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High conductivity and absence of ferromagnetism in pristine graphene fail to satisfy primary
criteria for possible technological application in spintronics. Opening of bandgap in graphene is
primarily desirable for such application. We report a simplified and novel approach of controlled
grafting of magnetic alloy on reduced graphene oxide. This eventually leads to ferromagnetism
of the stable hybrid material at room temperature, with a large moment (~ 1.2 ug) and a
remarkable decrease in conductivity (~ 10 times) compared to highly ordered pyrolytic graphite.
Our model band-structure calculation indicates that the combined effect of controlled vacancies
and impurities attributed to the nanocrystalline alloy grafting, leads a promising step toward band

gap engineering.

T  Electronic  Supplementary Information (ESI) available: Synthesis procedure,

Thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR), Powder X-
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ray diffraction (XRD), Transmission Electron Microscopy (TEM), AFM-STM Current-voltage
characteristics, UV visible spectroscopy and Electrical resistivity are discussed in detail. See

DOI: 10.1039/b000000x/

1 Introduction

Graphene is a two-dimensional building block with honeycomb structure which can be stacked
as three dimensional graphite, rolled into one dimensional nanotubes, or folded into zero
dimensional fullerenes. These diverse ranges of structural degrees of freedom open up the
opportunity for probing intriguing electronic and phonon properties in a new class of system.
This unique nanostructure holds a great promise for potential applications in exploring
mechanical stiffness, strength and elasticity, very high electrical and thermal conductivity and
many others.'™ Recent studies on graphene based composites demonstrates diverse range of
applications such as for detection,’ catalysis,6 even photocatalysis,” water puriﬁcation,g’9 hybrid

sensors, '"!! etc. Graphene has also been focused as an emerging candidate for future generation

of low cost transistors.'>"?

In spite of promising electronic properties, a large area of graphene
sheet usually gives rise to the semimetallic character, rather than a highly desirable

semiconducting property. A partial solution has been accomplished14 through sophisticated

15-18 19-22

fabrication or chemical synthesis of nanoribbons and bi-layer graphene® that display
opening of bandgap between conduction and valence bands and keep the hope of possible
application in field-effect transistors, in future.

One of the promising ways is to incorporate systematic and controlled disorder
driven by defects in graphene, which leads to the localization of conductivity.”***** Thus, by

controlling the location of defects and their array in ordered and extended structures, new

graphene-based semiconducting materials may be developed with novel electronic properties.
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Here, we report a novel approach of designing an ordered arrangement of disorder on the
extended structures (~ pm) of reduced graphene oxide (RGO). The nanocrystalline magnetic
alloys are firmly and uniformly embedded on the extended layer of RGO. Most importantly, the
electrical transport properties suggest that implant of magnetic alloy with different volume
fractions play a crucial role in tuning electrical and optical bandgaps of the hybrid
nanostructures. We strategically choose CosoNiy alloy as a representative magnetic alloy,””°
because it not only carries a large moment [~1.2 up /formula unit (f.u.)] at room temperature,
which is quite close to the saturation moment of Co metal (1.72 up/f.u. and 0.6 up/fu. for Co and
Ni metal, respectively at 0 K),*! but also holds the soft ferromagnetic character like perrnalloy.32
This provides a viable platform for exploring it toward spintronic application. Our model

bandstructure calculation also indicates that controlled vacancies and impurity can tailor the band

gap of graphene and thus supports the experimental findings qualitatively.

2 Synthesis

The overall synthesis is schematically illustrated in Figure S1 of supporting information (SI).
Graphene oxide (GO) is chemically prepared from pure graphite powder following modified
Hummers’s method (see SI in detail).>> Appropriate stoichiometric proportion of GO powder,
cobalt chloride and nickel chloride are dispersed in 100 ml ethylene glycol. The solution is
ultrasonicated vigorously for nearly one day to create a homogeneous dispersion. Amount of
GO, cobalt chloride, nickel chloride are chosen to ensure that the final product is composed of
reduced graphene oxide (RGO) and CogoNiyg alloy in the desired volume fraction (¢) at 1% and
5%. To compare the results, pure RGO is also synthesized using exactly the same technique. The
solution is then placed in an oil bath maintained at a constant temperature, 80 °C. After 1 hour,

hydrazin hydrate, strong reducing reagent is added drop wise until color of the suspension
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changes completely to dark grey from black. Hydrazin hydrate simultaneously reduces GO to
RGO and Co-Ni glycolate into metallic CoNi alloy. The mixture is heated at 80 °C for 20 hrs
with continuous reflux with cold water. The solution is then cooled down to room temperature
and centrifuged at a speed of 6000 r.p.m. The collected precipitate is washed for several times
with deionised water and acetone. For obtaining good crystalline property, the dried powder is
calcined at ~ 400 °C for 6 hours in a flow of a mixture of gases composed of 95% Ar and 5% H,.
For simplicity, the composite with ¢ at 1% and 5% of CoggNiy is, henceforth, termed as
CNI@RGO and CN5@RGO, respectively.”* We note stable hybrid nanostructures of
CN@RGO, which are tested by thermogravimetric analysis (TGA) [Figure S2 of SI]. The
CN@RGO hybrid structure does not show any considerable weight loss up to 400 °C as
compared to the systematic and slow weight loss for RGO. Fourier transform infrared (FTIR)
spectroscopy is recorded at room temperature for annealed RGO, CN1@RGO, and CN5@RGO,
which are shown in Figure S3 of SI. The peaks corresponding to different modes of -OH,
typically found for annealed RGO, CN1@RGO, and CN5@RGO are observed in the FTIR

spectra.

3 Experimental results
3.1 X-ray diffraction studies

The x-ray diffraction patterns in the 26 range, 5°-30° of graphite powder, GO and as synthesized
RGO are depicted in Figure 1a. The peak positions for graphite powder and GO are observed at
20~ 26.7" and 10.3°, respectively. After the reduction process, the peak observed around ~ 24.5°
corresponds to (002) plane of RGO while the peak around 10.3° vanishes completely. This
confirms that GO is entirely reduced to RGO. We note that the full width at half maximum

(FWHM) of RGO reduces remarkably due to annealing. The FWHM of annealed RGO reduces
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considerably, compared to that of the as synthesized RGO and the peak corresponding to (002)
shifts toward higher 6 (Figure S4 of SI). The low FWHM is, however, comparable to the recent
reports®® and signifies that annealing remarkably improves the crystalline state of RGO™. The
low FWHM further indicates the formation of large area of RGO sheet which is also evident in
the TEM image (Figures 2a and 2k). The diffraction peaks, corresponding to fcc structure, with
Fm3m space group of CogoNi,g alloy associated with the crystalline peak of RGO, are evident in
the Figures S4b of SI and 1b for the as synthesized and annealed samples, respectively. The well
crystalline state of RGO and CoggNiyo alloy is also apparent in electron diffraction pattern

(Figure 2d) for CN1@RGO.
3.2 Raman studies

Figures 1c and 1d exhibit Raman spectra of annealed RGO, CN1@RGO and CN5@RGO
measured at 514.5 nm excitation. The D, G, D', 2D and S3 peaks are observed with increasing

. . . 3
wave number for each sample in accordance with the previous reports.*”>"*

The G peak appears
due to bond stretching of all pairs of sp2 atoms in both rings and chains, which demonstrates the
recovery of graphite structure after reduction of GO. We note that the positions of G peaks are
very close for CN1@RGO and CN5@RGO and are slightly up-shifted (~ 10 cm ") compared to
that of annealed RGO. The D peak emerges due to the breathing modes of sp2 atoms in rings39
and is proposed due to survival of residual edge disorder such as residual oxygen atoms, missing
carbon atoms and so on.* We note that the G peak is asymmetric due to the presence of D’ peak.
This is apparent after the deconvolution of asymmetric G peak as observed in Figure lc. The
intensity ratio, Ip/I'p probes the nature of defects.’’ Here, the values are ~ 14, 10.8 and & for

RGO, CN1@RGO and CN5@RGO, respectively. The value of RGO is close to the maximum

value (~ 13) as proposed by Eckmann et al. indicating sp’ type defect, demonstrated in Figure
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le.*” This defect is suppressed as sp>-type defects are partially replaced by the implant of alloys
and systematically decreases with increasing alloying process. The Ip/I'p ratio for CN5S@RGO is
close to the predicted value (~ 7) suggesting vacancy type defect in two dimensional RGO
sheet.’” Therefore, we propose that the vacancy defects are created around implanted alloys and
it increases with increasing ¢ as depicted in the schematic representations of Figures 1f and 1g.
The vacancy like defects due to alloying increases the overall defects and is reflected in the
values of Ip/Ig, which are ~ 2.1, 2.2 and 2.4 for annealed RGO, CN1@RGO and CN5@RGO
respectively. These values are comparable to those in the recent reports.*>*' The Ip/I ratio
increases from pure RGO to CN1@RGO and increases further with increasing ¢. Appearance of
2D peak is significant, because shape, intensity and line-width provide further information about
the RGO structure. Ferrari ef al. clearly revealed that the shape of 2D peak is vital as it can probe

the number of RGO layers.”>*

The symmetric 2D peak signifies the evidence of single RGO
layer. Even in case of double layer, a comprehensive asymmetry appears in the 2D as well as D
peak. Here, both the D (Figure 1c) and 2D (Figure 1d) peaks are symmetric, pointing to the
formation of single layer RGO. As seen in Figure 1d, the intensity ratio, I,p/Is3 decreases
systematically with increasing alloying process, which further indicates the increase of defects
due to alloying. We note that FWHM of 2D peak is broader than that of the defect-free high

uality RGO.* 1t is, however, com arable®® or much narrower™ to the recent reports and
q y p P

broadening has been attributed to the large number of edge structures.

3.3 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is carried out on annealed RGO, CN1@RGO and

CN5@RGO. The results of annealed RGO are given in Figures S5a-S5d of SI. Rest of the major
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results are elaborately depicted in Figure 2 and Figures S5e-S51 of SI. Figures 2a and 2k display
quite large RGO sheets (~ um), on which nanocrystalline CogyNiyo alloys are embedded. The
element mapping analysis of CN1@RGO is displayed in Figures 2f, 2g and 2h for RGO, Co and
Ni respectively, on a selective area as depicted in Figure 2e. The analysis demonstrates nearly
homogeneous distribution of Co and Ni on RGO. The quantitative estimate of weight percentage
of RGO, Co and Ni is given in Figure 21 for CN1@RGO. To probe further about the single layer
of RGO, high resolution TEM (HRTEM) image is recorded comprehensively. Two of the images
displaying edge boundaries of a single layer of RGO are displayed in Figures 2b and 2i for
CN1@RGO and CN5@RGO respectively. Figures 2¢ and 2k depict distributions of alloy on a
large RGO sheet where corresponding insets show particle size distribution, fitted in the log-
normal distribution function with average sizes ~ 26 and 27 nm for CN1@RGO and CN5@RGO
respectively. This is significant because tuning of volume fraction of CoggNi,y does not alter the
average particle size. As a representative example, HRTEM image of CN5S@RGO is shown in
Figure 2j displaying different planes of CogoNiy. Inset of Figure 2j displays the HRTEM image
signifying (002) plane of RGO with spacing 3.61 A which is close to the value (3.62 A) obtained
from the (002) x-ray diffraction peak of CN1@RGO. These excellent matching points to the fact
that the planes in the HRTEM image do not correspond to the interlayer spacing. Rather, it
displays the intralayer RGO planes. In fact, this observation is consistent with that observed
signature of single layer RGO sheet in the Raman spectroscopy. The electron diffraction pattern
of CN1@RGO depicted in Figure 2d is also consistent with the x-ray diffraction pattern, where
rings highlighted in the figure correspond to all the planes observed in the x-ray diffraction

pattern.

3.4 Electrical conductivity and ultraviolet-visible (UV-Vis) absorption spectroscopy
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The current-voltage (I—V) characteristics are investigated using Scanning Tunneling Microscopy
(STM) (See SI for details of the measurement). Sheet of CN@RGO, deposited on the highly
ordered pyrolytic graphite (HOPG) substrate, as obtained from mechanical exfoliation of HOPG
substrate, is shown in the AFM image (inset of the Figure 3a). The /-V curves are recorded
several times for both HOPG substrate and CN@RGO on different parts of the surface. The
contrast behaviour of the /—V curves is always noticed as evident in Figure S6 of SI. The I-V
curves recorded on HOPG substrate are always semimetallic with ~ 10 times higher conductivity
than CN@RGO as shown in the figure. Representative examples of nonlinear /—J curves at 300
K for CN1@RGO and CN5@RGO with petite tunnelling currents are shown in Figure 3a
wherein nonlinearity of the /—V curve increases with increasing ¢ . This clearly demonstrates
that localization of charge carriers enhances with increasing volume fraction of nanocrystalline
alloy. We measure the /—V characteristics in a wide temperature range, 5-300 K for palletized
RGO, CNI@RGO, and CN5@RGO. The nonlinear /—V curves are also observed by the
dynamic conductance, G = dI/dV plotted as G/Gy against V' (Gy being dI/dV at V=0) at selective
temperatures in Figure 3b for CNS@RGO both in zero field (H) and H=20 kOe. We note that
application of magnetic field significantly influences the magnitude of G/Gy.
Magnetoconductance increases with decreasing temperature and it is maximum at 5 K. The
significant magnetoconductance is promising for spintronic applications.

The ultraviolet-visible (UV-Vis) absorption spectroscopy is investigated to estimate optical
bandgap™** The absorption patterns of GO, annealed RGO, CN1@RGO and CN5@RGO are
displayed in Figure S7 of SI. The values of E’; are determined using Tauc’s formula. According
to Tauc’s formalism, the plots of (F ®hv)? Vs photon energy are displayed in Figure 3b, where Fr

is the absorption coefficient. The plots provide the values of E'; as 2.8, 3.15 and 3.5 el for
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annealed RGO, CN1@RGO and CN5@RGO respectively. We note that the value of E'; is
significant for annealed RGO. However, the value is rather comparable to that reported in case of
defect driven opening of bandgap.*’ The results further suggest that alloying (¢ =1%) leads to the
increase of E'y, which is further increased by increasing ¢ at 5%. This demonstrates enhanced

bandgap involving alloy grafting.
3.5 Magnetic properties

The evidence of ferromagnetism at room temperature in a semiconducting material is extremely
promising for spintronic applications.*® We measure magnetic hysteresis loops for CNI@RGO
and CN5@RGO at 300 K. Typical manifestation of a soft ferromagnet is observed for both the
cases as shown in Figure 3c. The coercivities (H¢) are = 0.3 and 0.1 kOe for CNI@RGO and
CN5@RGO, respectively that decreases with increasing ¢. On the other hand, saturation
magnetizations (Ms) are = 1.0 and 1.2 up/fu. for CN1@RGO and CN5S@RGO respectively,
which increases with increasing ¢. Appealingly, the value of Ms for CNS@RGO is reasonably
high and close to the moment of Co metal (1.72 uz at 0 K)*'. The large values of magnetic
moment with semiconducting electronic transport properties of hybrid CN@RGO is attractive
for spintronic application. We note that the value of saturation magnetization is ~10* times larger
as compared to the moment (= 0.02 emu/g) of defect driven RGO* . In the current observation
significant defects may also lead to the magnetic moment of RGO according to the reported
results. However, the magnitude is typically so low that it is difficult to discuss precisely on
defect driven RGO moment, because magnetization usually provides overall resultant moment of

composites composed of CoNi alloy and RGO.
3.6 Model band-structure calculation

The band-structure of graphene is unique as it yields linear dispersion with a zero-gap at the
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Fermi level, typically known as Dirac point. We investigate the effect of vacancies and
impurities on graphene sheets that arise due to the modified chemical environment which is a
result of stable attachment of nanocrystalline alloy on the graphene sheet. The Hamiltonian for

graphene in tight-binding formalism is

H=> ¢glcrcr+cl'Cl1-> 17 ci el +he] |

ijap l
where a and f refer to 4 or B sites inside Bravais lattice unit cell of graphene. ¢, is the site
energy and t;’ﬁ is the hopping integral between the nearest-neighbour. C**(C ) is creation
(annihilation) operator of an electron. ¢;is set to zero for pure carbon site on graphene and to
—0.5 for an impurity site. We further consider that t;ﬂ is equal to 1.0 in between pure carbon

sites on the graphene sheet, 0.8 in between impurity sites and 0.1 for hopping between a pure

carbon and an impurity site. z;/.’ﬂ between a vacancy site and any other kind of site (pure carbon

or impurity) are considered as 0.0.

In order to accommodate impurity and vacancy patches in graphene sheets we have taken a
8x8 supercell, i.e. 64 unit cells of pristine graphene and hence 128 inequivalent sites. Figures
4d—4f show the dispersion curves and the corresponding disposition of vacancies and impurities
for three different cases as depicted in Figures 4a—4c respectively. The first column (Figures 4a
and 4d) shows the dispersion curve and the corresponding lattice with a cluster of vacancies.
Opening of bandgap is clearly evident in the dispersion curve. The band structure for a cluster of
impurities on the graphene sheet is shown in the second column (Figures 4b and 4e). The
impurity cluster also opens a relatively smaller bandgap. The third column (Figures 4c and 4f) is

focused on a cluster of impurity accompanied by five vacancy sites in its vicinity. Combination
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of vacancies near the impurities is rather more realistic as compared to the proposed scenario of
nanocrystalline alloy grafting on graphene (Figures 1f and 1g), where vacancies are created
around nanocrystalline alloys. This also leads to the bandgap formation. As evident in Figure 4e,
the dispersionless band is observed near £ = 0.0. This corresponds to very narrow peaks in the
local density of states (LDOS) from sites near the impurity and vacancy sites from our real space
calculation. Our thorough investigations indicate that the size and geometry of impurity and
vacancy patches tailor the bandgap. This provides clues for enhancement of localization of
electrical transport due to the alloy grafting on graphene, where size, shape and density of
vacancies and impurities create various combination of disorder and give rise to possible source
of bandgap engineering.

4 Discussions and conclusion

Intricate transport mechanism of graphene has been elaborately reviewed by Sarma et al.*’,

where defect induced disorder in various forms are suggested to be crucial for controlling

electron transport. The disorder influences through miscellaneous approaches such as long-range

26 51,52

charged impurity scattering,>*° screening™ and short-range defect scattering, which have
been predicted theoretically in two dimensional graphene. Currently, the design and fabrication
of controlled defect induced disorder in two dimensional graphene is one of the key issues for
achieving semiconducting transport properties. Here, we demonstrate a simplified and novel
approach of occurrence of semiconductor-like properties of RGO by designing controlled defects
and impurity induced disorder on RGO layer. Here, implant of nanocrystalline CogoNiy alloy
produces controlled disorder on the RGO layer and desired volume fraction of CoggNiyg alloys

directs the density of disorder. Our investigation demonstrates that controlled disorder may give

rise to the highly desirable semiconducting properties of RGO. Additionally, large moment of
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the hybrid material at room temperature is also eye-catching for possible spintronic application

using low-cost RGO.
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Figure captions

Fig. 1 (a) X-ray diffraction patterns of graphite powder, as-synthesized GO and as-synthesized
RGO and (b) for annealed CN1@RGO and CN5@RGO displaying coexistence of diffraction
peaks corresponding to fcc structure of CoggNiyy and the peak (002) of RGO. (¢) and (d) Raman
spectroscopy of annealed RGO, CN1@RGO and CN5@RGO at room temperature displaying D,
G, D', 2D and S3 peaks. Individual components defined by the peaks with continuous curves are
obtained by deconvoluting experimentally observed Raman spectra. (e), (f) and (g) are the
possible schematic pictures of annealed RGO, CN1@RGO and CN5@RGO respectively realized
from Raman spectroscopy. Dominant sp® defects are demonstrated for RGO, whereas vacancy

defects are formed due to alloy grafting and these defects increase with increasing ¢.

Fig. 2 (a)-(c) and (i)-(k) show TEM images of CN1@RGO and CN5S@RGO respectively
displaying various features. Insets of (c) and (k) show size distribution fitted with log-normal
distribution function for CN1@RGO and CN5@RGO respectively. (j) HRTEM image of
CN5@RGO displaying different planes of CogoNiyg. Inset of (j) shows planes of RGO. (d) ED
pattern of CN1@RGO showing coexistence of plans of RGO and CogoNi,. Elemental mapping
images of CN1@RGO: (e) Typical STEM image of CN1@RGO and elemental mapping images
of (f) RGO, (g) Co and (h) Ni in a selected area demonstrating nearly homogeneous distribution.
(1) Quantitative weight percentage of the elements derived from mapping of CN1@RGO.

Fig. 3 (a) I-V curves at 300 K recorded using STM for CN1@RGO, CN5@RGO and HOPG.
Inset shows AFM images of CN1@RGO and HOPG. (b) Plots of G/G, with V at selective 7' in
zero-field (open symbol) and H = 20 kOe (filled symbol) measured in pelletised CN5@RGO. (c)
Tauc plot to determine the optical bandgap of RGO, CN1@RGO and CN5@RGO. (d) Magnetic
hysteresis loops at 300 K for CNI@RGO and CN5@RGO displaying soft ferromagnetic

character.

Fig. 4 The figure shows the dispersion curve and the corresponding Graphene lattice for three
cases. The red and blue dots denote the”A” and”B” site of Graphene lattice. The green and black

dots represent the impurity and vacancy sites respectively.
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Fig. 1 (a) X-ray diffraction patterns of graphite powder, as-synthesized GO and as-synthesized
RGO and (b) for annealed CN1@RGO and CN5@RGO displaying coexistence of diffraction
peaks corresponding to fcc structure of CoggNiyg and the peak (002) of RGO. (c¢) and (d) Raman
spectroscopy of annealed RGO, CN1@RGO and CN5@RGO at room temperature displaying D,
G, D', 2D and S3 peaks. Individual components defined by the peaks with continuous curves are
obtained by deconvoluting experimentally observed Raman spectra. (e), (f) and (g) are the
possible schematic pictures of annealed RGO, CN1@RGO and CN5@RGO respectively realized
from Raman spectroscopy. Dominant sp’ defects are demonstrated for RGO, whereas vacancy

defects are formed due to alloy grafting and these defects increase with increasing ¢.
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Fig. 2 (a)-(c) and (i)-(k) show TEM images of CNI@RGO and CN5@RGO respectively
displaying various features. Insets of (c) and (k) show size distribution fitted with log-normal
distribution function for CN1@RGO and CN5@RGO respectively. (j) HRTEM image of
CN5@RGO displaying different planes of CogoNiy. Inset of (j) shows planes of RGO. (d) ED
pattern of CN1@RGO showing coexistence of plans of RGO and CogoNiy. Elemental mapping
images of CN1@RGO: (e) Typical STEM image of CN1@RGO and elemental mapping images
of (f) RGO, (g) Co and (h) Ni in a selected area demonstrating nearly homogeneous distribution.

(1) Quantitative weight percentage of the elements derived from mapping of CN1@RGO.
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Fig. 3 (a) I-V curves at 300 K recorded using STM for CN1@RGO, CN5@RGO and HOPG.
Inset shows AFM images of CN1@RGO and HOPG. (b) Plots of G/G( with V" at selective T in
zero-field (open symbol) and H = 20 kOe (filled symbol) measured in pelletised CN5@RGO. (c)
Tauc plot to determine the optical bandgap of RGO, CN1@RGO and CN5@RGO. (d) Magnetic
hysteresis loops at 300 K for CNI@RGO and CNS@RGO displaying soft ferromagnetic

character.
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Fig. 4 The figure shows the dispersion curve and the corresponding Graphene lattice for three

cases. The red and blue dots denote the”A” and”B” site of Graphene lattice. The green and black

dots represent the impurity and vacancy sites respectively.
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