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Effect of combined addition of graphene oxide and citric acid
on superconducting properties of MgB,
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In the present work, polycrystalline samples with compositions MgB, + 3wt% GO + x wt% CsHgO7 (x =0, 5
and 10) have been synthesized to study the effect of combined addition of graphene oxide (GO) and citric
acid (CgHgO7) on superconducting properties of MgB,. X-ray diffraction studies show the formation of
hexagonal crystal structure of MgB, with space group P6/mmm in all synthesized samples. We observe
that the addition of GO in the sample improves the grain connectivity and consequently enhances the
critical current density significantly with no substantial change in T.. However for this sample, there is
no significant improvement in He., and Hj,. With the combined addition of GO and citric acid, the
Jc(H), He, and Hj,; are observed to improve substantially as compared to the pristine MgB, and GO added
MgB, samples. For example Jo(10 K, 5 T) of sample x = 10 has improved by a factor of ~15 as compared to
pure MgB, sample and by a factor of ~5.5 as compared to the x = 0 sample. Furthermore, Hc,(0) for x = 10
sample has enhanced by 13 T as compared to pure MgB, while it has increased by ~10 T in comparison to
x =0 sample. Enhanced flux pinning has been observed with the combined addition of GO and citric acid.
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1. Introduction

Superconductivity in MgB,, a binary intermetallic compound,
was discovered by Akimitsu’s group in 2001 [1]. This simple com-
pound has a high superconducting critical temperature (T.) of
~40 K. Its low anisotropy, absence of weak links and low fabrica-
tion cost make this material promising over the conventional low
T. superconductors for various technological applications.
However, the rapid drop of critical current density (Jc) under the
application of magnetic field is disadvantageous for taking this
material into many practical applications. An extensive research
has been done in order to further enhance the superconducting
properties of MgB,, such as critical current density (Jc), upper crit-
ical field (H.;) and irreversibility field (Hy,,). The substitution of C at
the B-site by using various forms of C-containing compounds, e.g.
SiC [2,3], C [4-6], B4C [7], carbohydrates [8,9] and some organic
compounds [6,10-12], have been found to be very effective in
improving Hc,. However, the chemical substitution in MgB, leads
to reduction in critical temperature, T. [13,14]. More recently, it
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has been reported that the Jc values have been improved
significantly by adding graphene [15,16], reduced graphene oxide
(rGO) [17] and graphene oxide (GO) [18] into MgB, without affect-
ing T. much. It is studied that the addition of graphene, rGO or GO
lead to improved inter-grain connectivity in the samples and thus
leading to better conduction and hence Jc. In the previous study by
our group [18], it has been found that with the addition of GO into
MgB,, Jc improves significantly with no substantial change in T..
However, only a marginal improvement in H., and Hj, was
observed. This is possibly due to negligible amount of C substitu-
tion at the B-site and hence less lattice distortion and consequently
lesser charge carrier scattering. This has been proved from the XRD
data which shows no significant change in lattice parameters on
GO addition. In our previous study [6], we have found significant
improvement in Hg, of citric acid (C¢HgO,) added MgB,. In the
present work, we have added GO and citric acid together in
MgB, with the aim to improve J«(H), H,, and Hj,. Polycrystalline
samples with compositions MgB, +3 wt% GO +x wt% CgHgO-
(x=0, 5 and 10) have been prepared using the standard solid-state
reaction route. We observe that with the combined addition of GO
and citric acid, the Jc(H), He; and Hj,, improve substantially as com-
pared to the pristine MgB, and GO added MgB, samples. Enhanced
flux pinning has been observed with the combined addition of GO
and citric acid.
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2. Experimental

All the bulk polycrystalline MgB, samples were synthesized by
employing the standard solid-state reaction method. Graphene
oxide (GO) used for the addition has been synthesized using the
method developed by Marcano et al. [19] as explained earlier
[18]. High quality Mg (Sigma Aldrich, 99.9% pure, ~100 pm grain
size) and B (Sigma Aldrich, amorphous, 99%, submicron grains size)
powders were weighed in appropriate quantities to form MgB,.
The mixture was properly ground and the resulting powder was
pressed into rectangular pellets. We further synthesized the sam-
ples with compositions MgB, + 3 wt% GO + x wt% citric acid (x =0,
5 and 10). For all samples, an extra 5 wt% quantity of Mg was added
to compensate for the Mg loss during sintering. The pellets were
put in a Fe-tube with holes in the cap (for the inlet of Ar/H; gas)
for sintering. The samples were sintered at 850 °C in Ar/H; (9:1)
for 3 h followed by quenching at 650 °C to room temperature.
The samples are henceforth named as MB (MgB,), MBG (MgB, +
3wt% GO), MBGCO05 (MgB, +3 wt% GO +5 wt% citric acid) and
MBGC10 (MgB, + 3 wt% GO + 10 wt% citric acid). The X-ray diffrac-
tion (XRD) pattern was recorded for phase identification of sam-
ples with a diffractometer (Bruker AXS, D8 ADVANCE) using Cu
Ko radiation. The microstructure of all the samples was studied
using field emission scanning electron microscope (FESEM).
Resistivity measurements were carried out using standard four-
probe technique under applied magnetic field up to 8 T. The DC
magnetization measurements were done using the Vibrating
Sample Magnetometer (VSM) facility of PPMS (Quantum Design)
performed at University of Fribourg, Switzerland.

3. Results and discussion

The XRD patterns of MB, MBG, MBGC05 and MBGC10 samples
are shown in Fig. 1. All the samples show MgB, main phase with
trace amounts of MgO impurity phase. The indexing of character-
istic peaks corresponding to MgB, is shown in Fig. 1. The peaks cor-
responding to MgO are marked by . The presence of MgO is
unavoidable with the present synthesis method due to some
entrapped air before the sample is enclosed in the iron tube for sin-
tering and also due to oxide nature of dopants. Refinement of the
XRD patterns was done using X'pert HighScore to obtain the struc-
tural parameters such as lattice parameters, a and ¢ and FWHM.
The obtained parameters are listed in Table 1. The volume percent-
age of MgO as obtained from the refinement of the XRD data are
shown in Table 1 for all samples. The inset in Fig. 1 shows the
expanded view of peaks (110) and (002). It is clear, within the
accuracy of measurements, that with increasing wt% of citric acid
the shifting of (110) peak is more prominent than that of (002)
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Fig. 1. X-ray diffraction patterns for MB, MBG, MBGC05 and MBGC10 samples. *
Represents the impurity phase MgO in all the samples.

peak, which indicates a significant change in the in-plane lattice
parameters. We observe only a small change in the lattice param-
eters of MBG sample with respect to MB sample. However, when
citric acid is added in the samples together with GO, a substantial
change in the lattice parameters a and ¢ with respect to MB sample
is observed as listed in Table 1. From the variation of lattice param-
eters, the content of carbon entering into the lattice is calculated
using the relation: y = 7.5 x Ac/a, where Ac/a is the change in c/a
value as compared to that of the pure MgB, sample and y is the
exact value of C (atomic wt%) substituted for B in the sample
[13]. The obtained values (see Table 1) show that in case of GO
addition, the amount of C entering into the lattice is very small,
while in case of citric acid and GO addition, there is larger amount
of C substituting for B into the lattice. This is possibly due to lack of
dissociation of GO into its constituents at the sintering tempera-
ture, thus less carbon is available for doping.

The variation of full width at half maximum (FWHM) of all the
samples obtained for the peaks (002) and (110) of MgB, are
shown in Fig. 2. The FWHM represents the peak broadening in
the sample and is influenced by crystallite size and lattice strain
[20]. We observe from this figure that on addition of citric acid,
the increase in FWHM of peak (110) is more than that of the peak
(002). As the (110) plane corresponds to the in-plane lattice, so
the broadening of (110) indicates increased distortion in the
ab-plane due to C-substitution at the B-site of MBGCO5 and
MBGC10 samples. The lattice strain and crystallite size of the sam-
ples have been calculated using the Williamson-Hall [21] plots for
all the samples. The calculated values for strain are shown in Fig. 2.
It is observed that as compared to MB sample, the lattice strain has
increased significantly in MBG, MBGCO5 and MBGC10 samples.
This further confirms the increased lattice distortion in MBG,
MBGCO05 and MBGC10 samples. The crystallite sizes for all the sam-
ples are given in Table 1. We see that the crystallite size of the sam-
ples has decreased with addition of citric acid.

FESEM micrographs of all the samples are presented in Fig. 3.
We observe that the grain size has reduced with increased citric
acid doping in the sample which confirms the XRD results of
increased FWHM values. Also it is clearly observed from the micro-
graphs that in the samples added with GO, grain connectivity is
improved in comparison to the pure MgB, sample as is clear from
the improved mass density (see Table 1). This feature has also been
reported earlier for graphene, rGO and GO added samples [16],
[17]. However, in the GO and citric acid added samples, connectiv-
ity is better than the pure MgB, sample but less than the GO added
sample.

The temperature dependence of resistivity, normalized with its
room temperature value (p(T)/p(300 K)), of all the polycrystalline
samples is shown in Fig. 4(a). Fig. 4(b) shows the superconducting
transition in the temperature range 35-40 K. The critical tempera-
tures (T.), defined as the onset of superconducting transition, are
listed in Table 2. The T, is 38.84 K for pure MgB,. For the GO added
sample, we observe no significant change in T, (=38.67 K). How-
ever, T. decreases for the citric acid added samples, T, =38.20 K
and 37.92 K for MBGCO5 and MBGC10 samples, respectively. This
is due to the increased substitution of C at the B-site in the lattice.
The normal state resistivity (p4o ) for GO doped sample is almost
the same as that of the pure MgB, sample while with combined
addition of GO and citric acid p4o has increased, this is due to
the enhanced impurity scattering with C substitution as well as
the increased MgO content in the MBGCO5 and MBGC10 samples.
In polycrystalline samples, the grain connectivity is a major factor
to affect the conduction in the material [22]. The porous nature of
MgB, and the presence of MgO impurity phase tend to decrease the
grain connectivity. The grain connectivity in MgB, can be esti-
mated by knowing the value of Ap (p300x — pPao k) as suggested
by Rowell [22]. From this parameter, the effective area cross
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Table 1

Lattice parameters; a and c, actual quantity of doped C (y), MgO content, sample dimensions, mass density and crystallite size for all the samples.

Sample dimensions (mm?)

Mass density (g/cm?) Crystallite size (nm)

3.6 x 2.8 x3.2 1.067 65.9
438 x 2.0 x 2.44 1.430 61.4
4.80 x 1.72 x 1.81 1.213 49.0
4.75 x 1.92 x 2.55 1.134 43.0

Sample a (A) c(A) v (%) MgO (%)
MB 3.0859 (2) 3.5242 (1) 0 8.6
MBG 3.0822 (3) 3.5225 (2) 0.62 104
MBGCO5 3.0777 (1) 3.5242 (2) 228 128
MBGC10 3.0775 (2) 3.5290 (2) 3.51 13.1
0.30 T T T T
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Fig. 2. Variation of full width at half maximum (FWHM) of (110) and (002) peaks
and strain for all the samples.

section for current flow, Af can be calculated using the formula:
Ar= Apideail Ap, Where Apjgea=7.3 pQ cm, the value for a fully
connected sample [22]. The calculated values of Ay are shown in
Table 2. We observe that the Arimproves in MBG sample by a factor
of ~2 as compared to the MB sample. The Arvalues of MBGCO5 and

MBGC10 samples are also significantly larger than the pristine
MgB, sample but has decreased as compared to the MBG sample.
This is due to the increased amount of MgO content as well as
increased C substitution which increases disorder in the GO and
citric acid added samples. This result is in conformity with the
FESEM results described above. The effect of increased MgO con-
tent is also evident from the decreased value of crystallite size of
the samples (see Table 1). Disorder in a sample can be estimated
by calculating the residual resistivity ratio (RRR = p3go k/p40 K)-
The calculated values of RRR for all the samples are listed in Table 2.
From the table it is clear that the RRR values of GO and GO + citric
acid added samples have decreased with respect to that of the pris-
tine sample. Furthermore, RRR of MBGCO5 and MBGC10 samples
have smaller values as compared to that of MBG sample. The low-
ering of RRR values of MBG, MBGC05 and MBGC10 samples with
respect to MB sample suggests increased disorder and hence
increased impurity scattering in the GO and GO + citric acid added
samples. Moreover, as compared to GO-added sample, in GO + cit-
ric acid added samples disorder and impurity scattering have
enhanced. The increased disorder may be favorable to Jc(H) behav-
ior by increasing pinning as well as to Hc, in the sample. Fig. 4(c-f)
shows the temperature variation of resistivity in applied magnetic
field (0-8 T) near the transition region.

The upper critical field (H.;) and irreversibility field (H;,) are
calculated by following the criteria He; = H(p = 0.9p40 k) and Hj; =
H(p =0.1p40 k), Where p49 ¢ is the normal state resistivity or the

Fig. 3. FESEM micrographs for (a) MB, (b) MBG, (¢) MBGCO05 and (d) MBGC10 samples. Squares boxes in (b), (c) and (d) shows denser areas where grains seem well connected.
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Fig. 4. (a) Normalized resistivity (p/p(300K)) vs temperature plots for all the samples. (b) Resistivity plots for all the samples in the transition region (35-40 K).
Magnetoresistivity plots for the samples (c) MB, (d) MBG, (e) MBGCO5 and (f) MBGC10.

Table 2
Critical temperature (T.), Active area cross-section (Ay), residual resistivity ratio (RRR), upper critical fields calculated using Eq. (2) (Hc»(0)) and by using WHH model, Eq. (1)

(H®MH(0)); and critical current density, Jc at 1 T and 5 T calculated at 10 K and 20 K.

Sample T (K) A (%) RRR HoHe(0) HoHEH(0) Jc (AJem?)

10K 20K

1T (x10%) 5T (x10%) 1T (x10% 5T (x10%)
MB 38.84 5.89 4.69 24.09 16.93 0.73 1.82 5.35 0.43
MBG 38.67 10.53 3.01 26.72 18.25 0.94 4.95 7.03 1.55
MBGCO05 38.20 10.25 2.28 34.41 21.30 145 14.27 7.90 5.12
MBGC10 37.92 7.74 2.00 37.02 22.68 1.85 27.10 10.47 11.91

resistivity at 40 K. The variation of He; and Hj,, with temperature model underestimates the H.»(0) as discussed by Huang et al. [23].
So, we have also used the GL-theory for two-band superconductors

for all the samples is shown in Fig. 5(a). We clearly see that the

He(T) and Hi(T) behavior has improved substantially for the to calculate the H,(0) values. For the temperature dependence of

MBG, MBGC05 and MBGC10 samples over that of MB sample. He, the GL-equation for a two-band superconductor [24,25] like
i MgB, is given by Eq. (2). However, in order to compare the results

Werthamer-Helfand-Hohenberg (WHH) model (see Eq. (1)) is
most commonly employed to estimate the value of Hc,(0), but this with previous studies, we have also calculated H(0) values using
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Fig. 5. (a) The pioHe; or poHier vs T/(Too or Tro) (Tooj10 is the temperature where the value of p is (0.9 or 0.1)p,, p, is the normal state resistivity) plots for MB, MBG, MBGCO05 and
MBGC10 samples. poHc, is shown by solid symbols and zoH;,: by open symbols. (b) The fitting of uoHe(T) by two-band GL-theory (Eq. (2)).
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Fig. 6. Magnetic hysteresis loops (M-H) for all the samples at (a) 10 K and (b) 20 K. The insets show enlarged view at high magnetic fields.

WHH model, Eq. (1). The values of H.,(0) thus calculated are listed
in Table 2. In Eq. (2), the value of o determines the temperature
dependence of Hc,. | and m are fitting parameters. The negative
curvature at low temperatures is accounted by the ratio I/m and
it is assumed to be sensitive to the electronic structure. The tem-
perature region which shows negative curvature is wide for [>m
and upper critical field shows linear temperature dependence for
[ <m. In fitting the uoHc, vs T data, we have used the values [ =3
and m=—1 [23]. The values of o obtained by fitting are 0.345,
0.391, 0.503 and 0.539 for MB, MBG, MBGCO5 and MBGCI0,
respectively.

dH(T)
a ), (1)

HYP(T) = Ho (0)T,

01+5X

Ho(T) = He(0)

1-(1+o0)w+Ilw? + mw3’
0=T/T.and w = (1 —0)0'** 2)

The data fitted with Eq. (2) are shown in Fig. 5(b). The fitted
curves are shown by solid lines and the experimental data are
shown by symbols. From the fitting, the obtained H.,(0) values of
all samples are listed in Table 2. From the table we see that the
GO and citric acid doped samples have higher H.,(0) values than

the pure MgB, sample. The highest H(0) is obtained for MBGC10
sample (Hx(0)=37T using Eq. (1), H%H(0)=22.68 T) which is
comparable to the highest reported values [25-27] for polycrystal-
line MgB, samples. This result confirms that the addition of citric
acid in combination with GO improves H(0) values substantially,

Jo (Alem?)

MB
o MBG
—a— MBGC05 %
+-MBGC10 20K % i
10
0 1 2 3 4 5 6 7
A (T)

Fig. 7. Magnetic field dependent critical current density, Jc, at 10 K and 20 K.
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Fig. 8. Normalized flux pinning force density, F,/F,™** as a function of yoH at 10 K (a) and at 20 K (c). (b) and (d) show the experimental data plotted as a function of H/H*, H* is
the value of irreversibility field, calculated from the Kramer plot (shown in the insets). The theoretical curves corresponding to normal point pinning (PP) and surface pinning

(SP) mechanisms are also shown in (b) and (d).

with only ~1 K decrease in T.. The negative curvature near T=0
obtained from GL-theory is unexpected. There is another model,
known as Gurevich model [28-30], which accounts for the real sit-
uation for the effect of both bands on critical parameters. Further-
more, the improvement in Hj; of GO and citric acid added MgB,
samples clearly suggests the enhanced pinning in the samples.

The magnetization measurements are done in the field range
0-7 T at 10K and 20K for all the samples as shown in Fig. 6(a)
and (b), respectively. The increased loop width with the combined
addition of GO and citric acid clearly indicates enhanced grain con-
nectivity and improved pinning at high fields. The magnetic field
dependence of Jc for all the samples is calculated from the mag-
netic hysteresis loops measured at 10 K and 20 K using the modi-
fied Bean formula Jc(H) = 20AM/(Va(1 — a/3b)) Ajcm?, where AM
is the width (in emu) of the magnetization loop, a and b are the
dimensions (in cm) of the samples perpendicular to the direction
of applied magnetic field and a<b [31]. The Jc(H) behavior of all
the samples is shown in Fig. 7 at 10 K and 20 K. At 10 K, as shown
in Fig. 7, flux jumps are observed in low field region of Jc(H) behav-
ior which is mainly caused by very low heat capacity and relatively
high Jc values in MgB, [32]. The Jc value at 20K and 1T applied
magnetic field for MBGC10 is 10.47 x 10° A/cm? which is almost
twice that of MB sample. The highest Jc at 10 K and 5 T is observed
for MBGC10 sample (~27.10 x 10* A/cm?) which is ~15 times
higher than the pristine MB sample. The Jo(H) results obtained in
the present study are comparable to the earlier reported results
[26] for the best Jc(H) behavior with only ~1K decrease in T..
The improvement in Jc(H) behavior in the GO and citric acid added
samples is possibly due to combined effect of improved grain con-
nectivity and enhanced pinning in the samples. The enhanced pin-
ning in the samples is also reflected in the H;,; behavior of GO and
citric acid added samples.

Flux pinning force densities, F, = Jc x H, for all the samples are
calculated from the magnetic critical current densities. The nor-
malized pinning force density, F,/F,™* (F,™* is the peak value of

F, for a given curve), as a function of applied field is shown in
Fig. 8(a) and (c) for 10K and 20K, respectively. It is clearly
observed that the strength of pinning force has increased quite sig-
nificantly at higher fields. In order to study the nature of pinning
mechanisms in all the samples, the normalized pinning force (f, =
Fp[F,™*) is plotted as a function of h = H/H" (see Fig. 8(b) and (d)
for 10 K and 20 K, respectively). Here, H" is the value of irreversibil-
ity field calculated using Kramer plot: J&/?H'# vs (shown in the
insets of Fig. 8(b) and (d) for 10 K and 20 K, respectively) [33]. In
order to find out the possible pinning mechanism in all the sam-
ples, the plots are compared with the proposed theoretical model
by Dew-Hughes [34] which gives a general scaling function
fpoc hP(1 — h)? to find out the possible pinning mechanism. Here,
p and g are shape parameters depending on the type of dominant
pinning mechanism present in the samples; (p,q)=(1/2,2) indi-
cates surface pinning and (p,q) =(1,2) indicates normal point pin-
ning as proposed by Kramer [35]. The theoretical curves
corresponding to normal point pinning (PP) and surface pinning
(SP) are shown in Fig. 8(b) and (d). On comparing the experimental
data with the theoretical curves, we observe that the experimental
curves do not follow the behavior of theoretical curves defining
point pinning and surface pinning. Hence it is difficult to infer
the dominant pinning mechanism present in the samples using
this scaling behavior.

4. Conclusion

In summary, the systematic study of the effect of combined
addition of GO and citric acid on the superconducting properties
of MgB, has been carried out. It has been observed that with the
addition of GO in the MgB, sample, the grain connectivity and thus
Jc values have improved considerably while He; and Hj,; improved
marginally. On the other hand, the combined addition of GO and
citric acid in the sample has led to a substantial improvement in
H,(0), Hi;r and Jo(H) behavior. The highest values of Jc and H.,(0)
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have been obtained for the sample with 3 wt% GO and 10 wt¥% citric
acid addition (i.e. for MBGC10 sample). For this sample ~15-fold
improvement in Jc((10K, 5T) over the pure MgB, sample and
H(0) ~37 T (calculated using two-band GL-theory fit to the
experimental data) have been observed. Thus, from the present
investigation we observe that the superconducting properties
(Je(H), Hez and Hy;) of MgB, could be enhanced substantially by
addition of GO in combination with a carbon dopant (e.g. carbohy-
drate in the present case).
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