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ABSTRACT: We report the first use of a graphene oxide (GO) template for synthesis of the complex functional material
yttrium barium copper oxide (YBCO), producing well-defined YBCO structures that replicate the micro- and macromor-
phology of the GO template. Two morphologies (foam and layered paper-like) are demonstrated to show the utility of GO
as a template. The templated YBCO materials are found to be almost phase-pure in the superconducting YBa,Cu,0,.;
(Y123) form. The mechanism of GO-templating is elucidated, and superconductive properties exceeding those of materi-
als produced by typical high-temperature solid-state syntheses are found for the templated materials.

The templated synthesis of inorganic materials is an
actively researched field,"® with materials for applica-
tions such as piezoelectrics,3 solid oxide fuel cells* and
catalysts® all being created using this flexible and wide-
ranging technique. The use of biologically-derived tem-
plates has yielded a number of hitherto unavailable mor-
phologies in complex oxide materials, such as nan-
owires,s‘7 microspheres,8 and more complex structures.®
Template-based synthesis pathways have also given
greater insight into the fundamental mechanisms that
govern nanoscale crystal growth."® Typically highly car-
bonaceous and strongly chelating, these templates pre-
vent agglomeration and sintering of stable intermediates
during high temperature syntheses. This allows the for-
mation of the desired phase without slow and energy-
intensive heating and grinding steps'' thus templated
syntheses are more efficient, whilst still allowing for fine
control of phase and morphology.

Whilst nano- and micrometer-scale growth of crystal-
lites using biotemplates is well understood, it is challeng-
ing to up-scale this control to create well-ordered macro-
scopic structures. This is possible by use of a sacrificial
template, which directs the morphology at the chosen
length scale'?™ and is destroyed during synthesis, leav-
ing the final inorganic product as a polycrystalline repli-
ca."”"™ This allows, for example, construction of mono-
lithic inverse oPaIine crystals from simple oxides such as
SiO, and TiO, ¢ or metals."”” There are many prior exam-
ples of simple oxides constructed from sacrificial tem-
plates, but their use for ternary or quaternary materials,
such as complex metal oxides like YBa,Cu3075 (Y123),
remains relatively rare.”®?' Y123 is an excellent model

system for testing the efficacy of templating methods in
complex oxides due to the strong dependence of the
superconducting properties of Y123 upon the templated
morphology and phase purity.

Graphene oxide (GO) is a promising material for tem-
plating metal oxides, showing effective templating of
SiO, into a nanoflake morphology.”? GO consists of sin-
gle-atom-thick carbon sheets, but differs markedly from
graphene. GO contains a random oxygen-rich network of
sp3—hybridised carbon atoms, interspersed with islands
of pristine sp*hybridised graphitic carbon®?* (from
which GO is initially synthesized). GO is capable of up-
take of transition metal ions (for example Cu?*) from so-
lution®® as well as forming three-dimensional macro-
porous solids,?% hydrogels,28 and papers® from aque-
ous dispersions. The wide variety of available final mor-
phologies from a single material,*® combined with an
abundance of chelating hydroxyl and ketone functionali-
ties,24‘31 makes GO attractive for use as a template for
oxide materials.

Here we present the first instance of GO-templating of
a quaternary metal oxide and demonstrate the use of
monolithic GO porous templates to produce supercon-
ducting Y123. Two morphologies of GO (foam and pa-
per) were chosen; both were synthesized from GO
aqueous solutions by previously reported methods??°
and were successfully used to obtain superconducting
Y123 structures with highly porous, or oriented struc-
tures, respectively. The resulting Y123 materials demon-
strate an improvement in critical current density of the
superconducting phase when compared with solid-state
synthesis.****



Figure 1. SEM micrographs of a) foam and b) paper tem-
plates prior to combination with the precursor solution, with
inset photographs of each. c¢) and d) show micrographs of the
calcined Y123 foam and layered structure respectively, with
the microstructures shown in e) and f).

Full details of the experimental methods can be found
in the supporting information, but briefly, monolithic GO
structures with foam and layered paper-like microstruc-
ture were immersed in aqueous solutions of Y, Ba, and
Cu nitrate salts. Soaked templates were then dried and
calcined to obtain templated YBCO. Initially the structure
of the template and inorganic replicas were investigated
using SEM, as shown in Figure 1. Figure 1a and Figure
1b show SEM micrographs of the GO foam and paper
respectively, prior to soaking in the precursor, with inset
photographs showing the macroscopic monoliths. SEM
micrographs of the two templated solid structures (Figure
1c-f) show retention of the templates’ porous (foam) and
highly layered (paper) structures, respectively. The tem-
plated products show a polycrystalline structure, ar-
ranged in the same morphology and microstructure as
the GO templates.

Non-destructive imaging by X-ray micro-computed
tomography (X-ray u-CT) revealed an interconnected
macroporous internal structure (Figure 2). Figure 2a
shows a model of the macropores present within a small
section of the Y123 foam, with Figure 2b showing a cut-

away of the sample illustrating the micron-scale porous
internal stucture. This structure is a good replica of the

Figure 2. X-ray p-CT images of a) and b) the Y123 foam
showing, respectively, internal macro-pore structure and
solid pore walls, and c) and d) the Y123 paper showing, re-
spectively, internal layered structure and detailed morpholo-

gy.

GO template, and indicates that the porous structure is
retained throughout the sample during calcination.The
pore mapping was used to obtain an average porosity of
42%. The structure of the paper-like Y123 is displayed in
Figure 2c, with Figure 2d showing the layered structure
is present throughout the sample, imparted by the GO
template.

The composition of both the foam- and paper-
templated Y123 was determined using TEM/EDX (Figure
S1) and powder X-ray diffraction (Figure S2). The majori-
ty phase in both the foam and paper materials (Figure
S2a and Figure S2b respectively) is YBa,Cu3Ogg
(JCPDS card 79-0653), which is consistent with optimal
oxygenation. A small number of impurity phases were
also observed, including CuO, BaCuO, and Y,BaCuOs.

The mechanism by which this novel template acts to
produce Y123 was investigated with a series of increas-
ing calcination temperatures. Figure 3 shows the in-
dexed PXRD patterns of samples heated to tempera-
tures between 200 °C and 900 °C (at 100 °C intervals)
and suggests that this synthesis proceeds via a different
low-temperature pathway to that which has been ob-
served previously with some polysaccharide biotem-
plates.“’"12 The synthesis does, however, show some
similarities to the high carbon-content dextran-based
syntheses,® as might be expected given the high carbon
content of GO.

At 200 °C, the major crystalline phases present are the
precursor materials barium and copper nitrates (JCPDS
cards 76-1376 and 45-0594 respectively). As fully che-
lated ions are non-crystalline and therefore do not ap-
pear in the XRD pattern, the presence of these crystal-
line phases at these low temperatures is due to recrys-
tallization of excess precursor solution present on the
surface of the template upon drying. Barium nitrate is
observed in greater quantities than the other two ions
due to the fact that yttrium nitrate thermally decomposes
below 200 °C, and copper nitrate between 200 °C and



300 °C (accounting for the small quantities observed at
these temperatures).
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Figure 3. Temperature study of the formation of the Y123
phase. Phases present are Ba(NO,), (m), Cu(NO,),(H,0); (),
YBa,Cu,0¢, (@), CuO (o), BaCO; (A), Y,0, (O), BaCuO, (+)
and Y,Cu,Os ().

Between 300 °C and 400 °C the copper ions chelated
in the monolith react with the template to form copper(ll)
oxide (JCPDS card 74-1021) which, crucially, allows for
the retention of the template structure while the desired
inorganic phase forms. Between 400 °C and 600 °C, as
the template fully decomposes, the Ba** and Y*' ions
react to form yttrium oxide and barium carbonate
(JCPDS cards 74-1828 and 41-0373 respectively), which
are homogeneously spread throughout the material.

The next significant change in the sample occurs in
the 800 °C and 900 °C interval, where a solid-solid reac-
tion between Y*, Ba? and Cu?' ions occurs due to the
decomposition of BaCO3; above 811 °C. In this templated
approach, however, the time over which this reaction
occurs is reduced to two hours due to the higher degree
of mixing between the three precursor ions provided by
the chelating template. The synthesis then proceeds as
observed previously in typical biotemplated systems,®*
with Y123 emerging as the major phase between 800 °C
and the final calcination temperature, 920 °C. Small
quantities of Y,Cu,Os (JCPDS card 33-0511) and
BaCuO, (JCPDS card 70-0441) are also observed at
900 °C, indicating that the final formation of the Y123
phase is dependent on both the higher final temperature
(920 °C) and a longer hold time than was used in the
temperature study. By holding the samples at 920 °C for
two hours, the quantity of these small impurity phases
were reduced (Figure S2).

SQUID magnetometry of the templated Y123 was per-
formed to determine the transition temperature, T, (Fig-
ure 4) and critical current density, J, (Figure S3, Support-
ing Information) of the templated Y123. Transition tem-
peratures of 90 £+ 1 K and 89 + 1 K were measured for
the foam and paper morphologies, respectively, close to
the optimum value for T, in Y123. The critical current
densities were determined at 1 T applied field and 10 K.
Values were measured to be 0.10 MA cm? (foam) and
0.05 MA cm™" (layered).

These values are greater than previously reported val-
ues of J, for commercially available Polycrystalline Y123,
which are of the order 0.02 MA cm™.2" Whilst the values
obtained are lower than those known for industrial
Y123% we believe the templated synthesis technique
presented here has the advantage of allowing customi-

zation of the morphology of quaternary metal oxides
such as YBCO to suit specific applications, while main-
taining a good material quality.
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Figure 4. SQUID magnetometry showing superconducting
transition temperature, T,, of a) Y123 foam and b) paper Y123.

In conclusion, we have successfully exploited a novel
and highly modifiable template for the construction of
materials with pre-determined micro-scale structure, il-
lustrated by the creation of superconducting monoliths
with controllable macro- and micro-morphology. We
have shown that, due to low temperature stable interme-
diate phase formation, the final product retains the struc-
ture of the uncalcined GO template, allowing porous
foams and highly layered superconducting structures to
be created. With many further GO morphologies availa-
ble, this template has potential for great utility in obtain-
ing application-specific morphologies, e.g. foams for rap-
id access of cryogens to improve cool-down times in
superconductors, which retain the desired properties.
We have also elucidated the crystallochemical mecha-
nism by which template allows formation of the Y123
phase. This work demonstrates that GO deserves a
place alongside biotemplates in the arsenal of options
available for creating highly ordered functional inorganic
materials.
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Supporting Information. Experimental information, addi-
tional TEM, EDX, XRD and SQUID data. This material is
available free of charge via the Internet at
http://pubs.acs.org.
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SUPPORTING INFORMATION

Experimental section:
Synthesis: Graphene oxide was synthesized via the modified Hummers’ Method.!"! The GO foam was
prepared by a uni-directional freezing method, as reported previously.) GO papers were prepared by
filtering a GO solution (1 mg mL™") through an anodisc 0.2um filter and cutting to the desired size.!"
The resulting monoliths were soaked for 48 h in a stoichiometric aqueous solution of yttrium, barium
and copper nitrates (all Sigma Aldrich, UK) in a ratio of 0.05:0.1:0.15 M. The monoliths were then re-
moved from the precursor solution and dried for 12 h at 60 °C, followed by calcination in an alumina
boat-shaped crucible at 920 °C for 2 h, with a ramp rate of 10 °C min™', and cooled to room temperature
at a rate of 2 °C min™'. All calcinations were performed in an ELF 11/6 chamber furnace (Carbolite, UK)
in air and at atmospheric pressure.

Crystallochemical characterisation: The phases present in the resulting monoliths of YBCO were ana-
lysed using powder X-ray diffraction (PXRD) (D8 Advance, Bruker, Germany) using Cu Ko radiation.
The macro-scale structure was determined by scanning electron microscopy (SEM) (JSM 6330F, JEOL,
Japan). High-resolution transmission electron microscopy (HRTEM) (JEM 2010, JEOL, Japan) was
used to image the microscopic crystalline structure of the crystallites and selected area electron diffrac-
tion was used to determine the phases of the crystallites observed. Elemental content was determined
using energy dispersive X-ray analysis (EDXA) (Oxford Cryosystems, UK) fitted to both the HRTEM
and SEM. X-ray p-computed tomography (NIKON XT H-225ST with a microfocus X-ray source with
a 2,000 x 2,000 pixel Perkin Elmer 1620 detector) was used to determine the internal structure of the
monoliths, with images produced using Avizo Fire software.

Physical characterisation: Magnetometry was performed using a superconducting interference device
(SQUID) (Magnetic Property Measurement System Quantum Design, USA). Samples measured were
used as synthesized and placed inside a gelatine capsule. Calculation of J. was performed using the

Bean critical state model™ In both cases the crystallite size was found from the measurement of SEM



images, taking the smallest dimension, with the value for the foam being 530 + 300 nm and for the tape,

460 £ 400 nm.
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Figure S1. TEM micrographs of crystallites in a) the Y123 foam, with b) corresponding selected area diffraction indexed to the
YBa,Cu,O¢ 4 phase, and c) corresponding EDXA. d) shows a crystallite of the Y123 tape with e) corresponding selected area dif-
fraction indexed to the YBa,Cu;04 4 phase, and f) corresponding EDXA. Nickel is present as the grid material
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Figure S2: PXRD illustrating the crystalline phases present in a) the Y123 foam and b) the Y123 paper. Phases indexed are
YBa,Cu;04, (@), CuO (o), Y,BaCuO, (A) and BaCuO, (+).
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tial best fit lines are shown for each dataset.
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