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The development of electronic devices with both excellent
electrical conductivity and outstanding flexibility is an active
and vibrant research field due to the inherent fragile nature of
silicon-based electronics and the large demand for portable
electronics, such as portable display, communication, compu-
tational, and identification products.“’” Flexible electronic
devices (FEDs) consist of various functional organic and/or
inorganic features on flexible substrates. In particular, electric
circuits on flexible substrates are essential parts in the
operation of FEDs. Flexible electric circuits can be generally
fabricated by depositing the patterned conductive materials
on a flexible substrate via conventional vacuum deposition or
printing processes. However, flexible substrates applicable to
the fabrication of highly conductive patterns by vacuum
deposition and printing processes are mostly limited to
impermeable thin-film plastic substrates because forming
continuous patterns without disconnections is difficult on
light fibrous substrates, such as fabric and paper, by a vacuum
deposition or printing process. Moreover, the cost is other
major obstacle when preparing flexible electric circuits using
the vacuum deposition and printing processes owing to the
requirement of expensive equipment and high operating
outlays.

Fibrous materials, such as textile and paper, have excel-
lent flexibility and foldability, and they can be easily cut and
attached to flexible substrates simply by gluing or stitching.
Furthermore, fibrous materials are easily accessible at an
affordable price, and the processes for preparing patterns
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consisting of fibrous materials on a substrate are very simple
and inexpensive. Once the fibrous materials has a high
electrical conductivity and good mechanical endurance
against external deformation, they become attractive for use
in electronic fields, especially for the simple and low-cost
preparation of electric circuits for flexible and wearable
electronics.

Conductive fibrous materials are fabricated by the
electroless silver (Ag) or nickel (Ni) plating onto the surfaces
of chemical and/or natural fibers.’] Although the electroless
plating process is a useful tool for the deposition of metallic
films onto the surfaces of nonconductive materials, it has
a high cost when used for the uniform deposition of metallic
film on fibrous materials owing to expensive processes and
the price of the Ag and Ni. Furthermore, poor electrical
conductivity and mechanical endurance against external
deformation can occur in conductive fibrous materials
which undergo electroless plating. Another well-established
method is polymer coating, in which individual fibers are
uniformly coated with a smooth and coherent layer of
conductive polymers.”!! However, the electrochemical sta-
bility of polymer-coated conductive fibrous materials decays
with age.'” Recently, conductive carbons, such as carbon
nanotube (CNT) and graphene, as well as activated carbon
have been used in the production of conductive fibrous
materials with reliable electrical conductivity and electro-
chemical endurance,>"*! but their uses are mostly limited to
electrodes in energy storage devices owing to their compli-
cated processing and the high cost of CNT and graphene.
Accordingly, a new process using inexpensive source materi-
als that are also capable of high electrical conductivity is
necessary for the simple production of versatile fibrous
materials with excellent electrical properties and good
mechanical endurance.

Aluminum (Al) is one of the most suitable metals owing
to its advantages of high electrical conductivity at a low cost,
so that its application to the low-cost production of fibrous
materials with excellent electrical conductivity and mechan-
ical endurance is very attractive."*'"1 However, the Gibbs free
energies pertaining to the oxidation of Al and the reduction of
aluminum ions (AP’") are extremely low and quite high,
respectively, such that the deposition of Al film on the surface
of a nonconductive material is rarely achieved by processes
other than vacuum deposition. However, the vacuum depo-
sition method is an expensive process requiring a vacuum
chamber and other devices related to the vacuum, as well as
requiring a large amount of energy to maintain the vacuum
chamber at a low pressure and there is also a great loss of the
source materials involved (less than 30% of the source
materials is deposited on the target surface), signifying that
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the use of the vacuum
deposition process is
not optimal as a low
cost means to prepare
fibrous materials with
excellent electrical con-
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ALO; or AP is difficult
to achieve by a physical
or chemical process
because of the
extremely high energy
required for this type of
reduction.  However,
pure Al can be chemi-
cally prepared if an alu-
minum composite
which is easily decom-
posed into Al and other
chemicals is prepared
by the reaction of alu-
minum salts with other metallic salts consisting of a metal
with a reduction energy higher than that of Al. Equation (1)

Fiber unit By

AICL, + 3LiAlH, — 4 AIH, + 3LiCl — 4 Al + 6 H, + 3LiCl (1)

shows the chemical production of an Al precursor composite
by a reaction of Al and Li salts and the further formation of
pure Al by the decomposition of the produced Al precursor
composites. This reaction has been very effectively applied to
the preparation of pure Al materials.'”?*! In particular, Al
films were successfully prepared on a substrate by a solution
process using the reaction in Equation (1)"7?*% despite the
fact that several complicated or expensive steps are necessary
when using a solution process for the preparation of highly
conductive Al films. Although the solution-stamping (SST)
process introduced in our previous studies!'’?? is applicable to
the preparation of a small-area Al film on a substrate, a large-
area Al film is hard to prepare by the SST process because of
bubble type defects stemming from its very complicated
process. Therefore, the previously introduced solution pro-
cesses are not adequate for the simple preparation of highly
conductive fibrous materials.

Herein, we suggest a new chemical solution (CS) process
for the direct deposition of densely structured Al features
onto every single fiber in the fibrous material by the
decomposition of an Al precursor composite without
a vacuum deposition method. This approach was experimen-
tally confirmed to be effective as a simple and low-cost
fabrication process of highly conductive paper and textiles
coated and packed with densely structured Al films and
aggregates at room temperature.

Figure 1 shows a schematic diagram of our CS process.
Because moisture absorbed in fibrous materials, such as paper
and thread, causes the generation of non-conductive alumi-
num hydroxide (Al(OH);) and aluminum oxide (ALQO;), the
moisture was removed before the CS process was performed.
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Figure 1. Schematic representation of the chemical solution (CS) process for fabrication of highly conductive Al
fibrous materials by immersing the catalytically pre-treated fibrous materials into an Al precursor composite
(AIH;{O(C4H,),}) solution at room temperature.

The decomposition of AlH; into Al and 1.5 H, occurs at about
165°C"! hence, the chemical preparation of Al cannot be
performed at room temperature without a catalyst that
decreases the activation energy of the decomposition process.
The catalytic pretreatment of a fibrous material is thus
a critical step for the fabrication of conductive fibrous
materials at room temperature. We exposed the dried paper
and thread to the fumed catalyst titaniumisopropoxide (Ti(O-
iPr),) for about 10 min and subsequently immersed them into
an Al precursor composite solution of AIH;{O(C,H,),}, which
was prepared by reaction of aluminum chloride (AICL;) with
lithium aluminum hydride (LiAlH,) in dibutyl ether (O-
(CHy),), for about 4 h. Unlike the SST process (described in
Supporting Information S1), the Al precursor composite
solution of AIH;{O(C,H,),} easily penetrates deeply into
fibrous materials. As a result, the decomposition of AIH;{O-
(C4H,),} into Al, H,, and O(C,Hy), occurs at all of the fiber
units. The nucleation of Al starts to occur on the surfaces of all
of the fiber units at room temperature, and the nucleated Al
grows eventually larger enough to cover the surface of each
fiber unit and to fill the spaces among the fiber units. Detailed
methods of the preparation of an Al precursor composite
solution and the catalytic treatment of the substrate are
described in Supporting Information S2.

Figure 2a and b show the CS-processed paper and cotton
thread, showing the microstructure and chemical elements of
Al and carbon (C) as analyzed by means of SEM and energy
dispersive spectroscopy (EDS) mapping. These figures clearly
show that the white paper and the cotton thread become
metallic gray after the CS process. An X-ray diffraction
(XRD) analysis of the CS-processed paper revealed that the
metallic gray materials were in good agreement with the FCC
crystal structure of Al (see Supporting Information S3). On
the paper and the thread, which consist of small cellulose fiber
units (cross-section diameter of ca. 10 um), the Al precursor
composite solution behaves wholly differently than on a rigid
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features formed on
and among fiber units
may be easily dam-
aged by moisture and
oxygen. Thus, it was
necessary to investi-
gate the electrical and
mechanical properties
of the CS-processed
fibrous materials as
well as their long-

term stability.
Figure 3 shows the
electrical resistances

of the CS-processed
Al papers and threads
with their immersion
times in the Al pre-
cursor composite solu-
tion. The CS-pro-
cessed paper and
thread show excellent
electrical  properties
with an electrical
sheet resistance

Figure 2. a) Paper substrate, 1) raw paper substrate before CS process, 2)

structure of CS-processed paper, 4) magnified microstructure of image (3

paper substrate and its mapping image for aluminum (Al) and carbon (C
processed paper and its mapping image for Al and C. b) cotton thread, 1) raw cotton thread before CS process,
2) CS-processed cotton thread, 3) surface microstructure of the CS-processed cotton thread, 4) magnified micro-
structure of image (3), 5) cross section microstructure of raw cotton thread and its mapping image for Al and C,
6) cross-section microstructure of CS-processed cotton thread and its mapping image for Al and C; red dots C and

purple dots Al.

substrate. A rigid substrate is impermeable to the Al
precursor composite solution whereas paper and thread can
soak up the precursor solution into the fibrous structure. Thus,
the formation of Al films and aggregate materials occur both
on the surface and inside the fibrous materials, unlike the SST
process, in which the Al film forms only on the substrate
surface. As shown in the microstructures of the CS-processed
paper (Figure 2a: parts 3, 4) and thread (Figure 2b: parts 3,
4), densely structured Al films and aggregates consisting of
very fine Al particles (ca. 10 to 300 nm) were formed on every
fiber unit of the fibrous materials. This was confirmed by the
EDS mapping results for raw and CS-processed fibrous
materials (Figure 2). Because the main component of the
paper substrate and the cotton thread is cellulose, only carbon
(Figure 2, red dots) was detected in the EDS mapping images
of the raw fibrous materials, however, after the CS process,
both C and Al (purple dots) were well distributed throughout
the cross-sections of fibrous materials. It was also experimen-
tally confirmed that the other types of fibers, such as polyester
thread, could also undergo the preparation of highly con-
ductive Al fibers by the CS process (Supporting Informa-
tion S4).

Because paper and thread consisting of numerous small
fiber units are extremely hygroscopic, densely structured Al
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(ESR) of less than
250 mQ/[J (less than
ca. 25 mQ/[] for the
paper prepared
under the optimized
conditions) and elec-
trical linear resistance
(ELR) of less than
30 Q/10 cm (less than
ca. 2Q/10 cm for the
Al thread prepared under the optimized conditions), respec-
tively. These are superior to SST-processed Al paper (ca. 2 Q/
)" or commercialized conductive thread (ca. 1000 &/
10 cm). LED lamps connected by all of the CS-processed Al
papers and threads flashed well when a DC current was
applied. Furthermore, their electrical resistances showed an
initial decrease but afterward showed stable values as the
immersion time of the paper and thread into the Al precursor
composite solution increased. The electrical resistance of
a densely structured conductive film is inversely proportional
to its thickness. As shown in Figure 2, fibrous materials, such
as paper and thread, have highly porous structure, therefore,
the thickness of conductive film increases and reaches to
a stable value once the conductive film fully fills all the spaces
in the fiber units. Accordingly, the improvement of electrical
properties of the CS-processed Al paper and thread result
from the densely structured Al films formed on the fiber units
becoming thicker with increasing immersion time. (Methods
for investigating electrical properties of CS-processed Al
paper and thread are described in Supporting Informa-
tion S5.)

The mechanical properties of the CS-processed Al paper
and thread were investigated by performing bending and
cyclic folding tests (the test methods are explained in

) cross-section microstructure of raw
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Figure 3. Electrical properties of Al processed paper and cotton thread.
a) Electrical sheet resistance (ESR) of CS-processed Al paper versus
immersion time in the Al precursor composite solution. b) Electrical
linear resistance (ELR) of CS-processed cotton thread versus immer-
sion time in the Al precursor composite solution. Insets: LED lamps
connected to the CS processed Al paper and thread, respectively.

Supporting Information S6). Figure 4a shows the normalized
ELR when CS- and SST-processed Al papers with a size of
50 mm (L) x 5 mm (W) were bent to a 0.5-40 mm radius (R,).
All the CS-processed Al papers showed the very stable
electrical resistances regardless of the bending radius. Fur-
thermore, the Al paper bent at R, of 0.5 mm appeared to be
nearly folded (Supporting Information S6). Nevertheless, the
ELR, as measured after the bending tests for all of the CS-
processed Al papers, rarely changed from the initial values (<
~1.5 Q) of the flat Al papers. The SST-processed Al paper
bent at R, of 5-40 mm was also very stable, but bent at R, of
0.5 mm it showed a twofold increase of electrical resistance.
Deterioration of electrical conductivity after the bending test
is mainly caused by damage to the conductive features."”
Optical microscopy (OM) of the samples bent at R, of 0.5 mm
confirmed that many cracks were present in SST-processed Al
paper, while no cracks were observed in the CS-processed Al
paper (Supporting Information S7). These results indicate
that the CS-processed Al paper is stable against external
deformation, but the SST-processed Al features on the paper
are too thin to have be stable enough against folding
deformation.

Unlike the paper, the CS-processed thread was very
slender and wavy such that a bending test was not a proper
assessment method for it. Thus, a cyclic folding test was
conducted to investigate its mechanical properties, and this
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Figure 4. a) ESR change of CS-processed Al paper under bending
radius and their comparison to that of the SST-processed Al paper.

b) ELR change of CS-processed Al threads during the 50-times
intensive cyclic folding test. Electrical resistances of c) CS-processed Al
papers and d) threads before and after an accelerated test of their long
term stability. CRT =corrosion resisting testing.

result is shown in Figure 4b. Although the cyclic folding test
was highly intensive (one cycle of a folding test involved the
folding of the Al thread to + 180°, folding it back to 0°,
refolding it to —180°, and then folding it back to 0° again,
Supporting Information S6), the ELR of the CS-processed Al
thread increased by a factor of 1.45-1.55 after 50 cycles of
folding deformation. Optical microscopy (Supporting Infor-
mation S8) showed minor damage at the folded part of the Al
thread, not present before the folding test. However, the
minute damage is only on the surface of the Al thread, which
is also filled with densely structured Al features. Therefore,
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a serious deterioration of the electrical conductivity was not
caused by the intensive folding test. In particular, considering
its initial very low ELR (< 1.3 Q), the CS-processed Al thread
maintained good electrical conductivity throughout the
intensive folding tests. These findings indicate that the Al
features are not easily damaged by bending and folding
deformation.

The long-term stability of the CS-processed Al paper and
thread against oxygen and moisture was evaluated by
measuring their electrical resistances after they were stored
in a harsh environment with a relative humidity of 80 % and
a temperature of 80°C for 4-128 h (Figure 4c and d). The
electrical resistances of the CS-processed Al paper and thread
had initial values of approximately 20 mQ/[] and 1.6 Q/
10 cm, respectively, and increased by factors of somewhat less
than 1.25 and 1.07 after they were stored in the harsh
environment for a week (final values of ca. 25 mQ/[] and ca.
1.7 Q, respectively). Thus the effects of oxygen and moisture
on the electrical properties of the CS-processed Al paper and
thread were marginal. The reaction of Al with oxygen and/or
moisture is so active that a thin Al oxide layer (3-10 nm)
always exists on the surface of Al films. Once the Al oxide
layers are formed, the oxidation or hydroxylation of Al films
does not show any further significant progress.'”*?! Because
the CS-processed Al paper and thread consist of fiber units
with very densely structured Al films we believe that they are
capable of long-term stability even in harsh environments.

An electric circuit board can easily be fabricated by
trimming the CS-processed Al paper and attaching it to
a substrate. Furthermore, an electric circuit on a fabric
substrate for wearable electronics can be prepared by
stitching with the CS-processed Al threads. Figure 5a shows
a LED lamp mounted on electric circuits fabricated by
attaching the trimmed Al paper on a name card, showing
excellent flexibility. As the CS-processed Al paper had
excellent electrical conductivity, the LED lamp flashed on
as DC current was applied, and continued flashing even after

White LED
\ L

Al'paper

Blue LED__ =
-z

F

Alpaper—_
Al thréad,

Fabrici—,

Figure 5. Photos of LED lamps mounted on a simple electrical circuits
prepared by attachment of the trimmed Al conductive papers on

a paper substrate (a) and by attachment of trimmed Al conductive
paper to a cotton fabric and connecting between the attached Al
conductive papers using the backstitched Al conductive thread (b).
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large bending deformation. Figure 5b shows a very simple
electric circuit consisting of four trimmed Al papers and two
backstitched Al threads. The trimmed Al papers were glued
onto the surface of a cotton substrate and were connected by
backstitched Al threads. Despite fact that the backstitched Al
threads were twisted several times, a blue LED lamp flashed
well when DC current was applied to the circuits. Further-
more, to demonstrate the scalability of this current technol-
ogy to larger paper ([] 100 mm x 100 mm) and cotton textile
(O 50 mm x 50 mm) substrates, it was experimentally con-
firmed that large pieces of Al-coated conductive paper and
cotton textile with excellent electrical conductivity levels (the
electrical sheet resistance levels of the Al paper and cotton
textile materials are 19 m€/[] and 43 mQ/[], respectively,
Supporting Information S9) could be easily reproduced by the
CS process.

In conclusion, we applied a new chemical solution (CS)
process to the preparation of highly conductive Al fibrous
materials (textile and paper) for the creation of electric
circuits for flexible and wearable electronics at room temper-
ature. The CS-processed fibrous materials were observed to
be fully coated and packed with densely structured Al
features, and their comparison to materials prepared by
other solution processes revealed that the CS process was
superior for the preparation of Al fibrous materials with high
electrical conductivity and mechanical endurance against
serious bending and folding deformations. These excellent
electrical and mechanical properties were also confirmed
through simple electric circuit demonstrations even during
serious bending and folding deformation. Moreover, the
highly conductive fibrous materials coated and packed with
densely structured Al features were easily scaled up for large-
area flexible and wearable electronic devices. Accordingly, we
expect that the simple and low-cost CS process introduced
herein will make great contributions to the development of
improved electric circuits and electrodes for flexible and
wearable electronics and advanced electromagnetic interfer-
ence (EMI) shielding materials as well.

Received: March 8, 2013
Published online: June 7, 2013

Keywords: aluminum - conductive fibrous materials -
flexible electronics - solution process - wearable electronics

[1] S. Ju, A. Facchetti, Y. Xuan, J. Liu, F. Ishikawa, P. Ye, C. Zhou,
T. J. Marks, D. B. Janes, Nat. Nanotechnol. 2007, 2, 378 -384.

[2] M. Berggren, D. Nilsson, N. D. Robinson, Nat. Mater. 2007, 6,3 -
5.

[3] Y. Sun, J. A. Rogers, Adv. Mater. 2007, 19, 1897-1916.

[4] M. A.M. Leenen, V. Arning, H. Thiem, J. Steiger, R. Ansel-
mann, Phys. Status Solidi A 2009, 206, 588 —-597.

[5] D.-H. Kim, Y.-S. Kim, J. Wu, Z. Liu, J. Song, H.-S. Kim, Y. Y.
Huang, K.-C. Hwang, J. A. Rogers, Adv. Mater. 2009, 21, 3703 -
3707.

[6] P. Andersson, D. Nilsson, P--O. Svensson, M. Chen, A. Malm-
strom, T. Remonen, T. Kugler, M. Berggren, Adv. Mater. 2002,
14, 1460—-1464.

[7] E. Eder, H. Klauk, M. Halik, U. Zschieschang, G. Schmid, C.
Dehm, Appl. Phys. Lett. 2004, 84, 2673 -2675.

Angew. Chem. 2013, 125, 7872-7877


http://dx.doi.org/10.1038/nnano.2007.151
http://dx.doi.org/10.1038/nmat1817
http://dx.doi.org/10.1038/nmat1817
http://dx.doi.org/10.1002/adma.200602223
http://dx.doi.org/10.1002/pssa.200824428
http://dx.doi.org/10.1002/adma.200900405
http://dx.doi.org/10.1002/adma.200900405
http://dx.doi.org/10.1002/1521-4095(20021016)14:20%3C1460::AID-ADMA1460%3E3.0.CO;2-S
http://dx.doi.org/10.1002/1521-4095(20021016)14:20%3C1460::AID-ADMA1460%3E3.0.CO;2-S
http://dx.doi.org/10.1063/1.1690870
http://www.angewandte.de

[8] D. Meoli, T. May-Plumlee, J. Textile Apparel Technol. Manage-
ment 2002, 2, 1-12.

[9] A. Varesano, A. Aluigi, L. Florio, R. Fabris, Synth. Met. 2009,
159, 1082 -1089.

[10] R. V. Gregory, W. C. Kimbrell, H. H. Kuhn, Synth. Met. 1989, 28,
823.

[11] J. H. Zhu, X. Zhang, N. Haldolaarachchige, Q. Wang, Z. P. Luo,
J. Ryu, D. P. Young, S. Y. Wei, Z. H. Guo, J. Mater. Chem. 2012,
22, 4996 —5005.

[12] H.S. Lee, J. Hong, Synth. Met. 2000, 113, 115-119.

[13] G. H. Yu, L. B. Hu, M. Vosgueritchian, H. L. Wang, X. Xie, J. R.
Mcdonough, X. Cui, Y. Cui, Z. N. Bao, Nano Lett. 2011, 11,
2905-2911.

[14] L. B. Hu, M. Pasta, F. La Mantia, L. F. Cui, S. Jeong, H. D.
Deshazer, J. W. Choi, S. M. Han, Y. Cui, Nano Lett. 2010, 10,
708-714.

[15] L. Bao, X. Li, Adv. Mater. 2012, 24, 3246 -3252.

gngewandte
Ch

[16] A.C. Siegel, S. T. Philips, M. D. Dickey, N. Lu, Z. Suo, G. W.
Whitesides, Adv. Funct. Mater. 2010, 20, 28 - 35.

[17] H. M. Lee, H. B. Lee, D. S. Jung, J.-Y. Yun, S. H. Ko, S. B. Park,
Langmuir 2012, 28, 13127 -13135.

[18] F. M. Brower, P.F. Reigler, H. W. Rinn, C. B. Roberts, D. L.
Schmidt, J. A. Snover, K. Terada, J. Am. Chem. Soc. 1976, 98,
2450-2453.

[19] J. A. Haber, W. E. Buhro, J. Am. Chem. Soc. 1998, 120, 10847 —
10855.

[20] R.J. Jouet, A.D. Warren, D. M. Rosenberg, V. J. Bellitto, K.
Park, M. R. Zachariah, Chem. Mater. 2005, 17, 2987 —2996.

[21] D. M. Frigo, G. J. M. van Eijden, Chem. Mater. 1994, 6, 190-195.

[22] H. M. Lee, S.-Y. Choi, K. T. Kim, J.-Y. Yun, D. S. Jung, S. B. Park,
J. Park, Adv. Mater. 2011, 23, 5524 -5528.

[23] Z. Shen, Y. Matsuki, T. Shimoda, J. Am. Chem. Soc. 2012, 134,
8034 -8037.

Angew. Chem. 2013, 125, 78727877

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

emie

7877


http://dx.doi.org/10.1016/j.synthmet.2009.01.036
http://dx.doi.org/10.1016/j.synthmet.2009.01.036
http://dx.doi.org/10.1016/0379-6779(89)90610-3
http://dx.doi.org/10.1016/0379-6779(89)90610-3
http://dx.doi.org/10.1039/c2jm14020a
http://dx.doi.org/10.1039/c2jm14020a
http://dx.doi.org/10.1021/nl2013828
http://dx.doi.org/10.1021/nl2013828
http://dx.doi.org/10.1021/nl903949m
http://dx.doi.org/10.1021/nl903949m
http://dx.doi.org/10.1002/adma.201200246
http://dx.doi.org/10.1002/adfm.200901363
http://dx.doi.org/10.1021/la302479x
http://dx.doi.org/10.1021/ja00425a011
http://dx.doi.org/10.1021/ja00425a011
http://dx.doi.org/10.1021/ja981972y
http://dx.doi.org/10.1021/ja981972y
http://dx.doi.org/10.1021/cm048264y
http://dx.doi.org/10.1021/cm00038a015
http://dx.doi.org/10.1002/adma.201102805
http://dx.doi.org/10.1021/ja301956s
http://dx.doi.org/10.1021/ja301956s
http://www.angewandte.de

