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Here, we describe the high conductivity in a molecular charge-
transfer hydrocarbon both as a bulk solid and films. In particular, the
high electrical conductivity (~30 S cm™?) and transparency (~ 80%)
of the TTF—TCNQ thin film allowed us to develop its application
in all-organic freestanding photodetectors. More importantly, the
fabricated TTF—TCNQ thin film can be used as a lithium-ion battery
electrode with a specific capacity of ~250 mA h g™,

Metallic conduction in conjugated polymers has been extensively
studied in poly(3,4-ethylenedioxythiophene, (PEDOT)) doped with
poly(4-styrenesulfonate, (PSS)), polyaniline, and polypyrrole."™
Although numerous potential applications are emerging, the
tremendous influences of molecular packing and intentional
doping are still a matter of discussion. Up to now, it is still a
challenge to synthesize high-performance metallic polymers due
to their complex synthetic procedures with low yields. Secondly,
achieving high conductivity is confined to chemical doping
which can reversely affect the stability of the polymer materials.
Thirdly, the macromolecular backbone structure of conjugated
polymers usually provides poor transparency at the visible
range.” To address these challenges, molecular metals have been
reported in certain charge-transfer (CT) salts,”” in which the counter
ions can stabilize the charge carriers and strong molecular
interaction can be generated simultaneously.

Metallic conduction in molecular aromatic hydrocarbon
materials, as a new class of electronic solids, requires strong
intermolecular orbital interaction between the molecules and
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high carrier density.>® It was found that the metallic conduc-
tivity of molecular salts is associated with their crystal struc-
tures, m-electron overlap, and charge-transfer interactions.'®
Depending on the nature of the interaction between the elec-
trons, a quasi-one-dimensional system may exist in different
electronic states."’ Extensive efforts have been devoted to
studying molecular metal tetrathiafulvalene-tetracyanoquino-
dimethane (TTF-TCNQ), in which the electrons in the highest
occupied molecular orbital (HOMO) of the TTF donor molecule
are transferred to the lowest unoccupied molecular orbital
(LUMO) of the TCNQ acceptor.”>™® As a result, the TTF and
TCNQ chains behave as a quasi-one-dimensional electronic
system which shows metallic conductance along the n-overlap
stack (b-axis), in a wide temperature range from room tempera-
ture down to 54 K where the Peierls transition is observed.
While the low work function of TTF-TCNQ makes it suitable as
a contact material, a strongly anisotropic electrical conductivity
along the g-axis and b-axis of the pseudo-one-dimensional TTF-
TCNQ metal makes it challenging for use in electronics.'®>?
Here, we report high conductivity in a molecular TTF-TCNQ
solid, in which the pressure-dependent packing structure is
studied with regard to the electronic conductivity. A high
electrical conductivity (~30 S em™') and transparency
(~80%) of the TTF-TCNQ thin films, as well as a low contact
resistance with the conjugated polymers, enable the develop-
ment of all-organic freestanding photodetectors with a low bias
voltage, suggesting its application potential for transparent
molecular electronics. The transparent TTF-TCNQ electrode
further enables reversible Li storage, as a new type of anode
material for lithium-ion batteries with a specific capacity of
~250 mAhg.

The choice of TTF donor and TCNQ acceptor molecules is
motivated by the synthesis of organic metallic crystals (Fig. 1a),
where a low contact resistance at the organic interface is
indispensable to enable organic electronics. The TTF-TCNQ
crystal comprises uniformly segregated and parallel stacks of
TTF and TCNQ with the n-n molecular orbitals being primarily
overlapped along the stacking direction, leading to 1D metallic
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Fig. 1 (a) The schematic diagram for the fabrication of the TTF-TCNQ
bulk samples. (b) The SEM image of the TTF-TCNQ pellet and the stacking
structure of the TTF-TCNQ cocrystals. (c) The Raman spectrum of the
TTF-TCNQ crystals. (d) The XRD data of the TTF-TCNQ crystal under
different temperatures.

transport behavior. The overlap of the r orbitals along the stack
direction causes a giant anisotropic conductivity. This unique
molecular stacking structure enables the TTF-TCNQ to exhibit a
record room-temperature high conductivity in molecular materi-
als. The as-grown TTF-TCNQ single crystals are then ground and
pressed to prepare a solid pellet with a diameter of 10 mm. The
structural morphology and chemical composition mapping of the
pellet were investigated using scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDS, Fig. 1b),
which suggests the uniform distribution of the TTF-TCNQ cocrys-
tal. The characteristic principal vibration modes at 1202 cm ™"
(C=CH bending), 1412 cm ™ *(C-CN wing stretching), 1603 cm™*
(C=C ring stretching), and 2208 cm ™" (CN stretching) confirm
the presence of the TTF and TCNQ phases in the pellet (Fig. 1c).*?
In situ temperature-dependent synchrotron X-ray powder diffrac-
tion suggests the stability of the TTF-TCNQ crystal pellet from
298 K to 438 K (Fig. 1d), while the molecular ordering gradually
decreases as the temperature is raised further.

In addition, pressure, as one of the thermodynamic variables,
can drastically alter the lattice and electronic configuration of
the TTF-TCNQ crystals. As shown in Fig. 2a, we apply synchro-
tron X-ray diffractometry to monitor the crystal structure of TTF-
TCNQ under different pressures through uniaxial compression,
suggesting the pressure effect on the enhancement of molecular
ordering and electronic density.>* The resistances of the pellets
under different pressures are measured in a *He cryostat with
the temperature range from 300 K to 4.2 K (Fig. S1, ESIt). The
pressure dependence influences the interaction of the electronic
wave functions between TTF and TCNQ, which can increase the
overlap of the m-m molecular orbitals to alleviate the quasi-one-
dimensional conductivity of TTF-TCNQ.'®** The conductivity
increases on raising the uniaxial compression, which provides
a powerful tool to study the dominant microscopic interaction
that drives the anisotropic overlapping integrals between the
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Fig. 2 (a) The XRD data of the TTF-=TCNQ crystal under different pres-
sures. (b) The /-V curves of the TTF-TCNQ bulk samples at different
temperatures.

adjacent molecules. In addition, the pressure induced modula-
tion of the charge transfer ratio between TTF and TCNQ can
lead to the commensurability of the charge density wave due to
the molecular structure packing.>®*” In addition, the resistivity
of the solid does not show the temperature-dependent or
thermal stress induced hysteretic behavior. All samples show
a consistent Peierls transition at ~54 K (Fig. S1, ESI{), where
the resistivity increases sharply. The measurement of the
temperature-dependent resistivity of the TTF-TCNQ pellets is
of particular interest, while it is essential to employ the four-
terminal configuration (Fig. 2b). The resistivity of the TTF-TCNQ
pellets ranges from 5.5 x 107° Q cm to 4.5 x 107> Q c¢cm on
decreasing the temperature from 300 K to 100 K, respectively.
The resistivity of the TTF-TCNQ solids is observed to gradually
increase with decreasing the temperature, suggesting that the
charge transport is dominant by thermally activated hopping.
The lack of flexibility in these molecular crystal powders
made it challenging to determine its electronic performance in
all-organic electronics. The thin film morphology of the TTF-
TCNQ crystals could demonstrate the unique highly conductive
feature, optical transparency and low contact resistance with
conjugated polymers. Therefore, we evaluate how the charge-
transfer nature of the transparent TTF-TCNQ thin films can
affect its transport behaviors. The growing thickness of the thin
films from 100 nm to 1000 nm, through the evaporation of the
TTF-TCNQ single crystals, consists of highly oriented and
strongly textured microcrystals composed of high-aspect-ratio
nanowires (Fig. 3a, b and Fig. S2, S3, ESIt). The XRD pattern for
a typical TTF-TCNQ thin film exhibits (00/) reflection, indicat-
ing the (002) molecular planes (ab-planes) of the films aligned
parallel to the substrate surface (Fig. S4, ESIT). The TTF-TCNQ
films with different thicknesses have a similar preferential
growth orientation revealed by XRD, although the morphology
of the thin films with different thicknesses is different due to
the different evaporation temperature during the growth pro-
cess. Fig. 3c presents the transmittance spectra of the TTF-
TCNQ thin films, on which the transmittance is decreased from
93% to 36% at 550 nm wavelength with increasing the film
thickness from 100 nm to 1000 nm. The thickness dependent
electrical conductivity of the TTF-TCNQ films is shown in
Fig. 3d. The conductivity is observed to gradually increase with
increasing the thickness below 200 nm, while the transmittance is
observed to decrease with increasing the thickness. The optimum
TTF-TCNQ thin films have a conductivity of 30 S cm™' and
transmittance of ~80% at 550 nm wavelength. When compared
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Fig. 3 (a and b) The SEM images of the TTF-TCNQ film with different
thicknesses (100 nm for a and 300 nm for b). (c) The transmittance of
the TTF-TCNQ film with different thicknesses (from 100 nm to 1000 nm).
(d) The thickness dependent transmittance at 550 nm and the thickness
dependent conductivities of the TTF-=TCNQ film.

Thickness (nm)

with other materials used for transparent electrodes, the perfor-
mance of TTF-TCNQ is about equivalent to other materials with
high transparency and high conductivity.*

For the highly conductive TTF-TCNQ thin films with the opti-
mum electric conductivity and transmittance, the temperature-
dependent resistivity is studied in the range between 20 K and
298 K based on the four-terminal configuration (Fig. 4a). The
resistivity is observed to gradually decrease with an increase in
the temperature, suggesting that the charge transport is domi-
nated by thermally activated hopping probability within the
TTF-TCNQ films. It should be noted that the Peierls transition
(54 K) of the TTF-TCNQ films does not change over the TTF-
TCNQ bulk crystals (Fig. S5, ESIT). The resistivity of the TTF-
TCNQ film decreases from 2900 Q cm to 0.033 Q cm with the
temperature increasing from 100 K to 298 K. The conductivity of
the bulk TTF-TCNQ is higher than that of the TTF-TCNQ thin
films, which is mainly due to the existing grain boundaries in the
film samples.

The highly conductive and transparent TTF-TCNQ thin
films show great potential for the development of all-organic
freestanding electronics.”® We fabricate flexible photodetectors
consisting of the freestanding organic conjugated polymer
poly(3-butylthiophene-2,5-diyl)-C¢, charge transfer complex
(Pth-Cgo) nanosheet and transparent TTF-TCNQ electrode. The
current-voltage (I-V) characteristics measured in the dark and

a 5000, 4
1 — 10 mW/cm?
__ 4000 3 TTF-TCNQ film 2 3|l—s8mweme
g 3000) g & b— 6 mWiem?
c O g 2— 4 mW/cm?
12000 E 2 — Dark
& 1000 * g1
o E
L=
0 5 0
2 0

5‘?’emp1éspatur§5(0K) 0123 \‘/"(3)6 89

Fig. 4 (a) The temperature-dependent resistivity and conductivity of the
TTF-TCNQ film with optimum transparency and conductivity. Inset: the
photograph of the TTF-=TCNQ film. (b) The current density—voltage curves
of the all-organic photodetector under light illumination with different
intensities.
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under illumination with a white light source at different power
intensities are shown in Fig. 4b. The maximum responsivity of
the photodetector (334 mA W ') can be calculated using the
following equation: R = I,,/PS, where I, is the photocurrent, P is
the incident light intensity, and S is the effective area of the
device. The on-off photoresponse cycles of the flexible photo-
detector are shown in Fig. S6 (ESIf), which exhibits a high
current on/off ratio of ~21, and high response speed (300 ms).
As a comparison, the control photodetector is shown using the
freestanding conjugated polymer Pth-Cq, nanosheet and ITO
electrode (Fig. S7, ESIT), the maximum responsivity of which is
about 293 mA W™, The results reveal that the performance of
the devices with the TTF-TCNQ thin film electrode is compar-
able or even better than that of the devices with an ITO electrode.

The profound high conductivity of the molecular TTF-TCNQ
film shows its promising lithium storage capability, as a
binder-free and carbon conductor-free electrode in a lithium-
ion battery. The TTF-TCNQ anode is observed to store lithium
ions reversibly at the voltage window between 0.005 V and 3.0 V
at a current density of 20 mA g~ * for 92 cycles (Fig. 5a). The first
cycle of discharge has a capacity of 1026 mA h g™, while the
discharge capacity diminishes to 348 mA h ¢~ ' in the second
cycle and becomes stable at 220 mA h g~ ' after 9 cycles (Fig. 5a).
The decrease in capacity for the first several cycles is attributed
to the formation of a solid electrolyte interphase (SEI), resulting
in some irreversible lithiation at low potential. After 90 cycles,
the discharge specific capacity still remained 250 mA h g™,
even higher than the capacity at the 9th cycle (220 mA h g™ ),
which may contribute to the expanded layer structure of TTF-
TCNQ to store more lithium ions. When compared with other
organic anode materials in lithium-ion batteries, TTF-TCNQ is
one of the state-of-art anodes for lithium-ion batteries in terms of
small organic molecules (Table S1, ESIt). The voltage-discharge/
charge profile reveals the lithium ions interacting with TTF-
TCNQ (Fig. 5b). Flat plateaus in the first discharge appear at
2.2 'V, suggesting redox reactions with the lithium ions probably
taking place on the redox functional groups instead of the
phenyl rings.*® On the other hand, the voltage-discharge profiles
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Fig. 5 (a) Cycle performance of the lithium-ion battery using TTF-TCNQ
as the anode. (b) The discharging/charging curves of the lithium-ion
battery using TTF-TCNQ as the anode. (c) The Raman spectra of the
TTF-TCNQ film at different stages of Li intercalation. (d) The schematic
diagram of the Li ion storage.
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in the 2nd and 90th cycles presented no plateaus, implying the
possible lithiation in the layer structure among the phenyl
rings.*' To further confirm the redox reactions position of the
TTF-TCNQ-Li interaction, Raman spectroscopy has been used to
identify the vibrational modes resulting from different chemical
bonds between the Li atoms and TTF-TCNQ complexes. The
Raman spectra at different stages of TTF-TCNQ-Li intercalation
are shown in Fig. 5c. The characteristic principal vibration mode
at 1603 cm ™' (C=C ring stretching) and 1202 cm ' (C—=CH
bending) exhibits no obvious shift, while the vibration mode at
2208 cm ™' (C-CN stretching) changes upward to 2221 cm™ " at
the charge stage and backward to 2209 cm™ " at the discharge
stage, and in particular, a new vibration mode at 1337 cm™!
(C-CN wing stretching) is observed at the charge stage (Li in
state) which can be attributed to the charge transfer interactions
between the atomic Li and TCNQ. This result indicates that the
Li ions mainly intercalate into the TTF-TCNQ layer through
interacting with TCNQ, as depicted in Fig. 5d. The realization of
the quasi-one-dimensional TTF-TCNQ conductor with highly
conductive charge-transfer channels offers unprecedented versa-
tility for lithium-ion transport, which has the potential to
assemble lithium-ion batteries.

Given the similarity of highly conductive TTF-TCNQ solids
to other charge-transfer complexes, similar consideration of
highly conductive transparency and reversible Li storage capa-
bility may also hold true for the molecular layered crystals with
high charge carrier density. The virtually infinite classes of
molecular stacked conductors can provide an unprecedented
versatility to tune the electronic properties. The high electrical
conductivity of the TTF-TCNQ film with simultaneously high
transparency enables the development of all-organic freestanding
photodetectors serving as a transparent electrode. Furthermore,
our results show that high conductivity and transparency of the
TTF-TCNQ thin films have great potential for the development
of all-organic transparent freestanding electronics and anode
materials in lithium ion batteries.
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