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A B S T R A C T   

The full knowledge of the charge storage mechanisms occurring in complex composite electrodes is key for the 
straightforward development of advanced electrochemical capacitors. In this work, hybrid electrodes composed 
of reduced graphene oxide, multiwall carbon nanotubes and NiO nanostructures were fabricated through 
reactive inverse matrix assisted pulsed laser evaporation technique. Nitrogen doping of the carbon nano
structures was carried out by introducing ammonia, urea and melamine precursors in the target. The N-doped 
graphene electrodes exhibited a significant capacitance enhancement as compared to non-doped ones. This fact is 
commonly ascribed to faradaic mechanisms. However, our structural-compositional studies point to a significant 
change of the structural configuration of the composites at the nanoscale upon the nitrogen functionalization as 
the source of the electrodes’ capacitance enhancement. The composites fabricated with urea precursor exhibited 
the highest capacitance, and this fact was associated with the presence of pyridinic N groups that triggered the 
formation of a high amount of structural defects (vacancies – boundaries) and microporosity, not observed in the 
samples synthesized with other precursors that mainly contained pyrrolic-graphitic N.   

1. Introduction 

Electrochemical capacitors (ECs) are appealing devices that are 
attracting great attention due to their ability to rapidly store and deliver 
electric energy, allowing high power charge and discharge processes. 
ECs based on electrochemical double layer (EDL) mechanism store and 
release the energy by means of charge separation processes at the 
electrochemical interface defined between the electrode and the elec
trolyte [1–3]. EDL electrochemical capacitors are able to store large 
amounts of charge as compared to conventional electrostatic capacitors, 
but still quite lower than rechargeable batteries. Highly porous 
conductive materials, as nanostructured carbons (activated carbon, 
graphene, carbon nanotubes), are the most promising electrode mate
rials to be used in EDL capacitors due to their high surface area and 
electric conductivity, besides mechanical robustness [2,4–7]. 

In order to surpass the capacitance limitations of EDL capacitors 
based on nanostructured carbons, strategies like their combination with 

electroactive entities are tackled. This can be attained by either the 
carbon backbone functionalization with heteroatom functional groups 
or through their decoration with pseudocapacitive nanostructures 
[8–12]. It is generally accepted that the functionalizing chemical 
groups, as well as the structural defects caused by the substitutional 
heteroatoms, lead to the concentration of local charges that promote the 
occurrence of electrochemical charge transfer reactions. In particular, 
N-doping of the graphene structure has been revealed as an effective 
way for tuning its electrical-electrochemical properties: substitutional 
graphitic N induces a n-type semiconducting nature in graphene besides 
electron-hole asymmetric transport, improving its electric conductivity 
and hydrophilic properties. Additionally, pyridinic and pyrrolic N, 
found at the edges and defect sites of graphitic layers, prompt a p-doping 
effect besides electrochemical activity leading to faradaic charge storage 
[8,13–17]. On the other hand, pseudocapacitive nanostructures sup
ported on the carbon structure undergo fast surface redox reactions 
leading to a significant contribution to the charge storage, much higher 
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than EDL mechanisms occurring on the carbon surface. Accordingly, the 
carbon material would act as a porous and conductive scaffold allowing 
the access of the electrolyte ions and the fast transport of the charges to 
the current collector. Therefore, the use of hybrid electrodes combining 
(doped) carbon and pseudocapacitive nanostructures represents a 
promising approach for the manufacture of both symmetric and asym
metric ECs with highly improved capacitance [1,3,18–20]. 

Not only advanced composites must be synthesized for attaining 
electrodes with higher electrochemical performance, but also innovative 
approaches shall be developed for overcoming the limitations of the 
conventional manufacturing methods. It is worth noticing that reactive 
inverse matrix assisted pulsed laser evaporation (RIMAPLE) technique 
has exhibited high versatility for obtaining carbon-based hybrid elec
trodes by simultaneous deposition and photo-induced chemical reac
tivity of the irradiated precursor materials [21–26]. In particular, 
RIMAPLE experiments carried out by pulsed UV laser irradiation of 
frozen aqueous dispersions containing graphene oxide (GO) sheets, 
multiwall carbon nanotubes (MWCNTs), NiO nanoparticles (NPs), and 
nitrogen containing reactive precursors allowed to deposit electroactive 
films composed of N-doped reduced GO (NrGO) and MWCNTs decorated 
with small NiO NPs [23,27]. The porous NrGO-MWCNT framework 
exhibited high electric conductivity, whereas NiO NPs added mechani
cal stability to the rGO structure as well as pseudocapacitance. More
over, the N-doping varied in terms of the amount of nitrogen 
incorporation as well as the type and relative quantity of the nitrogen 
containing chemical groups in the graphene structure depending on the 
precursor molecule used. The N-doping induced an enhancement of the 
capacitance of the NrGO-MWCNT-NiO hybrid electrodes but this 
enhancement varied significantly depending on the used N-containing 
precursor. Remarkably, and contrarily to the generally accepted view
point, the obtained results suggested that an important contribution of 
the N-doping process to the energy storage could be originated by 
structural modifications beside faradaic-based reactions, and this fact 
has been also claimed by other authors before [28]. In this case, higher 
microporosity associated with doping-induced defects, not measurable 
by Brunauer–Emmett–Teller method, would increase the active surface 
in contact with the electrolyte. Furthermore, the edges linked to 
graphitic planes and defect sites (vacancies) could prompt convergent 
diffusion processes leading to orders of magnitude higher specific 
capacitance and electron transfer rates [29]. Therefore, the real origin of 
the increase of the capacitance with the N-doping remains still unclear in 
this type of electrodes and further investigations should be carried out. 

This work aims to provide key elements for elucidating the main 
origin of the capacitance increase of the rGO-MWCNT-NiO hybrid 
electrodes upon N-doping of the nanocarbon structures by using 
different N-containing precursors (ammonia, urea and melamine). 
Compositional and structural studies were carried out through X-ray 
photoelectron spectroscopy (XPS), high resolution electron micros
copies, small angle X-ray scattering (SAXS) and Raman spectroscopy 
techniques. The electrochemical analysis of the electrodes was per
formed via step potential electrochemical spectroscopy (SPECS). The 
obtained results provided a clear connection between the nanostructure 
of the composite, which indeed is also related to the type of function
alization, and their electrochemical performance. All the samples 
showed the formation of pyrrolic N. However, the electrode synthesized 
with urea precursor, which was the one exhibiting the highest capaci
tance, also presented the formation of pyridinic N, the highest density of 
structural defects (with more vacancies-boundaries than the other rGO- 
MWCNT composites) and the most porous matrix. 

2. Experimental 

Different types of aqueous dispersions were produced by the addition 
to deionized water solvent of graphene oxide powder (GO, formed by up 
to 15 layers’ thick sheets and about 0.5–1 μm lateral size; NanoInnova 
Technologies), multiwall carbon nanotubes doped with carboxylic 

groups (MWCNT, about 1 μm long and 10 nm in diameter; Sigma- 
Aldrich), and NiO nanoparticles (NPs, ca. 50 nm in diameter; Sigma- 
Aldrich). To induce the chemical reactivity and nitrogen doping of the 
carbon nanoentities, additional dispersions were created by adding 
nitrogen-containing precursors (ammonia, urea and melamine; Sigma- 
Aldrich). Table 1 presents the concentration of all the precursors used 
for the synthesis of the dispersions. These concentration values were 
selected after an optimization study and allowed to get homogeneous 
liquid dispersions with the highest possible concentration of precursors. 
Afterwards, the dispersions were magnetically stirred for at least 1 h and 
sonicated for 1 min at room temperature for avoiding the aggregation of 
the precursors and obtaining completely homogeneous dispersions. The 
MAPLE targets were prepared by filling 3 mL aluminium holders with 
the viscous dispersions, followed by their rapid freezing through im
mersion in liquid N2. Next, the MAPLE targets were positioned inside the 
deposition chamber and kept frozen during the deposition process using 
a liquid N2-cooled holder. The temperature at the MAPLE target, 
measured by an IR thermometer, was about 200 K. 

The deposition of the electrodes was carried out by submitting the 
targets to laser pulses of 266 nm wavelength and about 5 ns duration, 
using a Brilliant B Nd:YAG laser system (Quantel). 6000 pulses with 0.4 
J cm-2 laser fluence were applied to the frozen targets at a 10 Hz repe
tition rate. During the deposition process, the laser beam scanned 
continuously the target surface with an incident angle of ca. 45◦. Special 
care was taken for avoiding the formation of deep craters in the target 
and to maintain the plasma plume as vertical as possible (pointing to the 
substrate). Flexible 1 × 1 cm2 substrates made of 0.1 mm-thick stainless 
steel (grade 316L; Advent RM), were placed in front of the frozen target 
at a separation distance of 4 cm. The deposition process was carried out 
in 20 Pa N2 background gas environment prior emptying to a residual 
pressure of 0.1 Pa. 

Numerical simulations of the laser-induced heating of the irradiated 
nanostructures submitted to one laser pulse within the water ice matrix 
were performed with COMSOL Multiphysics 5.6 software. The coupling 
of the optical and thermal response of GO sheets, MWCNTs, and NiO NPs 
were calculated by solving the heat equation in 3D models using the 
finite element method. Only photothermal processes were considered. 
The initial temperature was set to 200 K, and the geometry of the 
simulated nanoentities was simplified to parallelepipeds with a size of 
500 × 500 × 1–2 nm3, 10 × 10 × 1000 nm3, and 50 × 50 × 50 nm3 for 
(single- and double-layer) GO sheets, MWCNT and NiO NP, respectively. 
The used optical and thermodynamic magnitudes of the simulated ma
terials were gathered from various references (Table S1, Supporting 
Information) [21,30–33]. 

The characterization of the obtained electrodes’ morphology was 
performed through extreme high resolution scanning electron micro
scopy (XHRSEM) by means of a Magellan 400L system (FEI). The 
structural features at the nanoscale were investigated by means of high 
resolution transmission electron microscopy (HRTEM) and selective 
area electron diffraction (SAED) using a JEOL 2010 UHR field emission 
gun microscope operated at 200 kV with a measured spherical aberra
tion coefficient of 0.47 ± 0.01. Additional measurements were carried 
out on Si substrates through grazing-incidence small-angle X-ray scat
tering (GISAXS) at the Austrian SAXS beamline at Elettra synchrotron 
facility (Trieste, Italy) at photon energy of 8 keV [34]. The beam size was 

Table 1 
Labels used for the description of the synthesized targets and their corre
sponding composition.  

Target Composition 

(5/0/5) 5 wt% GO, 5 wt% NiO 
(5/1/5) 5 wt% GO, 1 wt% MWCNT, 5 wt% NiO 
(5/1/5)A 5 wt% GO, 1 wt% MWCNT, 5 wt% NiO, 2 M ammonia 
(5/1/5)U 5 wt% GO, 1 wt% MWCNT, 5 wt% NiO, 2 M urea 
(5/1/5)M 5 wt% GO, 1 wt% MWCNT, 5 wt% NiO, 0.3 M melamine  
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set to 1.5 × 0.2 mm2 (HxV). The sample to detector (Pilatus3 1 M, 
Dectris) distance was adjusted to 711 mm calibrated with silver 
behenate as a reference pattern. The measurements were initially per
formed with 60 s exposure time at 15% humidity. The incident angle 
was set to 0.2◦, i.e. below critical angle of Si substrate in order to satisfy 
surface sensitive conditions. The experimentally recorded 2D patterns 
were transformed into 1D I(q) patterns by means of horizontal (in-plane) 
cuts at the position of the Yoneda wing using SAXSDOG software [35]. 
The successive data correction for the fluctuations of the primary in
tensity, fitting of the data, and evaluation of correlation length were 
performed using IGOR Pro (IGOR Pro 7.0.8.1, WaveMetrics). For further 
study of the composite structures, in particular the accessibility of pore 
structures, GISAXS measurements were also performed in controlled 
relative humidity environment. These experiments were carried out by 
recording scattering patterns continuously (every 30 s with 10 s expo
sure time) during 200 min while applying increasing-decreasing hu
midity ramps in the 15–90% range. Moreover, the chemical composition 
of the electrodes was also analysed through X-ray photoelectron and 
micro-Raman spectroscopies. XPS measurements were done in 
ultra-high vacuum (~10-7 Pa) with a SPECS spectrometer based on a 
Phoibos 150 electron energy analyser working in constant energy mode. 
An aluminium anode (Al Kα 1486.74 eV) was used as monochromatic 
X-ray source. Wide range spectra were acquired over 1400 eV binding 
energies using a 50 eV analyser pass energy, and high resolution spectra 
were also recorded over 20 eV ranges at 10 eV pass energy with an 
energy resolution of 0.7 eV. The C1s signal of adventitious carbon 
(284.8 eV) was employed as reference for the calibration of the binding 
energies for all spectra. The Raman spectroscopy measurements were 
carried out in air with a home-built optical set-up consisting of 532 nm 
DPSS laser with 2 MHz linewidth (Cobolt - Samba), which is focused on 
the sample through a microscope objective (Olympus MPLFLN-BD, x50, 
N.A. = 0.8) to a spot smaller than 1um. Spectra were acquired in 
backscattering configuration using a 750 mm spectrometer equipped 
with 600 lines per mm gratings (Shamrock SR-750), and a EM CCD 
(Andor Newton). 

The charge storage mechanisms and kinetic diffusion of the elec
trodes were studied through step potential electrochemical spectroscopy 
(SPECS) with a Keithley 2450-EC Electrochemistry Lab equipment. The 
0-0.8-0 V voltage window was scanned through voltage steps of 25 mV. 
After each voltage change, the evolution of the current with time was 
acquired during 60 s with a 10 ms sampling interval. The deposited films 
were used as working electrodes in a three-electrode electrochemical 
cell (Bio-Logic). The measurements were performed using an Ag/AgCl 
reference electrode (3 M KCl internal solution) and a Pt wire counter 
electrode in a 1 M Na2SO4 aqueous solution. 

3. Results and discussion 

As already described above, the frozen targets submitted to laser 
irradiation are composed of aqueous dispersions of GO sheets, MWCNTs, 
NiO NPs, and N-containing precursors. The matrix, composed of water 
ice and dissolved N-containing molecules practically does not absorb the 
UV laser radiation [36–39]. Therefore, most of the photons are absorbed 
in the GO sheets, MWCNTs and NiO NPs leading to mainly photothermal 
mechanisms that induce their fast heating [21,26,33]. The thermal 
simulation of the irradiated nanoentities was carried out through 3D 
simple models (parallelepipeds with the proper dimensions). As 
observed in Fig. 1a, the GO monolayers of about 500 nm of lateral size 
and 1 nm in thickness would barely attain 220–230 K, which is about the 
considered water ice sublimation temperature at 20 Pa pressure [30]. 
However, the 2 nm-thick double-layer GO sheets increase their 
maximum temperature values, reaching up to ca. 290 K in just 6 ns. 
Accordingly, thicker multi-layered GO plates are expected to develop 
higher temperatures beyond the water ice sublimation point. As a result, 
it could be hypothesized that the thickest GO flakes would undergo both 
thermally- and photochemically-activated reduction reactions, whereas 

thermal effects in the thinnest GO sheets would be negligible for 
reduction [40,41]. In this last case, photolytic mechanisms would be 
mainly responsible of the GO reduction. In a similar fashion, the simu
lated temperature attained in the MWCNT surface reaches ca. 360 K at 6 
ns from the beginning of the laser pulse, probably also causing a loss of 
part of their carboxylic functionalization [42]. In all these cases, subli
mation of the ice surrounding these nanoentities is expected. 
Conversely, the NiO NPs experience a very rapid heating, even reaching 
the spinodal temperature of water (about 90% of the critical tempera
ture; 575 K) in just 1.2 ns, provoking the explosive boiling of the adja
cent water ice [30]. Furthermore, the NPs would reach the melting 
temperature of NiO (ca. 2200 K) at just 2.6 ns, probably undergoing 
hydrodynamic phenomena like dewetting and coalescence. It has to be 
noted that the model considered the incident laser fluence at the target 
(0.4 J cm− 2), though partial absorption and scattering effects would 
diminish the fluence reaching the nanostructures located in the inner 
part of the MAPLE target, leading to lower temperatures. 

The inset of Fig. 1b shows the temperature isosurfaces in NiO NP 
simulation, revealing that the largest temperatures are developed inside 

Fig. 1. (a) Simulated temperature evolution with time at the surface of GO 
sheets (1 and 2 nm thick), MWCNT, and NiO NP during one laser pulse irra
diation. Inset: temperature distribution at the NiO NP at 2 ns. The sublimation 
and explosive boiling temperatures of water ice are also indicated. (b) Evolution 
of the vaporized water mean radius with time. Inset: (i) photograph of a 
deposited electrode, (ii) temperature isosurfaces in NiO NP and the surround
ing matrix. 
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the NP, as well as a high temperature gradient in the matrix around the 
NP (ca. 2 × 1010 K/m). In order to estimate the quantity of frozen matrix 
transformed to gas, the volume of the matrix surrounding the studied 
nanoentities with a temperature above its sublimation temperature 
(220 K) was recorded as a function of time and, from this volume, the 
average radius of vaporized water was calculated (Fig. 1b). This vol
ume/average distance also delimits the spatial range in which the N- 
containing molecules could be thermally activated and interact with the 
nanoentities, leading to N-doping. Consequently, these chemical re
actions occurring in the gaseous volume around the nanoentities would 
take place at the initial stages of the deposition process. As observed, the 
maximum value of the mean radius of sublimated matrix around the 
monolayer and bi-layer GO, besides the MWCNT is small, about 6 nm, 
20 nm, and 13 nm, respectively. Conversely, the mean radius of 
vaporized water around the NiO NPs linearly increases with time in a 
steep fashion, achieving ca. 56 nm at the time in which the NiO NP 
reaches its melting temperature. Accordingly, a significantly larger 
volume of matrix changes to the gas phase around the NPs as compared 
to the carbon nanostructures. Furthermore, higher temperatures devel
oped around NiO NPs would also increase the doping molecules reac
tivity. This effect would be increased in aggregated NPs or if various 
molten NPs droplets join during the irradiation process. Additionally, 
the matrix surrounding the NPs experiences explosive boiling, which is 
more energetic than sublimation and, hence, develops higher gas pres
sure. As a consequence, the micro-explosion of the gas bubble created 
around the nanoentities thrusts them and drives their deposition onto 
the facing substrate, coming the larger contribution from the NPs. This 
fact would explain the higher rate of deposition of GO-based films when 
NiO NPs are included in the MAPLE target [21]. The overall result of all 
the described processes is the deposition of a homogeneous black film, 
about 1–2 μm thick, after the accumulation of 6000 laser pulses (Fig. 1b 
inset). The films are adherent to the substrate, mechanically robust even 
after mild bending, and show a rough aspect. 

The surface morphology and nanostructure of the electrodes were 
studied with SEM and TEM. Fig. 2a shows a XHRSEM image of the (5/1/ 
5)U sample surface which is representative of all the (5/1/5) electrodes. 
The morphology of the material reveals a rough and heterogeneous 
mixture of rGO sheets, from hundreds of nm to ca. 1 μm in lateral size, 
and carbon nanotubes, up to ca. 1 μm in length. The rGO flakes display 

crumpled shapes and irregular edges, forming aggregates and cavities of 
about tens to hundreds of nm between the flakes/aggregates. Bent 
MWCNTs appear randomly distributed over the rGO sheets, as well as in 
form of intertwined beams of nanotubes. Additionally, higher magnifi
cation images reveal that the rGO and MWCNT surfaces are coated with 
nm particulates and aggregates with up to a few tens of nm in size, 
associated to NiO (Fig. S1, Supporting Information). It is worth recalling 
that the initial size of NiO NPs is about 50 nm. Therefore, the presence of 
stuck NPs with significantly smaller and larger sizes would point out to 
the development of dewetting and coalescence mechanisms of the 
molten material before resolidification, as anticipated by the thermal 
simulations (Fig. 1a). The sample (5/0/5), with no presence of 
MWCNTs, shows a more compact morphology composed of rGO sheets 
decorated with NPs. 

Further, TEM analyses were used to get more insights into the 
structural morphology of different deposited materials. The TEM image 
of the GO raw material (presented in Fig. S2a) shows the presence of few 
stacked layers. The structure of GO sheets displays a continuous 
conformation with straight wrinkles and without nanoholes. The SAED 
and HRTEM image analyses (shown in Figs. S2b and 2c, respectively) 
disclose the crystalline nature of GO with measured interplanar dis
tances of 0.15, and 0.24, 0.28 nm which correspond to strained (110) 
and (100) crystallographic planes of GO, respectively [43]. The TEM 
analyses of the raw MWCNTs reveal a well-defined structure of MWCNT 
with about 15 concentric layers and without any significant structural 
defects (Figs. S3a and b). The graphitic crystallographic structure of 
MWCNT is confirmed from electron diffraction. The SAED pattern pre
sented in Fig. S3c shows reflections compatible with an interplanar 
distance of 0.34 nm corresponding to (002) planes. In contrast, the 
deposited materials show remarkably different features. First of all, the 
samples show the presence of NiO NPs with size ranging from 1 nm to 
10 nm fully covering the carbon nanostructures. Electron energy loss 
spectroscopy compositional maps of C, N, O, and Ni elements were ob
tained (Fig. S4), confirming the presence of Ni in the NPs that totally 
cover the MWCNT and rGO surface. The small NPs are much more 
numerous than the large ones, and no noteworthy differences in the NP 
distribution were visible between the samples. The rGO sheets appear 
more crumpled than the raw GO ones, with rag-shaped morphology and 
some degree of amorphization, probably induced by the crystalline 

Fig. 2. (a) XHRSEM image of (5/1/5)U sample. TEM images of (b) (5/1/5)M and (c) (5/1/5)A emphasising nanometre-sized holes. HRTEM images of (d) (5/1/5)M 
and (e) selected area filtered through FFT showing atomic planes of (111) NiO, and (f) detail of a twinned NiO NP in (5/1/5)A. 
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defects created after the high temperature exposure and reduction 
process during the laser irradiation. The graphitic structure of the 
MWCNTs also shows some amorphization and discontinuity at the 
external layers for the same reasons. Remarkably, the rGO flakes of all 
the samples except (5/0/5) and (5/1/5) exhibit the presence of few to 
10 nm-sized holes (Fig. 2b and c). Hence, it could be pointed out that the 
origin of such holes would be the laser-induced chemical reaction of the 
GO material with the N-containing molecules contained in the matrix. 
The HRTEM images also depict that the NiO NPs are highly crystalline 
with measured interplanar distances of 0.15–0.18 nm, 0.21–0.22 nm, 
and 0.24–0.25 nm corresponding to the (220), (200), and (111) crys
tallographic planes of cubic NiO (JCPDS 00-047-1049), respectively 
(Fig. 2d). The value and dispersion of these interplanar distances suggest 
the formation of highly strained structures, which would also explain the 
high density of edge dislocations identified in selected areas filtered by 
fast Fourier transform (FFT; Fig. 2e), as well as the creation of twin 
structures exhibited by some NPs (Fig. 2f). All these phenomena account 
for the extreme kinetic conditions undergone by the crystals during their 
growth at huge temperatures during very short times. Additionally, the 
(100) and (110) crystallographic planes of rGO as well as (002) of 
MWCNT were also recorded in the deposited samples. 

As observed in EELS maps, oxygen and nitrogen elements are ho
mogeneously distributed across the carbon nanostructures (Fig. S4). XPS 
characterization was used for the quantitative analysis of the carbon 
materials composition. Wide-scan surveys revealed the presence of C, O, 
N and Ni elements (Fig. S5a). The reduction and nitrogen incorporation 
processes in the rGO-MWCNT structures were studied through the C/O 
and N/(N + C) atomic ratios assessed from the XPS surveys, after sub
traction of the NiO contribution from O concentration (Fig. 3a). As 
observed, the C/O ratio slightly increases from 2.5 in sample (5/0/5) to 
2.9 in (5/1/5) that is, by incorporating the MWCNTs into the layer, 
suggesting that either the relative oxygen-to-carbon content of the 
MWCNTs is lower than that of the rGO or the reduction process is more 
aggressive due to the higher temperatures developed in the MWCNTs 
and surrounding matrix upon the laser irradiation. Besides, an increase 
of the C/O ratio is also observed by adding N-containing molecules, up 
to ca. 3.5 with the addition of ammonia and urea, and achieving 5.3 in 
the case of melamine. Then, it could be pointed out that the N-doping 
process induces greater reduction of the GO sheets and MWCNTs, be
sides the possible addition of carbon structures. On the other hand, the 

highest inclusion of nitrogen in the rGO structure is attained in (5/1/5) 
M (N/(N + C) ratio of 15.6), followed by the samples deposited in the 
presence of urea (10.9) and ammonia (6.6). The (5/1/5) and (5/0/5) 
samples exhibit the lowest nitrogen ratio, about 2.5–3.3, which is caused 
by the reactive interaction of the heated carbon nanoentities, originating 
from the MAPLE target towards the substrate, with the background N2 
gas filling the chamber. 

The high resolution XPS analyses allow to determine the type of 
functional groups in the rGO and MWCNT structures. For illustration, 
Fig. 3b presents typical C1s and N1s spectra of the (5/1/5)U sample. The 
C1s spectra were deconvoluted into five components: C1 (centred at 
284.7 eV), assigned to C=C sp [2] with, probably, some contribution of 
sp [3] C–C; C2 (at 285.6 eV), corresponding to hydroxyl groups; C3 (at 
286.7 eV), assigned to epoxide functionalization; C4 (at 288.9 eV) 
related to carboxylic groups; and C5 (at 290.4 eV), associated to a 
shake-up satellite caused by a π–π* transition at graphene domains [44, 
45]. In concordance with previous works [23], C1–C4 peaks appear in 
all the samples, whereas C5 only appears in (5/1/5)M and is very weak 
(Fig. S5b). In all the cases, the component associated to C=C is the most 
intense one, especially in (5/1/5)U. The N1s spectra were deconvoluted 
into four components: N1 (centred at 398.7 eV), assigned to pyridinic 
nitrogen; N2 (at 399.9 eV), corresponding to pyrrolic-amine-amide 
groups; N3 (at 401.2 eV), associated to quaternary (graphitic) nitro
gen; and N4 (at 404.5 eV), attributed to pyridinic NOx [46–48]. It is 
worth mentioning that a contribution of pyridinic and pyrrolic N–C 
bonds should be considered to the C2 and C3 peaks of the C1s spectrum 
[49], imposing a slight decrease of the calculated percentage of hydroxyl 
and epoxide groups. Remarkably, the content of nitrogen groups vary 
from one sample to another: all the samples exhibit the presence of 
pyrrolic-amine groups (N2), being the unique component in (5/1/5) and 
(5/1/5)M, whereas (5/0/5) and (5/1/5)A also contain graphitic N 
(Fig. S5b). (5/1/5)A and (5/1/5)U are the only samples containing, 
respectively, pyridinic NOx (14% of the deconvoluted area) and pyr
idinic N (37%) functionalization. It is important to note that the pyr
idinic and pyrrolic N groups are associated with vacancies in the 
graphene backbone, which could explain the presence of the observed 
nanometre-sized holes in the NrGO structure of the deposited samples 
(Fig. 2). The incorporation of nitrogen into the carbon structure could be 
either produced through (i) the direct chemical reaction of the 
GO-MWCNT functional groups with the precursor molecules and N2 

Fig. 3. (a) Relative elemental ratios calculated from XPS surveys. (b) C1s and N1s high resolution XPS spectra of (5/1/5)U. Insets: sketches of the envisaged rGO 
structure with oxygen and nitrogen containing groups. 
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ambient gas in the irradiation chamber, or (ii) the formation of a carbon 
nitride material by means of the thermal decomposition of the N-con
taining molecules, acting as an intermediate precursor for the formation 
of identified N-functional groups [14,50–54]. High resolution oxygen 
and nickel signals were also recorded. Representative O1s and Ni2p 
spectra are shown in Fig. S5c. O1s lines were deconvoluted into three 
components: O1 (centred at 529.7 eV), associated to double C=O bonds 
of carbonyl and carboxyl groups present in the rGO and MWCNT, be
sides Ni–O bonds of the NiO nanostructures; O2 (at 531.7 eV), which can 
be ascribed to defective sites and/or adsorbed oxygen in NiO crystals, as 
well as nickel hydroxide compounds; and O3 (at 533.2 eV), related to 
single C–O bonds of the hydroxyl and epoxy groups contained in the 
nanocarbons [55,56]. All the samples show similar configuration of the 
O1s components, being O1 the most intense peak. Finally, the spectra of 
the Ni2p doublet were deconvoluted into four components: Ni1 (at 
856.1 eV) and Ni3 (at 873.8 eV) corresponding to Ni2p3/2 and Ni2p1/2 
lines, respectively, and their associated shake-up satellites Ni2 (at 861.7 
eV) and Ni4 (at 879.8 eV). Additionally, the (5/1/5)A sample exhibits 
the presence of a weak component centred at 853.8 eV. The position of 
these characteristic peaks point to the formation of NiO and Ni(OH)2, 
formed by the chemical interaction of NiO molten droplets with evap
orated H2O molecules from the matrix [55,56]. 

Raman spectroscopy characterization was also carried out for the 
quantitative analysis of the laser-induced structural modification of the 
deposited carbon nanostructures. Several spectra were acquired at 
different sites of each deposited layer and were deconvoluted into five 
components centred at ca. 1190, 1360, 1490, 1600 and 1690 cm-1 

referred to as I, D, D’’, G and D’ components, respectively (a typical 
deconvoluted spectrum is presented at the inset of Fig. 4a). The G band is 
generated by sp [2]-bonded carbons contained in the material, whereas 
the disorder-activated D band appears with the presence of defects in the 
graphitic structure (vacancies, boundaries, sp [3]-bonds) [57]. It is 
generally accepted the D/G intensity ratio (ID/IG) as a figure of merit for 
the study of the quantity of defects present in the graphene structure (the 
ratio of D/G integrated intensities can be also used). Thus, if the 
laser-generated defects destroy graphitic rings, ID/IG increases in a 
low-density defect regime (showing the opposite tendency in a 
high-density defect regime) [57–59]. Since the width of the G band al
ways increases with the structural disorder, the ID/IG vs full width at the 
half maximum of G, FWHM (G), allow us to determine the defect regime 
of the rGO-MWCNT materials (Fig. 4a). As observed, the samples 
(5/1/5), (5/1/5)A, and (5/1/5)M reveal an increasing behaviour of 
ID/IG over FWHM (G) accounting for a regime of low density of defects. 
The samples (5/0/5) and (5/1/5)U exhibit the opposite tendency, 
pointing to the presence of a high density of structural defects. This 
study is worth to be carried out, since only attending the ID/IG values 
could erroneously induce us to affirm that the samples (5/0/5) and 
(5/1/5)U are the ones with the lowest density of defects (they show the 
lowest D/G intensity ratios, as shown in the inset of Fig. 4a). This is a 
very common mistake observed in the literature. According to the ID/IG 
vs FWHM (G) results, the mean distance between defects (LD) and the 
corresponding density of defects (nD) were calculated using the proper 
equations found elsewhere [57,59]. As observed in Fig. 4b, the samples 
(5/1/5), (5/1/5)A and (5/1/5)M disclose very similar values of LD (ca. 
12 nm) and nD (ca. 2 × 1011 cm-2), whereas (5/0/5) and (5/1/5)U reveal 
about one and two orders of magnitude lower LD (ca. 1 nm) and higher 
nD (ca. 2 × 1013 cm-2), respectively. 

D and D’ are Raman-forbidden bands activated by the graphene’s 
structural defects, and the characteristics of such bands depend on the 
type of defect [60]. Eckmann et al. demonstrated that the nature of the 
defects created in the deposited carbon nanostructures can be experi
mentally studied through the D/D’ intensity ratio (ID/ID’) [61]. As wit
nessed in Fig. 4c, the (5/1/5), (5/1/5)A and (5/1/5)M samples, which 
contain lower density of defects, present a ID/ID’ ratio above 13 pointing 
to the main formation of sp [3]-bonded carbons. However, (5/0/5) and 
(5/1/5)U disclose a D/D’ ratio of around 7.3 and 10.2, respectively, 

suggesting the foremost creation of vacancies probably with some 
contribution of boundary-like defects. To summarize, the laser-induced 
deposition process prompts the formation of different densities and 
types of structural defects depending on the MAPLE target composition. 
Deposited composites constituted by NrGO and NiO NPs, (5/0/5), 
exhibit a high density of vacancy-like flaws in the NrGO structure due to 
the extreme thermal conditions experienced upon the UV laser irradia
tion process. The addition of MWCNTs (sample (5/1/5)) reveals two 
orders of magnitude lower density of sp [3]-like defects in the carbon 
structure. This result would point out to higher stability, i. e. lower 

Fig. 4. D/G intensity ratio versus FWHM(G) of all the samples, including linear 
fits. Insets: deconvolution of a typical Raman spectrum and box plot of the 
measured D/G intensity ratios. (b) Calculated mean distance between defects 
(LD) and corresponding density of defects (nD). (c) Box plot of the D/D’ intensity 
ratio for all the deposited samples. 
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reactivity, of the MWCNTs as compared to the GO sheets during the 
UV-irradiation and subsequent thermal pulse – deposition, even though 
MWCNTs reach greater temperatures than GO sheets (Fig. 1). The sp 
[3]-bonding could be caused by the remaining carboxylic groups at the 
MWCNT structure as well as the amorphization processes detected by 
HRTEM. Notice that the reduction degree does not significantly increase 
according to XPS analyses, and pyrrolic N - amine groups are mainly 
created even in absence of MWCNTs (Fig. S5b) [23]. The interaction of 
GO sheets and MWCNTs with the precursor molecules leads to the for
mation of vacancies and boundaries at the graphitic network due to the 
incorporation of nitrogen groups. Remarkably, (5/1/5)U sample ex
hibits a much higher density of defects and the formation of vacan
cies/boundaries rather than sp [3]-C as compared to the other samples 
synthesized with N-containing precursors. This would account for 
higher reactivity and structural modifications of carbon nanostructures 
with urea molecules than with ammonia and melamine, probably due to 
the propensity of urea to interact through hydrogen bonds and π-π 
coupling with the GO-MWCNT functional groups and graphene domains 
[62–64]. 

For the determination of additional structural features at the nano
scale of the deposited composites, further characterization was carried 
out through GISAXS [65–67]. Fig. 5a presents the acquired intensity 
profiles as a function of the in-plane scattering vector (q) of all the 
samples. The scattered intensities at low q values follow the power law 
and scale with the scattering vector as I(q) ∝ 1/qn [65,68,69]. The power 
law exponents were obtained by fitting the experimental data in the 
q-range below 0.24 nm-1 that corresponds to probing length scales (d =
2π/q) above 26 nm. The sample (5/0/5) is characterized by the highest 
exponent (2.14 ± 0.01). The incorporation of the MWCNTs to the 
samples results in the exponent decrease down to 1.42 ± 0.06 (averaged 
for all samples containing MWCNTs networks). Note that in our com
posite materials, the scattered intensity is a consequence of electron 
density fluctuations due to the presence of different types of nano
materials (NrGO sheets, MWCNTs, NiO NPs) exhibiting a wealth of sizes, 
shapes, structural changes and pores. The proper modelling of the 
structure responses requires the measurements in larger q-range. 
Moreover, the q-range must cover at least one decade if the fractal 
dimension of the samples should be evaluated, i.e. USAXS/USANS 
measurements are required. Such study will be the subject of future 
work. Here, we rather focus on the qualitative description of accessi
bility to the pores in given q-range for nitrogen-containing samples 
which exhibit the presence of nm-sized holes as shown by TEM (Fig. 2b 
and c). We collected the GISAXS data during continuous up-down hu
midity ramps, which should show the partial filling of pores with water. 
In such a case the electron density variation should result in the form 
factor change and thus the scattered intensity. We split the q-range at 
3.14 nm-1 (probing length scales below and above 2 nm) and calculate 
total integrated intensity, invariant, and correlation length in this ranges 
using the formalism taken from Ref. [70]. Fig. 5b depicts the correlation 
lengths as a very sensitive qualitative measure for changes of the 

scattering data in the corresponding ranges evaluated for (5/1/5)A and 
(5/1/5)U samples as function of time. The (5/1/5)A sample as well as 
(5/1/5)M one (data not shown) do not show any features while (5/1/5) 
U sample reversibly follows humidity ramp in both q-ranges suggesting 
that the surface chemistry is different within nitrogen-containing sam
ples. It is worth recalling that the (5/1/5)U sample is the only one 
containing pyridinic N–C groups (Fig. S5b) and it has a high density of 
vacancies/boundaries as compared to the rest of the samples containing 
NrGO, NiO and MWCNTs (Fig. 4). At low q-range the correlation length 
of (5/1/5)U sample is decreasing with humidity increase suggesting that 
the volume fraction of pores is larger than the one of composite material. 
On the contrary, the correlation length increases at high q-range. These 
findings suggest that larger (>2 nm) pores prevail in (5/1/5)U sample 
but, more importantly, the reversible response in both q-ranges has been 
observed. 

The electrochemical properties of the deposited samples, acting as 
electrodes in 1 M Na2SO4 aqueous electrolyte, were investigated 
through SPECS, scanning the applied voltage in steps of 25 mV in the 
0–0.8 V range. After each voltage step, the measured current exhibited a 
peak-like evolution with time, as shown in Fig. S6a. The total current 
(iTot) was assumed to be the sum of capacitive (iCap), diffusional (iDiff), 
and residual (iRes) components (iTot = iCap + iDiff + iRes). The capacitive 
contribution is generated by the surface charge storage mechanisms 
(EDL and pseudocapacitance). The diffusional current is the result of 
slower diffusion-limited kinetic processes associated with intercalation, 
bulk insertion-de-insertion and redox reactions. The residual current 
accounts for the existence of incomplete redox reactions along the rest 
time between voltage steps that, indeed, could contribute to the self- 
discharge of the electrode. Therefore, all the current peaks were fitted 
using eqs. (1) and (2) for the capacitive and diffusional processes, being 
considered iRes as a constant in time (Fig. S6b) [71–73]. 

iCap =
ΔV
RS

exp
(

−
t

RSCC

)

(1)  

iDiff =
B
̅̅
t

√ (2) 

In these equations, ΔV is the voltage step (25 mV), RS is the series 
resistance of the electrode-electrolyte-cell system, CC is the capacitance 
of the electrode, B is a parameter that depends on the diffusion coeffi
cient, electrolyte concentration, number of electrons transferred in the 
redox reaction, as well as electrode’s area (Cottrell equation); and t is the 
time after the voltage step. Fig. 6 presents the fitted values of CC, RS, B 
and iRes as a function of the voltage step for all the deposited electrodes. 
Regardless of the dispersion and associated error of the fitted values, it 
can be stated that the (5/1/5)U electrode is the one with the highest 
capacitance in all the voltage range, closely followed by (5/1/5)A but 
statistically different. This fact has been verified by an ANOVA study of 
the capacitance calculated from multiple SPECS and cyclic voltammetry 
experiments (not shown). The (5/1/5) and (5/1/5)M electrodes exhibit 

Fig. 5. (a) In-plane GISAXS intensity profiles of all 
the samples. The violet and black lines represent the 
fit range together with exponents obtained from 
power law for (505) sample (violet) and rest 
(averaged) of MWCNTs containing samples (black). 
The q-range below 0.16 nm-1 is the beamstop area. 
The origin of the peak at approx. 4 nm-1 is from 
kapton window. (b) Temporal evolution of corre
lation length at low (<3.2 nm-1) and high (>3.2 nm- 

1) q-ranges. The humidity ramp is depicted in black 
colour. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   
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lower, and very similar, capacitance and (5/0/5) presents the lowest 
capacitance demonstrating that the addition of MWCNTs prompts an 
augment of the charge storage capability of the rGO-based composites 
[23]. Interestingly, (5/1/5)U also presents a significantly higher value of 
RS as compared to the rest of the electrodes. Since the electrolyte, cell 
configuration and current collector are the same in all the experiments, 
the change of the series resistance should be attributed to 
chemical-structural modification of the active material of the electrode 
(already proved), perhaps with some interaction deviations at the 
interface between electrode and electrolyte (caused by surface redox 
reactions). The B parameters of the (5/1/5)U and (5/1/5)A electrodes 
are very similar and are higher than that of the rest of samples in all the 
voltage range. This fact would suggest higher values of either the 
effective area or the diffusion coefficient of (5/1/5)U and (5/1/5)A, 
considering an equal number of transferred electrons in their respective 
redox processes and similar ionic concentrations. The residual current 
increases with the applied voltage in a similar fashion in all the elec
trodes, being slightly higher in (5/1/5)U and (5/1/5)A. 

From the SPECS data, it was possible to emulate cyclic voltammo
grams in the 4 × 10-4-1.2 V/s sweep rate range [73]. As observed in 
Fig. 7a, the generated voltammograms present a rectangular-like shape 
pointing to surface processes (EDL and pseudocapacitive) as the main 
contribution to the stored charge. For a quantitative estimation, the 
measured current was considered to be the sum of the capacitive (iCap) 
and diffusional (iDiff) components, neglecting the contribution of the 
residual current. The response current in an ideal capacitive regime shall 
be proportional to the sweep rate (s), whereas the diffusional current is 
proportional to s1/2. Hence [74]. 

iTot(s, V)= iCap + iDiff = k1s + k2s1/2 (3) 

k1(V) and k2(V) were determined by linear regression of iTot/s1/2 vs 

s1/2, and their substitution in eq. (3) allowed the evaluation of the 
contribution to the current of the capacitive (surface) processes and the 
diffusion-limited ones at each voltage (Fig. 7a). As expected, the per
centage of the capacitive contribution, assessed by means of the ratio of 
the integrated current areas, increases with the sweep rate for all the 
electrodes due to the difficulties of diffusional ionic species to follow the 
fast voltage variations (Fig. 7b). At very slow rates, these diffusional 
processes are the prevalent ones. Interestingly, the (5/1/5)U electrode 
exhibits a significantly low capacitive contribution that could be inter
preted as “battery-like” behaviour that disagrees with the results shown 
in Fig. 6. Nevertheless, the origin of this effect is connected to the fitting 
process. Fig. S7a shows two typical linear regressions of the total current 
versus the square root of the sweep rate. As observed, the data of the (5/ 
1/5)A sample fits well in the full range, but the fade of the current at the 
highest sweep rates in (5/1/5)U causes a very poor fit. Certainly, a very 
low coefficient of determination is obtained in the full voltage range of 
(5/1/5)U (Fig. S7b), which is not observed in the other electrodes. This 
lack of linearity could be caused by the electric attenuation in the highly 
porous matrix of the electrode, exhibiting an additional augment of the 
resistance, which is not considered in eq. (3) [75,76]. Consequently, this 
“porous-electrode” effect also accounts for the significantly higher RS 
values observed in (5/1/5)U as compared to the rest of the electrodes 
(Fig. 6b). Repeating the linear regression study of the (5/1/5)U sample 
but without considering the data related to the fastest sweep rates (s >
86.7 mV/s) allows obtaining fits with a coefficient of determination 
close to 1 in all the voltage range except at voltages close to 0.8 V. By 
doing so, the corresponding capacitive percentage increases consider
ably, becoming the highest one of all the set of samples (Fig. 7b). This 
result would be coherent with the higher CC values of (5/1/5)U obtained 
from the current peaks regression study (Fig. 6a). 

In most of the already published works, the enhancement of 

Fig. 6. Results obtained from fitting SPECS current peaks. (a) Voltage level and calculated Cc, (b) Rs, (c) B and (d) IR parameters corresponding to each mea
surement step. 

P.G. Lebière et al.                                                                                                                                                                                                                               



Ceramics International 48 (2022) 15877–15888

15885

capacitance observed in the N-doped graphene electrodes is mainly 
ascribed to different aspects related to the electric-faradaic behaviour of 
the N-containing functional groups and their influence in neighbouring 
carbon atoms [8,14,77–82]. Thereby, the graphitic N is considered to 
facilitate the electron transfer by triggering a decrease of the 
charge-transfer resistance of the n-type doped graphene. Pyridinic and 
pyrrolic N are also known for their activity in catalytic redox reactions, 
and pseudocapacitive nature is also attributed to them in 
charge-discharge processes (especially in pyridinic groups). Substitu
tional and pyridinic N also exhibit large dipole moments that would 
enhance the wettability of the electrode. Though the porosity is always 
present, much less amount of works “essentially” linked the increase of 
the charge storage performance to the nanomorphology resulting from 
the nitrogen-doping of graphene [28,29,83]. In our work, the results 
highlight the great influence of the structural configuration of the 
electrode at the nanoscale, in terms of crystalline defects, on the charge 
storage capacity. This structural effect, which is connected to the 

chemical functionalization, could be as important as the faradaic 
component. The kind of precursor molecule used for the N-doping 
process is a determining factor for achieving electrodes with one or other 
structural-electrochemical nature. The XPS, Raman spectroscopy, and 
GISAXS analyses revealed that the (5/1/5)U electrode, deposited 
through urea-mediated reactions, exhibits a much more porous structure 
than the rest of electrodes due to the presence of pyridinic N (associated 
with vacancies of carbon atoms and the presence of nanoholes [84]). 
This fact, probably in synergistic combination with the faradaic nature 
of the pyridinic N [85], would explain the observed great enhancement 
of the electrode’s capacitance as compared to other electrodes with even 
more content of nitrogen and similar density of defects in the graphitic 
structure. An additional contribution could be also originated from the 
band structure modification of the graphene material due to the va
cancies generated by the basal pyridinic N, and not by the nitrogen itself 
[86]. (5/1/5)A discloses about double capacitance than (5/1/5) and 
(5/1/5)M electrodes, probably due to the electric - faradaic action of the 
graphitic N and pyridinic N–O groups [16]. It has been also verified that 
the pyrrolic N groups, even being associated with structural holes, do 
not significantly contribute to the capacitance enhancement of our 
samples. It is worth noting that pyrrolic N groups have been previously 
considered to form at graphene basal plane and edges of 
plasma-fabricated N-doped graphene materials, whereas pyridinic N 
would preferentially form in the basal-plane [13]. Assuming this fact in 
our fabricated composites, edge pyrrolic N would not significantly in
fluence the nanohole formation of the materials, to the contrary of basal 
pyridinic N groups (mostly contributing to EDL capacitance). Anyhow, 
the dynamics of ionic arrangement at nanopores comprehend complex 
mechanisms [87–89], and this hypothesis should be checked by means 
of advanced analyses of the structural configuration, for instance, 
through aberration-corrected HRTEM, in operando GISAXS and molec
ular dynamics (MD) - density functional theory (DFT) simulations. 

4. Conclusion 

The reactive inverse matrix assisted pulsed laser evaporation tech
nique allows fabricating complex composite electrodes constituted by 
conductive N-doped rGO and MWCNTs functionalized with different 
nitrogen containing groups and decorated with NiO nanostructures. The 
high temperatures induced by the laser pulses in the carbon - NiO 
nanoentities besides the matrix surrounding them, trigger complex 
chemical reactions leading to phase transformations and heteroatom 
functionalization simultaneously to the deposition process. The intro
duction of the MWCNTs leads to an increase of the mesoporosity, 
providing enhanced diffusion paths for the electrolyte ionic species that 
prompts an increase in capacitance. Moreover, the nature of the N- 
containing precursor molecule generates remarkable differences in the 
constitution of the carbon nanoentities. Noteworthy, the electrode 
synthesized with urea precursor exhibits higher porosity and density of 
structural defects, of the vacancy-boundary types, than the analogue 
electrodes containing NrGO-MWCNTs-NiO. The difference of structural 
configuration at the nanoscale is likely to be correlated to the presence 
of pyridinic N groups, and leads to a significant increase of the capaci
tance of the electrode. 
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[48] S. Sandoval, N. Kumar, J. Oro-Solé, A. Sundaresan, C.N.R. Rao, A. Fuertes, 
G. Tobias, Tuning the nature of nitrogen atoms in N-containing reduced graphene 
oxide, Carbon N. Y. 96 (2016) 594–602, https://doi.org/10.1016/j. 
carbon.2015.09.085. 

[49] Z. Lin, G. Waller, Y. Liu, M. Liu, C.P. Wong, Facile synthesis of nitrogen-doped 
graphene via pyrolysis of graphene oxide and urea, and its electrocatalytic activity 
toward the oxygen-reduction reaction, Adv. Energy Mater. 2 (7) (2012) 884–888, 
https://doi.org/10.1002/aenm.201200038. 

[50] Z. Wang, P. Li, Y. Chen, J. Liu, H. Tian, J. Zhou, W. Zhang, Y. Li, Synthesis of 
nitrogen-doped graphene by chemical vapour deposition using melamine as the 
sole solid source of carbon and nitrogen, J. Mater. Chem. C 2 (35) (2014) 
7396–7401, https://doi.org/10.1039/c4tc00924j. 

[51] T.F. Yeh, S.J. Chen, C.S. Yeh, H. Teng, Tuning the electronic structure of graphite 
oxide through ammonia treatment for photocatalytic generation of H2 and O2 
from water splitting, J. Phys. Chem. C (2013), https://doi.org/10.1021/jp312613r. 

[52] A. Gomathi, S. Reshma, C.N.R. Rao, A simple urea-based route to ternary metal 
oxynitride nanoparticles, J. Solid State Chem. 182 (1) (2009) 72–76, https://doi. 
org/10.1016/j.jssc.2008.10.004. 

[53] D.R. Dreyer, S. Park, C.W. Bielawski, R.S. Ruoff, The Chemistry of Graphene Oxide, 
Chemical Society Reviews, 2010, pp. 228–240, https://doi.org/10.1039/ 
b917103g. 

[54] Z. Lin, M.K. Song, Y. Ding, Y. Liu, M. Liu, C.P. Wong, Facile preparation of 
nitrogen-doped graphene as a metal-free catalyst for oxygen reduction reaction, 
Phys. Chem. Chem. Phys. 14 (10) (2012) 3381–3387, https://doi.org/10.1039/ 
c2cp00032f. 
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