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Due to its graphene-like properties after oxygen reduction, incorporating graphene oxide (GO) sheets into
correlated-electron materials offer a new pathway for tailoring their properties. Fabricating GO
nanocomposites with polycrystalline MgB, superconductor leads to an order of magnitude enhancement
of the supercurrent at 5 Kelvin /8 Tesla and 20 Kelvin /4 Tesla. Herein, we introduce a novel
experimental approach to overcome the formidable challenge of performing quantitative microscopy and
microanalysis of such composites, so as to unveil how GO doping influences the structure and hence the
material properties. Atom probe microscopy and electron microscopy were used to directly image the GO
within the MgB,, and we combined these data with computational simulations to derive the property-
enhancing mechanisms. Our results reveal synergetic effects of GO, namely, via localized atomic (carbon
and oxygen) doping as well as texturing of the crystals, which provide both inter- and intra-granular flux
pinning. This study opens up new insights into how low-dimensional nanostructures can be integrated
into composites to modify the overall properties, using a methodology amenable to a wide range of

applications.
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Introduction

Understanding and controlling the local microstructure of electron-correlated systems so as to tailor their
functional properties is a burgeoning area of modern materials engineering.' This is especially true for
superconductors, where the ability to tune the localized ordering has led to remarkable progress in both
research into the fundamentals of superconductivity” and research aimed at applications.” The critical
current density (J.) is usually the key property that determines whether superconductors are plausible
candidates for technological applications.”” In general, defects are required to pin the magnetic flux lines
so that large currents can flow through the material, even in the presence of high magnetic fields. The
possibility of engineering effective pinning centers on the nanoscale has opened up new routes for

optimizing superconductors with enhanced vortex pinning.®®

Among all the efforts, chemical engineering with various carbon sources has been confirmed to be the
most effective tactic to enhance the pinning centers.”'> Our group has previously shown the extraordinary
effect on the J. of MgB, of low-dimensional functional doping with carbon via carbon nanotubes
(CNTs)"” and via graphene.'® It remains a great experimental challenge, however, to adapt these
approaches to more general application in bulk samples. In particular, there is great difficulty in
quantifying the dopant distribution, and our lack of understanding of the dynamic interactions between
dopants has seriously hindered progress in optimizing J.. For example, the effect of oxygen, which often

occurs as a tramp, or unintended, impurity element, on J, is still under debate.””"’

The incorporation of
oxygen usually results in the formation of MgO precipitate particles, and this is frequently cited as the
limiting factor for J. because of the concomitant degradation in intergranular connectivity.”” It was

' and oxygen-substituted MgB,_sOy'’ can form

reported that nanoscale coherent precipitates of Mg(B,0),
in the MgB, matrix, and that these phases serve as highly effective flux pinning centers, thereby increase
Je. These inconsistencies in the reported effects of oxygen on J. expose the clear gap in our experimental

capacity to correlate the oxygen atom distribution with material functionality.

Clearly, an imaging technique capable of directly addressing the atomic-scale microstructure is highly
desirable. High-resolution transmission electron microscopy (HRTEM) is able to image single dopant
atoms under very specific conditions, although chemical mapping of low-dimensional nanomaterials

containing light elements remains extremely challenging. Recent developments in atom probe microscopy



(APM) have greatly advanced atomic resolution characterization,'**’

including precise compositional
mapping of semiconductor nanowires,”' core-shell nanostructures,”” and complex organic-inorganic
interfaces.”” Recently, we used this approach to reveal the dopant distribution in an iron-based
superconductor, enabling detailed correlations between the atomic scale microstructure and the

superconductivity.”*

Graphene oxide (GO) is a two-dimensional nanostructured combination of carbon and oxygen
functional groups. This material is attractive for a wide range of technological applications due to its
tunable chemical and atomic structures. In particular, chemical tuning of GO platelets via chemical
reduction is a growing area of research. One possible route to exploiting these functionalities is to use GO
to create composite materials. Here, we investigate the effect of GO additions to MgB, on J..” By using
APM, we are able to visualize individual GO platelets and map the distribution of GO in the MgB, bulk.
APM enables direct observations of the preferred orientation of GO platelets, which promotes MgB; grain
growth. Localized oxygen from GO reacts with the MgB, matrix to form nanoscale precipitates that yield

an enhancement in J; beyond that obtained with CNTs or graphene.'” "

This produces a synergetic effect
of localized atomic (carbon and oxygen) doping and texturing of the crystals that significantly enhances
both low and high field J.. This is in contrast with conventional processing techniques that focus on
chemical tailoring and which seem to have reached a limit in terms of enhancement of the current

density.”

Results and discussion

All samples were prepared via the diffusion method, which is known to achieve high density MgB,
crystals and to minimize the formation of large MgO particles.”” During the heat-treatment process, liquid
Mg was infiltrated into premixed B and GO pellets and reacted to form MgB,, as depicted in Figure 1(a).
Figure 1(b) shows the field dependence of J.(B) curves at 5 and 20 K for graphene- and GO-doped
samples, as well as for a pure MgB, control sample. It should be noted that both the GO and the graphene
doped samples have the same nominal carbon doping level (0.5 wt.%) for the purposes of a true
comparison. The GO-containing materials yielded the highest J. enhancement over a wide range of
applied magnetic field at both 5 and 20 K, with J. values reaching 1 x 10* A/cm” at 5 K/8 T and 20 K/4 T.
This is a full order of magnitude higher than for the (control) undoped sample. These results suggest that
GO doped MgB:; is a very promising composite material, not only for high field applications, but also for
technological applications at 20 K.



In a related study, graphite-doping of MgB, was shown to improve both the irreversibility field (H;)
and the J.as a result of carbon substitution for boron, changing the intrinsic properties such as the upper
critical field (H.,).”" As a result, the improvement of J, in carbon-doped samples can be related to the
enhancement of H,. In the GO-doped samples studied here, the normalized H,,- improved gradually with
increasing doping level, but the normalized H., was largely unchanged beyond 1 wt.% GO, as shown in
Figure 1(d). The unchanged normalized H,, suggests that the degree of carbon substitution is insignificant
and does not induce increases in J, in our GO-doped samples. This is in agreement with a previous study
of graphene-doped samples, where the carbon substitution effect was shown to be weak due to the strong
carbon-carbon bonding of graphene.”® Because the J. of GO-doped MgB, is higher than that of the
graphene-doped sample, and J, increases with increasing GO-doping level,”” we propose that a different

flux pinning mechanism is at work.

Figure 2(a) presents an APM reconstruction of GO-doped MgB, superconductor, generated from a
tomographic dataset of 7 million atoms: Mg, B, C, and O atoms are displayed, represented by dots that
are colored so as to indicate their chemical identities. Importantly, the 1:2 ratio of Mg to B is preserved,
indicating the accuracy of the analysis. In the three-dimensional (3D) tomographic reconstruction, the
isoconcentration surfaces encompass regions of high C and O concentration and thus highlight the
locations of individual GO platelets. It is obvious from visual inspection that the GO platelets are
uniformly dispersed in the MgB, matrix, and most of the GO platelets appear to be perpendicular to the
analysis direction, which corresponds to platelets parallel to the surface of the original MgB, sample. A
profile obtained from these surfaces confirms the high local excess of C and O, which corresponds to GO
sheets, either isolated or in stacks, as shown in the regions of interest (ROI) 1 and 2. Segregation of C and
O was observed towards the bottom of the dataset (ROI 3), and this corresponds to a grain boundary, as

indicated by a change in atomic density that is similar to those observed in other ceramics.”

The aligned GO platelets in the MgB, matrix serve as an interconnected network for textured MgB,
grains, as demonstrated by our analysis of grain orientation, where the microstructural effects of GO
doping on MgB, grain growth were clearly evident. The transmission Kikuchi diffraction (TKD)
technique recently developed in our laboratory was used to analyze the distribution of grain orientations.”
Figure 3(a) provides examples of the band contrast and inverse pole figure images derived from the TKD

map after noise removal. There is a strong correspondence between the different colored regions



(representing different orientations) in the inverse pole figures and the band contrast image. Both the GO-
doped and the undoped samples contain high-angle grain boundaries with > 10° misorientation with
respect to adjacent grains, denoted by the black lines, while low-angle grain boundaries, denoted by the
red lines, exhibited only ~5-10° misorientation. It is also apparent that there are regions where the grains
share very similar and rather low (< 5°) misorientations, as shown in Figure 3(a). A quantitative analysis
revealed that the GO-doped sample possessed a higher fraction of low-angle grain boundaries (5-10°) and
a much smaller average grain size of 57.6 nm, compared to the average grain size in the control sample of
128.8 nm. Figure 3(b) compares the degree of preferred orientation of GO doped and pure MgB; in the
{001} pole the x, and y, directions. The intensity distribution in the {001} pole figure suggests that c-axis
alignment is the preferred orientation in both doped and undoped samples, and this probably originates
from the fabrication technique. The tendency towards a single orientation, however, (marked as I) in the
GO-doped samples compared to the two orientations (marked as I and II) in the undoped samples is clear
evidence of a textured structure in the GO-doped sample. This implies that incorporation of GO-sheets
not only promotes low-angle grain boundaries, but also constrains the grain growth of MgB, to specific
orientations. Similar observations were made with respect to CNT doping, where high-aspect-ratio
functional carbon sheets were shown to promote the growth of MgB, grains along preferred

orientations.”’

The different ratio of carbon to oxygen observed for the different stacks of sheets, as shown in Figure
2(b), strongly supports our hypothesis that oxygen and carbon could be removed from the surface of the
GO platelets during thermal annealing.’” This also suggests that oxygen can be introduced into the MgB,
matrix, providing a localized source of oxygen doping, via the reduction of the GO. Taking into account
that the GO precursor initially possesses 34% oxygen and exhibits an oxygen reduction efficiency of
60%°, we estimate that the effective oxygen concentration incorporated into the MgB, matrix could be
up to 1% for a GO doping level of 2%. Singh et al. showed that oxygen concentrations as low as 0.65 %
were sufficient to produce MgB, films with high J..”* In fact, it was suggested that the distribution of

oxygen in the MgB, matrix plays a decisive role in the J, performance.

To understand the role and the spatial distribution of O in the microstructure, we calculated the
formation energy’’ and the entropy of formation of various bulk phases containing oxygen via first
principles density functional theory (DFT), using the generalized gradient approximation (see

Supplementary Information Figure S1). The calculated heat entropy values of oxide based compounds



such as MgO (1.01 eV) and B,0O3 (0.91 eV) are much higher than for pure MgB, (0.145 eV), suggesting
that oxygen atoms have a strong tendency to dissolve into the MgB, matrix as a solid solution. This
behavior can be further understood by comparing the electronegativity values of the constituent elements:
Mg (1.31), B (2.04), and O (3.44). Under the present B-rich conditions, atomic O exists competitively
either in substitutional (Og) or interstitial form (O;), since the formation energies are close, with O; being
slightly favored (2.17 eV versus 2.84 eV). While substitutional Og demonstrates a preference to be
distributed uniformly within the MgB, crystal matrix, we note that interstitial O; is highly mobile’ and
forms a layered structure, with a single-triangle layer structure representing oxygen clusters (MgB,0Og 2s)
or a double-triangle layer of oxygen clusters (MgB,0ys). Both possess P31M space group symmetry, as
shown in Figure 4(a). Under both O-rich and B-rich conditions, the calculated formation energies for
single-triangle and double-triangle layer O; phases are lower than that for the single O;. We further used
TEM to examine the GO-doped sample and confirmed that the O; structure appeared adjacent to GO sheet
within the MgB, matrix, as shown in Figure 4(b), and this was verified using fast Fourier transform (FFT)
techniques. Although we were unable to distinguish these structures due to the resolution of the FFT, the
presence of the interstitial phase was detected in X-ray diffraction as (101) with a peak at 41°, which is
the major peak of precipitated MgB,0¢5 or MgB,0ys. Detailed crystallographic information on the
proposed Mg(B,0); phases can be found in Figure S2 in the Supplementary Information.

Another significant observation from Figure 4(b) is that the Mg(B,0), phase is surrounded by
nanoparticles, which were identified as MgO. Conventional nucleation and growth processes normally
produce much larger grain sizes of MgO (50-200 nm). The dispersion of nanoscale (~5-7 nm) MgO
precipitates in Figure 4(b) indicates that their formation may occur via a spinodal-like phase separation.
The microstructural evolution of Mg—B alloy was reported earlier, and compositional fluctuations and/or
the presence of metastable phases have been reported as the major drivers for this sort of phase

. 36,37
transformation.””

By comparing the heat entropy values of these ordered Mg(B,0O), phases with those
of MgO and B,0s, it is evident that Mg(B,0), is metastable and prone to decompose. This finding is in
agreement with Liao ef al., who reported the transformation of Mg(BO), phase into MgO.'® Mobile
oxygen atoms reduced from the GO tend to form ordered phases when their concentration reaches a
critical value, and microstructural modulation follows. During the cooling process, the solubility of
oxygen decreases'’, forcing the oxygen to cluster locally, even if the average excess oxygen content of
the sample is small. A miscibility gap between the oxygen concentrations drives the system towards

phase separate, as exemplified by the La,CuOy.; system.’® Indeed, phase separation is a rather universal



phenomenon affecting these doped systems — especially when dopants are present as interstitial solid
solutions.”” *’ As a result, the GO-doped samples demonstrate the formation of fine granular MgO
precipitates that can be attributed to the phase separation associated with the excess oxygen, which,
apparently, is a characteristic of the interstitial state of the dopant. These results also demonstrate that the
reduction of GO occurs at around 500 °C"', so that the localized oxygen could easily be incorporated into
the MgB, matrix, which was also formed at this temperature. Therefore, we conclude that localized
oxygen originating from the GO-doping behaves differently from the conventional O-treated MgB,
fabricated with substantial oxygen-level, which exhibits a continuous of reactions that yield products

which include B,03, MgB4, MgBe, or MgB 5. *

It is important to understand how the changes in the microstructure affect the pinning mechanisms
both within a single grain (intragranular properties) and across grain boundaries (intergranular properties).
According to Rowell'”, the change in resistivity accompanied by a change in temperature from 300 K to
40 K (Ap) can serve as a measure of the intergranular connectivity in MgB,, while the residual resistivity
[po = p(40 K)] can be corrected to determine the intragranular resistivity values. Figure 5 shows the values
of Ap (intergranular resistivity) and the corrected p, (intragranular resistivity) as a function of GO
concentration. A decrease in Ap with increasing GO doping indicates better connectivity between MgB,
grains. The reduction of intergranular resistivity with increasing of GO-doping level is presumably a
result of the presence of reduced GO sheets between the grains, as observed using APM. It is expected
that the reduced GO has graphene-like electrical and thermal properties™, and so improves the
conductivity between grains in MgB,. In un-textured polycrystalline MgB,, the tendency towards
randomly oriented grains results in anisotropic properties under an applied magnetic field. Specifically,
MgB; grains with their c-axes oriented parallel to the magnetic field become normal conductors at
relatively low fields, compared to grains oriented parallel to the ab-plane.”” Thus, the number of
superconducting grains decreases with increasing magnetic field, and finally, the current pathways
become percolative, insofar as a continuous superconducting current path is no longer available.” This is
responsible for the rapid decrease in J.. As a result, the textured grains and a high fraction of low-angle
grain boundaries oppose the percolation effect and promote long-range current pathways, especially at
high magnetic fields. These factors have a strong effect on the superconducting transport properties across

the boundaries and produce the intergranular effect referred to here.

In oxygen-doped MgB; films, a linear increase in the corrected p, with oxygen content is attributed to



scattering by intragranular oxygen defects.”” Consequently, the high J. in the GO-doped samples
correlates well with the increased intragranular resistivity, and is due to the formation of nanoprecipitates
within the grains (intragranular effect). This produces a synergetic effect, whereby the incorporation of
GO induces both inter- and intra-granular pinning. More importantly, with the recent proposals for
‘second generation” MgB, conductors™®, further optimization of J. seems possible by incorporating the
present microstructural design principles. Our results are also analogous to the features observed in oxide-
based doping, including Dy,0; *’, Y,05", Ho30,", and other inorganic doping’’, where in-situ reactions
between the oxide dopant and the precursor powders provide localized oxygen and consequently lead to
the formation of nanoscale MgO and boron-rich precipitate phases. Consequently, H,, is significantly
enhanced by intragranular nanoscale precipitates; however, H,, is not significantly affected.” >’ This is
indeed in contrast to carbon-doping, where the improvement in J. is closely related to an enhancement of
H,,. This is because substitutional C impurities have lower energies of formation than interstitial C,”"

and the majority of C impurities in MgB; are substitutional, inducing a significant enhancement of H.».
Experimental

Synthesis. The samples were synthesized by the diffusion reaction method, based on the infiltration
of magnesium (99.9%, —325 mesh) into premixed boron (99.999%, 0.2-2.4 pum) and graphene oxide.
Firstly, the boron and GO were mixed and pressed into 13 mm diameter pellets. The pellets were then
sintered at 800°C for 10 hours with 20% excess of nominal Mg in high purity argon gas. The sample was
fabricated according to the weight ratio of MgB,: GO equals to 100: x; where x = 0, 0.5, 1.0, 1.5 and 2.0
wt.% of GO. Such a formation mechanism produces a dense structured MgB, with much less MgO
impurity, which is difficult to achieve by the conventional powder-in-tube (PIT) process. GO was
prepared and purified according to the modified Hummers method. The details of GO fabrication can be
found in *. Graphite and graphene doped MgB, were also prepared under the same conditions for

comparison purposes.

Analysis. The phase and crystal structure of all the samples were investigated using a MAC Science
MXO03 diffractometer with Cu Ka radiation. The magnetization was measured by a Physical Properties
Measurement System (PPMS, Quantum Design) up to 13 T. Magnetic J, values were determined from the
magnetization hysteresis loops using the appropriate critical state model. Bar-shaped samples with a size
of 3 x 1.5 x 1 mm’ were cut for magnetic measurements. Electron microscopy studies were carried out
using a JEOL 2200FS instrument, with a 200 kV field emission gun and in-column omega type energy

filter, equipped with electron energy loss spectroscopy (EELS). Our atomic and electronic calculations



were performed using density functional theory (DFT) calculations based on the local density
approximation (LDA)™ for the exchange-correlation functional, via the DMol® code.’” The transmission
Kikuchi diffraction was carried out in a Zeiss Auriga scanning electron microscope (SEM), which
enabled us to quantitatively describe the crystal phase formed at each point of the micrograph with a
minimum resolution of about 1 nm. The orientation of the crystals at each point was determined by a
HKL Nordlys 2 system. Needle-shaped atom probe specimens with tip radius of < 100 nm were prepared
by focused ion beam (FIB) on dual beam instruments. Pulsed-laser atom-probe tomography (APT)
analyses were performed on a LEAP 4000X HR (Cameca Corp.), fitted with a reflectron in laser pulsed
mode (355 nm, 5 ps, 150 pJ), at a base pressure of 3 x 10 ' torr, a temperature of 24 K, and a detection
rate of 2 ions per 1000 pulses. Local excess profiles were computed from conventional composition
profiles as a function of the distance to the isoconcentration surfaces (proximity histograms) by
comparing the concentration in each bin of the profile to the average concentration measured between 10

and 15 nm away from the position of the interface (0 in the profile).

Conclusions

In summary, we have demonstrated that doping GO into MgB, produces a reactive composite
structure that significantly enhances J.. This occurs via a combination of grain texturing and
precipitation, providing both inter- and intra-granular flux pinning mechanisms. This approach to
microstructural design has excellent prospects for more general applications. Moreover, the
quantitative analysis and imaging of the low-dimensional nanostructures by APM has enabled a
correlation to be established between the atomic-scale microstructure and the particular properties
by guiding the inputs to (e.g.) DFT calculations. This offers a pathway towards a deeper
understanding of fabrication processes relevant to electrochemical energy storage and

optoelectronic devices containing low-dimensional nanostructured composites.
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Figure 1 (a) Schematic diagram of the diffusion method used in the present study. B and GO were
first mixed and pressed into a bar shape before infiltration with Mg powder at 800°C for 10 hours.
(b) J: vs. H dependence obtained for bulk MgB, with nominal 0.5 wt.% of carbon doping level for
graphene and graphene oxide doping at 5 and 20 K. A control sample of undoped MgB, was also
prepared for comparison. GO-doping results in better J. over a wide range of applied magnetic
field. (c) Temperature dependence of normalized H;,, and H., for different concentrations of GO.
The normalized H,, is improved gradually with increasing doping level while the normalized H, is
almost unchanged beyond 1 wt.% GO

(a)

Liquid Mg

Diffusi
infiltration l bl

MgB, + GO
WSS

T l5K
®  undoped

) ® graphene
10° A graphene oxide
£
g 10" F
:u
s 20K
10 undoped
graphene /
10 *— graphene oxide 4
B(T)
(€)16 . ———r
Carbon dominant
o effect _ -
- irr -~
[ -~
~— — — -~
% 12| @ H,, QO
}
e
(==
T 10t ]
o—9
o—
o—
8 0/ 1

00 05 10 15 20
Graphene oxide doping level, wt%



Figure 2. (a) 3D atom probe tomography reconstruction of GO-doped MgB,. Each dot represents an
individual atom of magnesium, boron, carbon, or oxygen, and as is readily visible in the close-ups
shown in the regions of interest (ROI) 1 and 2, isoconcentration surfaces highlight the location of
plate-shaped carbon and oxygen rich areas corresponding to reduced graphene oxide sheets. ROI 3
highlights the agglomeration of C and O at the grain boundary that crosses the dataset. (b) Local
excess profiles extracted from the composition profiles around the isoconcentration surfacesexhibits
significant differences in the carbon-to-oxygen ratio, which indicates that carbon and oxygen can be
removed from GO sheets.
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Figure 3. Microstructure characterization of the GO doped MgB, was performed by tranmission
Kikuchi diffraction within a scanning electron microscope. (a) Overlapped diagram of the
microstructure and grain orientation map, where the grains are coloured according to the inverse pole
figure shown in the inset. Black lines highlight high-angle grain boundaries (> 10° misorientation);
red lines highlight low-angle grain boundaries (5-10° of misorientation). Dark grey regions within
grains correspond to grain or subgrain boundaries of super-low misorientation (< 5°), as shown in (c),
where the misorientation along the A-B line remains below 5°. (b) Contoured pole figure sets along
the {001} planes, displaying the texture of the GO-doped sample as compared to the undoped
sample. The doped sample has only one texture orientation (I) compared to two texture orientations (I
and II) in the undoped sample. (c) Misorientation profile along the line marked in (a).
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Figure 4. (a) Potential oxygen interstitial structures with single-layer three-oxygen -clusters
(MgB:0¢25) or double-layer six-oxygen clusters (MgB,O¢s). The oxygen interstitial modulated
structure can be detected by TEM, as shown in (b), where nanoscale particles such as MgO particles
surround the oxygen interstitial structure.
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Figure 5. Dependence of intergranular and intragranular connectivity with GO concentration
in MgB, samples. The monotonic increase in intragranular resistivity indicates an increased
scattering from oxygen-containing defects within the grain. The decrease in the intergranular
connectivity with GO concentration reflects an improvement in the grain connectivity,

presumably as a result of the reduction of GO at the grain boundaries.
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