concerning the second

fractal dimension D2, which took the lowest value (2.6) for the

sample contained 50 wt% rGO. As can be seen, the values of s2
were much larger for the samples with 0, 50 and 100 wt% of rGO

(760–980 nm) than the remaining ones (180–240 nm). However,

the latter samples (with 40 and 75 wt% rGO) had uffy surface

structures which were found tri-fractal whereas the former were

only bifractal. In addition, the uffy samples were described by

the third fractal dimension D3, which approached the value

close to the topological dimension, 2.8–2.9, and was valid for

the scale lengths lower than the corner frequency s3 (800–1100

nm). Finally, considering the anisotropy ratio Str varying in the

range from 0.82 to 0.99 for the samples with 0, 40, 75 and 100

wt% rGO, all of these samples were highly isotropic while this

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 12923–12930 | 12925
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parameter fell down to 0.56 for one with 50 wt% rGO repre-

sented more anisotropic surface in this case.

Surface chemical composition

Because presence of any undesired impurities or chemisorbed

species on the surface leads to toxicity and passivation of the

grown electrocatalysts, studying their surface chemical

composition is an important issue. In this regard, XPS tech-

nique was applied to reveal surface elements and their chemical

states. Few nanometers of the surface were detected in this

method and hence, XPS spectra of the all samples deposited on

different carbonaceous layer were same. Consequently, the

result for electrocatalyst grown on the support layer with 50 wt%

of graphene oxide was presented here as an example.

Fig. 3(a) shows wide range XPS spectra of the sample in

which just gold (deposited is some parts of the surface for cal-

ibrating the spectrum), carbon (due to surface adsorbed CO/

CO2 before the test), cobalt and oxygen were observed with no

impurity and/or toxic compounds. Considering that XPS anal-

ysis was performed aer the electrocatalytic tests, this result

also revealed pristine and fresh surface even aer long time

activity.

Fig. 3(b) presents high resolution XPS spectrum in the range

of O(1s) core level peak. Position of the peak at 532.0 eV

determined coexistence of the surface oxygen atoms bounded in

metal oxide lattice (�530 eV) and hydroxide –OH groups (�532

eV) as well as H2O or other surface chemisorbed species (�533

eV).

Fig. 3(c) shows the result for Co(2p) peak in which two

distinguishable peaks at around 781.6 and 797.1 eV are related

to Co(2p3/2) and Co(2p1/2) core energy levels, respectively.

Considering the cobalt XPS peak in metallic zero valent form,

oxide and hydroxide phases at 778.0–779.0, 780.0–781.0 and

785.0–786.0 eV range, respectively, the observed surface Co

atoms were completely in oxide/hydroxide phases and the

portion of metallic state was less than 1%. Based on data

extracted from Co(2p3/2) peak deconvolution, the portion of

oxide and hydroxide states were nearly same. These detected Co

surface compositions were in coincidence with the observed

coexistence of OLattice and OOH in O(1s). Moreover, the satellite

in Co(2p) spectra was attributed to CoII and CoIII on the surface.

Electro-catalytic performance

To compare electrocatalytic activity of the synthesized Co

nanostructures, several determinant parameters were studied

based on their measured electrochemical responses. The rst is

overpotential (OP) which is the main characteristic of a WOR

electro-catalyst and it means that how low is the required bias to

obtain a certain anodic current density (here, 1 mA cm�2) in

water oxidation reaction. The less OP value introduces the more

active and efficient electro-catalyst. This quantity can be simply

extracted from linear-sweep voltammograms which is shown for

Fig. 1 XRD spectra of the Co nanoflake electrocatalysts grown on the carbonaceous paste with 50 wt% (a) GO and (b) rGO in the carbonaceous

paste.

Table 1 Lattice crystal parameters calculated based on XRD data

Sample

Co (hexagonal) Feg (face-centred)

Lattice constants Phase contribution Lattice constant Phase contribution

a0 [Å] c0 [Å] [vol%] a0 [Å] [vol%]

Co on 50% GO-CNT 2.51 4.08 11.10 3.60 88.90

Co on 50% rGO-CNT 2.51 4.10 27.62 3.60 72.38

12926 | RSC Adv., 2017, 7, 12923–12930 This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM images (ca. 10 � 10 mm2) of the cobalt nanoflakes deposited on carbonaceous support layer with different rGO wt%: (a) 0, (b) 40, (c)

50, (d) 75%, (e) 100% and (f) example plot of the profile structure function calculated for the sample with 75 wt% rGO. Note themultifractal scaling

behavior with three different corner frequencies and fractal dimensions was observed.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 12923–12930 | 12927
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the sample with 100 wt% graphene oxide, as an example, in

Fig. 4(a). The all recorded OP values are listed in Table 3

revealing that the lowest overpotential was obtained for Co

nanoakes grown on the carbonaceous paste containing 50

wt% rGO-50 wt% CNTs. By increasing (decreasing) graphene

portion from this amount to 100 (0) wt%, OP value increased to

244.0 (244.4) mV.

The second parameter is charge transfer resistance (RCT)

which was obtained from EIS technique in which electro-

chemical impedance of the layer measured by applying sinu-

soidal bias perturbation in a frequency range of 1 mHz to 100

kHz. The resulted Nyquist plot (imaginary versus real part of the

obtained impedance) is shown in Fig. 4(b) for the sample with

100 wt% graphene oxide. Diameter of the plot reects how large

the resistance of charge transfer at the electrocatalyst/ electrolyte interface is. The less RCT attributes to more active

and efficient electrocatalyst. As can be seen, the sample con-

taining 50 wt% of graphene oxide in the support layer showed

the lowest RCT and hence, the best kinetic and most facility in

surface reactions.

The third parameter is the electrode effective surface inter-

face exposing to the electrolyte. Large surface area cause more

available active sites for catalytic reaction. In addition of

previous discussion about surface structure and morphology,

evaluation of the effective surface interface of fabricated electro-

catalysts was also possible using an electrochemical approach

reported in the literature25,26 in which surface double layer

capacitance (CDL) calculated from cyclic voltammetry (CV)

technique in a suitable window potential. Based on classical

point of view for capacitors, the higher CDL value resulted from

the larger surface interface. These measured capacitances for

fabricated carbonaceous pastes are also presented in Table 3.

From the obtained results, it can be seen that CDL of the

samples increased with increasing rGO content in the paste due

Table 2 Multi fractal surface texture parameters derived from SEM

images: Str (surface anisotropy ratio), D (fractal dimension) and sc

(corner frequency). N.A. refers to the structures revealing bifractal

characteristics (only two sets of fractal parameters), whereas the

remaining samples exhibit in fact even higher arrangement patterns,

i.e. tri-fractal.Dav is an average fractal dimension obtained by fitting the

data with single fractal characteristics

GO/CNT

[% wt] D1

s1

[nm] D2

s2

[nm] D3

s3

[nm] Str Dav

0 2.5 81 2.8 980 N.A. N.A. 0.82 2.71
40 2.5 61 3.0 240 2.9 1100 0.88 2.86

50 2.5 95 2.6 900 N.A. N.A. 0.56 2.63

75 2.5 54 2.9 180 2.8 810 0.99 2.77
100 2.5 67 2.7 760 N.A. N.A. 0.85 2.68

Fig. 3 XPS spectra of the sample deposited on carbonaceous paste

containing 50 wt% of GO in (a) wide, (b) O(1s) and (c) Co(2p) binding

energy range.

Fig. 4 (a) LSV with the scan rate of 1 mV s�1 and (b) Nyquist plots at

+0.5 V for the sample deposited on carbonaceous paste containing 50

wt% of GO. The tests were performed in 1 M KOH in the absence of

light source.

Table 3 Electrochemical parameters calculated for the samples with

different GO wt%

GO wt% 0 40 50 75 100

OP (mV) 266.0 244.4 224.2 234.3 244.0

RCT (U) 24.4 21.8 20.2 24.7 27.3

CDL (mF cm�2) 3.6 4.4 4.7 7.0 7.8
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to incorporation of these 2D materials exposing high surface

area.

To make a correlation between surface structure and the

data obtained from electrochemical performance of the

samples it should be noted that samples with high (>50%) and

low (<50%) concentrations of rGO in the support layer showed

higher fractal dimensions with more isotropic surface as

compared with the sample with half rGO, half CNTs (50%).

However, although the later sample revealed lowest D value and

the most anisotropic surface, but formation of hierarchical

roughness on its surface including large shoulder with small

nano size akes on them was benecial for electro-catalytic

performance.25 As veried by electrochemical analysis, such

a starsh like surface structure exposes more active sites at the

electrode/electrolyte interface which facilitate charge transfer

phenomenon on the surface lading to decrease in the required

overpotential for water oxidation. Moreover, according to XPS

and XRD analysis, these akes are in oxide/hydroxide phase on

the surface (few surface layers as detected by XPS technique)

while inside of each is in the hexagonal metallic form. Hence,

water oxidation process initialized and facilitated by CoII and

CoIII sites on the surface while electron transport conducted

from metallic core of each ake, simply to the back contact.

Schematic of this proposed mechanism is shown in Fig. 5.

Conclusion

In summary, exible steel mesh was modied with carbona-

ceous paste containing electrochemically reduced graphene

oxide nanosheets and carbon nanotube with different rGO/CNT

mass ratios. Then, cobalt based nanoakes were grown on this

support layer by electro-deposition technique and applied as

electro-catalyst for water oxidation reaction. Systematic study of

3D surface morphology of the samples and its correlation with

their electro-catalytic performance revealed that incorporation

of such nanosized carbon structures, CNTs and rGO sheets in

carbon paste with equal parts (50–50%) led to a starsh like Co

oxide/hydroxide nal structure with hierarchical roughness.

This sample showed the best performance as water splitting

device. Conrmed by XRD and XPS results, such an engineered

catalyst with metallic core and oxide/hydroxide surface could be

an ideal nanostructure for water oxidation devices. In the later

structure, holes transferred easily on the surface and electron's

transport facilitated via conductive cores as well, leading to the

lowest required overpotential and charge transfer resistance

(224.2 mV and 20.2 U, respectively).
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8 Ş. Ţălu, S. Stach, S. Solaymani, R. Moradian, A. Ghaderi,

M. R. Hantehzadeh, S. M. Elahi, Z. Garczyk and S. Izadyar,

Multifractal Spectra of Atomic Force Microscope Images of

Cu/Fe Nanoparticles Based Films Thickness, J. Electroanal.

Chem., 2015, 749, 31–41.
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