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Designed 3D architectures of high-temperature
superconductors†
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Self-supporting superconducting replicas of pasta shapes are reported,

yielding products of differing 3D architectures. Functioning high-

temperature superconductor wires are developed and refined from

replicas of spaghetti, demonstrating a unique sol–gel processing

technique for the design and synthesis of novel macroscopic

morphologies of complex functional materials.

Sol–gel techniques, where homogeny of reagents is ensured
through dissolution in a solvent system, can be employed to yield
high quality polycrystalline superconductors in short times and at
low cost, enabling the engineering of superconducting architec-
tures. 2D structures, such as films,1 can be generated through dip
coating;2 Pechini drop-coating, citrate or nitrate methods;3 or inkjet
printing,4 however there remains necessity for high cost substrates,
such as strontium titanate or yttrium barium copper oxide
orientated crystals. 1D wires can also be produced through
template direction,5 however this requires the use of expensive,
anodised alumina membranes, which will also limit the maximum
size of wires to the thickness of the membrane in use. Other
processes, such as RABiTS,6,7 CVD8 and PLD9,10 can be used to yield
high performance 2D films; but very high time, substrate, reagent
and equipment costs are generally prohibitive.

Biotemplating through sol–gel processing has enabled control
over crystal morphology on a microscopic scale, with both high
purity and/or anisotropic crystal growth in functional materials
possible through use of dried polysaccharide gels11,12 or solutions
in ionic liquids.13 High dimension/macroscopic architectures have
also been demonstrated previously, inspired by the macroscopic
morphology imposed by the template, such as diatom frustules,14

pollen grains,15 cuttlebone16 or plant viruses.17,18 Typically however,
these templates are used for functionally benign materials such
as silica; calcium phosphate and carbonate;15 or polycrystalline
copper18 are crystallised hydrothermally, which is not generally

possible for superconductors or other complex functional materials
owing to the ease of formation of stable associate phases.

Higher order macroscopic structures of YBa2Cu3O7�x (Y123)
have been previously reported employing cuttlebone, a porous,
3D calcitic structure, as a template.19 Whilst Y123 can be
generated as a decoration of the surface, it exists as a minority
inorganic phase since the scaffold remains in a stable, oxidised
form. In this work, a variety of 3D designed architectures of Y123
are demonstrated through sol–gel engineering with organic,
starch/cellulose-blend templates (pasta). By employing a template
composed predominantly of degradable organic materials,
replication of the macroscopic structure through sacrificial
templating is possible, with the desired inorganic phase
remaining as the major phase. It is through ensuring Y123 is
the predominant phase that the function as superconducting
wires can be successfully demonstrated.

Precursors for superconducting Y123 replicas of pasta
were formed from rehydration of prewashed pasta in aqueous
solutions of yttrium, barium and copper nitrates. A moderate
excess of Ba(NO3)2 was required to obtain higher proportions of
the superconducting Y123 phase, due to a propensity for
yielding mixed Ba-poor phases in stoichiometric precursors
(CuO, Y2O3, and Y2Cu2O5) and stable, high melting point BaSO4

(effectively removing Ba2+ from molten eutectic at 920 1C)
(Fig. S1 and S2, ESI†). Poor absorption of Ba2+ compared to
Y3+ and Cu2+ due to lower solubility, larger ionic radius and
favoured formation of BaSO4 have been attributed to the require-
ment of an excess of barium. Prewashing assisted with the
removal of impurities (see ESI†) which have a destructive effect
on the properties of Y123; lowering Tc through crystal doping,
preventing effective grain connectivity and reducing density.
Specifically, the generation of BaSO4 as confirmed by pXRD
(Fig. S1a and b, ESI†) and TEM (Fig. S1c, ESI†) and the lower
proportion of this phase generated with prewashed compared to
unwashed precursors was observed (Fig. S1b, ESI†).

Y123-rich replicas of pasta shapes were generated through
the calcination of pasta-based precursors (Fig. 1 and Fig. S2,
ESI†). The macroscopic morphology of the pasta shape was
retained leading to a range of different architectures, such as
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wires, tubes or spirals from spaghetti, penne and fusilli respectively.
The versatility of this protocol even allowed for the generation of
more unusual morphologies such as a ‘‘skull-and-crossbones’’
motif. The overall Y123 content of these materials was 71%
based on crystallographic analysis, taking the form of a highly
porous, sponge-like microscopic structure formed from sintered
crystallites (Fig. 1). This structure was expected from materials
generated in the presence of high proportions of combustible,
sacrificial templating agents: out-gassing of CO2 at 400 1C as a
result of combustion of starch and cellulose created pores as
the gas escaped (Fig. S3a, ESI†). Despite the materials being
self-supporting, they remained very weak and prone to destruc-
tion under minimal force due to the low density and low surface
connectivity of the individual crystallites.

In order to improve conductive properties of Y123-rich
spaghetti replicas, 10 wt% AgNO3 was added to the precursor
metal ion solution as rehydration of the spaghetti occurred.
Silver has been shown to occupy intergranular sites between
crystallites of Y123,19,20 thereby increasing grain connectivity
and mechanical strength, as well as metallic silver forming a
conducting support to assist with electrical properties. In this
case, the addition of silver to the synthesis doubled compres-
sive strength from 0.76 to 1.56 MPa. Calcination products of
Ag/Y123 precursors appeared similar to those of the Y123-
only precursors; however a greater degree of shrinkage and densi-
fication occurred (Table S1, ESI†). Crystallographic analysis was also
comparable except for the presence of Ag0, formed from

reduced Ag+; thus the proportion of Y123 with respect to total
crystalline content decreased to 60% (Fig. 2). The colour change
observed on the generation of Ag/Y123 pasta precursor was attributed
to starch-mediated reduction of Ag+ to yield Ag nanoparticles.21,22

Crystalline Ag0 was detected before formation of precursory
carbonates and oxides (Fig. S3, ESI†). While the product
remained sponge-like, densification was evident due to the
larger crystallite sizes, greater grain connectivity and decrease
in overall pore size (Fig. 2 and Fig. S4, ESI†).

Due to the elongated, 1D nature of the replicas formed from
spaghetti, their possible function as an electrically conducting
wire was tested. Superconducting quantum interference device
(SQUID) magnetometry demonstrated comparable Tc’s for sam-
ples with and without the presence of Ag, with Tc = 70.25 and
72.05 K respectively (Fig. 3 and Fig. S5, ESI†). Critical current
densities (Jc) at 1 T and 10 K calculated from the smallest
dimension of measurable crystalline size were 0.157 and
0.478 MA cm�2 for Ag/Y123 and Y123 materials respectively
(Fig. S5, ESI†). For both critical parameters, these are low when
compared to typical values obtained for Y123 generated
in other syntheses, with a diminished Tc of over 20 K and
a Jc lowered between 2 and 3 orders of magnitude.

Fig. 1 Photographs of Y123-rich replicas of various pasta shapes as labelled. An
inset is provided with ‘penne’ to demonstrate the retention of the tubular structure
of the original pasta template. A typical pXRD pattern (bottom) demonstrates
the predominance of Y123 in the replicas; however other phases have been
labelled. SEM images of spaghetti replicas (bottom right) demonstrate the porous,
low-density nature of the replicas and the expected elemental composition.

Fig. 2 SEM micrographs of Ag/Y123 replicas of spaghetti as calcined (A i and ii) and
after sintering/annealing (B i and ii) with EDXA analysis demonstrating the presence of
silver. Corresponding pXRD patterns (A iii and B iii) demonstrate little change in
crystalline composition. Peaks indexed to Ag0 (‘Ag’) and Y123 (star) are labelled.
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Diminished Tc’s were attributed to the presence of deleterious
impurities doping the Y123 crystal, such as Zn2+, Fe3+ and Ca2+

which are present in the pasta as purchased from food retailers
(Table S2, ESI†).

Moderately higher Jc in Y123 compared to Ag/Y123 was
attributed to greater porosity, which increases vortex pinning,
however the overall depression observed in both samples was
attributed to the altered crystalline phase present due to dopants.

Despite similarities in the Tc’s, 4-point probe resistivity
measurements demonstrated stark differences in conductive
behaviour. In the Ag/Y123 materials, semicondutor-like beha-
viour was observed as the resistance increased with decreasing
temperature until a sudden decrease in resistance was observed
at a critical temperature (Tc = 74 K), where resistance continued
to decrease from 6.82 O to 0.006 O at 4.2 K (Fig. 3). In the Y123-
only material of equivalent length and shape, transition into
the superconducting state was observed, however the resistance
continues to increase until T = 29 K, when resistance began
to decrease (Fig. 3). The overall resistance maximum of the
Y123-only materials was much higher, with R = 116.8 O at 29 K.
The superior performance of the Ag/Y123 materials was attrib-
uted to increased grain connectivity and intercrystalline surface
contact as a result of higher density. Ag0 acts therefore as a
structural support and also provides an ohmic contact between
the superconducting crystallites to facilitate electrical conduc-
tivity in the superconducting state.

An increased Tc and an immeasurably low resistance were
attained through further sintering of the Ag/Y123 spaghetti replica
(Fig. 3). 12 h sintering at 900 1C densified the replica, increasing
average maximum crystallite size and grain connectivity; 8 h
annealing at 500 1C ensured full oxygenation of the Y123 phase.
Tc increased to a maximum of 78.52 K after both sintering and
annealing, with TR=0 = 22 K. No further increase in mechanical
strength was observed beyond that of the pre-sintered material.

In summary, a range of 3D self-supporting architectures
have been developed by employing pasta as a sacrificial template.

Y123-rich replicas of spaghetti, penne and fusilli have been
demonstrated, as well as more complex, unusual structures
such as a skull-and-crossbones motif. Potential application of
Ag/Y123 replicas of spaghetti, selected due to their elongated, 1D
morphology, as superconducting wires has also been demon-
strated, and, in spite of a depressed Tc and low Jc, immeasurably
low resistance has been achieved at 22 K. High-purity templates
and further densification are proposed measures to improve
performance. This report demonstrates the application of a
simple, widely-available, cost-effective, sacrificial template in
the synthesis of a complex functional material, and may be
developed further to inspire and create novel architectures for
functional materials suited for a desired purpose.
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