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Abstract: Controllable and sensitive perception of environ-
mental changes is essential for the development of smart
material and device systems. Herein, a multi-stimuli sensitive
responsor has been fabricated on the base of the established
double-helix core-sheath graphene-based microfibers (GFs).
By combining the tunable conductivity and mechanical robust-
ness of GF coated with graphitic carbon nitride (GF@GCN),
a fibriform smart environmental responsor (SER) is prepared
by water-assisted GFs-twisting strategy, which can accordingly
present conductive state-dependent current responses upon
exposure to a variety of stimuli. More importantly, this SER
exhibits high current response to small perturbations induced
by temperature variations, mechanical interactions, and rela-
tive humidity changes, thereby achieving an environmental
perceptibility. Based on this finding, a multi-functional respi-
ratory monitor has been built under the stimuli of the human
breath.

M aterials that can respond to external stimulations usher in
a new era of materials science and engineering. Recently,
great effort has been made to fabricate various smart systems,
which can spontaneously respond to environmental changes
such as force, temperature, humidity, and other stimuli.l!
Among them, graphene-based smart systems have been
recognized as promising candidates to boost the high
sensitivity and reliability similar to living organisms owing
to the excellent electrical, thermal and mechanical properties
of graphene, which thus was used for diverse applications
ranging from sensors, detectors to actuators.”! Ideally, the
stimuli-responsive systems should be able to distinguish the
external stimuli and respond to each of the specific chemical
and/or physical variation. However, it is rather difficult for
traditional single stimulus responsive systems to achieve this
goal.

The boom of carbon-based fibers has presented potential
applications for next-generation wearable electronics that are
able to deform under bending, stretching, compressing, and
twisting while still maintaining performance, reliability, and
function. Potential applications include sensors for smart
skins, photovoltaic wires for energy clothes, and fibriform
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supercapacitors for fabric batteries.”! In this regard, graphene
fiber (GF) fibriform electrodes have been attracting tremen-
dous attention for years in the hopes of integrating unique
properties such as light-weight, high-strength, and electrical
and thermal conductivities of the individual nanoscale build-
ing blocks of graphene into the macroscopic ensembles.!
Moreover, the chemical modification and structural modu-
lation of GFs allows these functions to be incorporated into
graphene-based electronic devices.

In this work, we present a multi-stimulus sensitive smart
environmental responsor (SER) based on GFs, which can not
only specifically distinguish the type of external stimuli, but
also accurately detect the stimulation intensity. For this
purpose, the GF was coated with a thin layer of graphitic
carbon nitride (GCN) through electrochemical deposition
(denoted as GF@GCN), and twisted with another GF to
construct double-helix graphene fibers (DGF) with tunable
conductive states (CSs). With a CS-dependent, stimuli-
responsive current enhancement effect, the obtained DGFs
present three types of sensing modes that specifically respond
to temperature fluctuation, mechanical interaction, and
humidity variation, respectively. This process offers an eco-
friendly and low-cost fabrication of fibriform SER, which is
able to selectively detect a slight temperature change (AT =
4°C), small force (0.05N for press and 0.3 N for pull), and
trace of moisture (relative humidity, RH =3 %), with current
responsive ratios of up to about 10* for a long-term test.

The GF@GCN was prepared by electrochemical electrol-
ysis of a 0.5 mgmL~' GCN aqueous suspension containing 1m
sulfuric acid (H,SO,) on GF at an applied potential of —0.6 V
for 6 h (see Supporting Information for details). The obtained
GF@GCN presented a core-sheath structure of the GF
surrounded with a layer of GCN (Figure 1a), which had an
excellent flexibility (Figure 1b) and a diameter of approx-
imately 30 um (Figure 1c), comparable to the initial GFs
(Supporting Information, Figure S1). Furthermore, the
GF@GCN exhibited a relatively larger tensile strength than
that of the initial GF (Supporting Information, Figure S2),
indicating the deposition of GCN on GF does not impair its
intrinsic mechanical properties. During the electrolysis pro-
cess, GCN sheets (Supporting Information, Figures S3,S4)
were deposited on the surface of GFs and self-assembled into
a coating layer in accordance with the surface morphology of
GFs (Figure 1d). Moreover, the uniform decoration of GCN
is demonstrated by the identical distribution of carbon and
nitrogen elements along the whole fiber (Figure 1e,f). The
cross-section view shows an approximate 80 nm thick GCN
layer without clear interface between GCN layer and the
initial GF body (Figure 1g,h), suggesting the compact contact
of GCN with GF surface, which largely facilitates the
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Figure 1. a) lllustration and b) photo of a deliberately distorted
GF@GCN. ¢,d) SEM images of a GF@GCN and the enlarged surface
view. e, f) The element mapping of C and N for a GF@GCN. g) Cross-
section view of a GF@GCN showing the GF surrounding with a layer
of GCN. h) The edge view of a GF@GCN.

dielectric effect for the transfer of charges to form stable
microcurrents under applied voltage (Supporting Informa-
tion, Figure S5).

Based on the ideal conductivity of GF, dielectricity of the
GCN layer, and the high flexibility of GF@GCN, we built the
DGF by intertwining a GF@GCN with a GF (Figure 2a). The
obtained DGF maintains good fiber shape with excellent
flexibility and mechanical strength (Figure 2b,c; Supporting
Information, Figure S6). The double-helix structure of
GF@GCN and GF was uniform and tight (Figure 2d),
which provided effective electron transfer for the injection
of charges to form stable currents under applied voltage."
Moreover, the enlarged view of the twisted fibers presents
different brightness of GF@GCN and GF under electron
irradiation (Figure 2¢), owing to the different conductivity of
GCN and graphene.

Based on our previous work, the dielectricity of the thin
GCN layer between electrodes could be adjusted by applied
voltage.”! The contact interface of the two fibers in DGF can
be regarded as a sandwiched graphene/GCN/graphene struc-
ture (Figure 3a), where the graphene serves as electrodes and
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Figure 2. a) lllustration of DGF fabricated from intertwining GF@GCN
and GF. b, c) Photos of a DGF in free and bending state. d,e) SEM
images of the double-helix structure of GF@GCN and GF under
different magnifications.
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Figure 3. a) lllustration of the sandwich structure in the DGFs. b) -V
characteristics of the DGF with high conductive state (H-CS) and low
conductive state (L-CS) under swept voltage along the arrows from

1 to 4. c) Diagram of basic thermionic emission (TE) current and
space charge limited (SCL) current of CS «, f3, and y, respectively.

d) Experimental data and fitted lines of TE current and e) correspond-
ing illustration of heat-enhanced charge transport in CS-a. f) Exper-
imental data and fitted lines of SCL current and g) corresponding
illustration of force-enhanced charge transport in CS-f3. h) Experimen-
tal data and fitted lines of ohmic current and i) corresponding
illustration of moisture-enhanced charge transport in CS-y.

the GCN functions as a thin dielectric layer. Thus, the DGF
can also provide different conductive states (CSs) under the
control of applied voltages. As shown in Figure 3b, the CS of
DGF was controlled by a pre-treatment of swept voltages
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ranging from O to 8 V. Initially, the as-prepared DGF showed
a low conductive state (L-CS), and the current increased
progressively with the voltage increase (Figure 3b, arrow 1).
When the applied voltage exceeded a switching threshold
voltage of about 3.1V, an abrupt current increase occurred
(Figure 3b, arrow 2), indicating a transition from the low-
current state to the high-conductive state (H-CS) caused by
the dielectric loss of the dielectric layer. Once this transition
was achieved, the CS was stably retained (Figure 3b,
arrows 3,4; Supporting Information, Figure S7) until the
negative voltage was applied.

To understand this CS transform, the analysis of exper-
imental /--V data from specific voltage ranges showed that the
current of L-CS under applied voltages in range of 0 to 0.5V
(denote as CS-a) was dominated by thermionic emission (TE)
current (Supporting Information, Figure S7).” Similarly, the
analysis in Figure S8 (Supporting Information) indicated that
the current of H-CS under applied voltages in range of 0 to
0.5V and 4 to 5V were supported by space-charge-limited
(SCL) currents and electric field-enhanced SCL currents,
which were accordingly denoted as CS-f and CS-y, respec-
tively (Figure 3¢).”! Notably, the mathematic expressions of
TE current and SCL current (Supporting Information,
Figures S8,S9 and Equations S1,S3) revealed dependencies
of the current intensity and environmental parameter (for
example, temperature for CS-a), implying a CS-dependent
current response to environmental variations.

Figure 3d shows the I--V characteristic of DGF in CS-
o with a AT=4°C, where the experimental data of In (/) and
V' could be fitted to a straight line upon Equation S1,
suggesting that the heat-enhanced charge transport in CS-
a was also dominated by the TE current. Such a current is
severely limited by the lack of available free charges. There-
fore, the current enhancement can be achieved by a heating
process that can activate extra free charges, where force and
moisture can rarely enhance the current, presenting a voltaic
response to temperature change (Figure 3¢).”) Moreover, the
I--V characteristic of the DGF in CS- with pressing force of
0.05 N was observed in the plot of In (/) versus In (V) based on
Equation S3 (Figure 3 f), indicating SCL current dominated
the charge transport process, and more importantly, revealing
anegative dependency between current and electrode spacing
value (d; Figure 3 g."! This decrease of d, combining the press-
induced increase of contact area between GFs (Supporting
Information, Figure S10) and leading to more obvious current
enhancement than moisture and heat, enabled a voltaic
response to the force. Interestingly, when the DGF was
exposed to moist air, Figure 3 h displayed the plot of In (1)
versus In (V) and the fitted line with a slope of 1.06, implying
an ohmic current of DGF in CS-y. Normally, in view of the
strong electronic dielectricity, GCN coating layer is scarcely
possible to support the ohmic current, even if the ionic
polarization assisted current increase can be further enlarged
by moisture.! However, under a ultra-strong electric field
(ca. 6x10’Vm™'), the water molecular adsorbing on the
surface of GCN nanosheets were able to create extra
conductive channels to achieve an ohmic surface current
beyond the intrinsic SCL current. Therefore, despite the weak
current enhancement of forces, the DGF exhibited extremely
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enlarged currents triggered by moisture (Figure 3i), thus
providing moisture sensitivity. These results revealed that the
current responses were caused by the CS-dependent dielectric
loss of the dielectric layer, which presented various sensitiv-
ities toward external stimuli, and therefore the controllable
sensing of environmental changes.

To demonstrate the controllable sensitivities toward
environmental changes mentioned above, a DGF-based fibri-
form SER (DGF-SER) was exposed to heat, force loads, and
moist air (Figure 4a; Supporting Information, Figures S11-
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Figure 4. a) lllustration of the heat, moisture, horizontal pull, and
vertical press force loaded on the DGF. Inset: Photograph of SER
device and diagram of its operation mechanism. Scale bar=1 cm.

b) Current response, c) quantitative relationship of Al/l, versus tem-
perature, and d) stability test of the SER for the various applied stimuli
in Mode | (thermo-sensitive mode). €) Current response, f) quantita-
tive relationship of Al/l, versus Force, and g) stability test of the SER
for the various applied stimuli in Mode Il (force-sensitive mode).

h) Current response, i) quantitative relationship of Al/l, versus humid-
ity, and j) stability test of the SER for the various applied stimuli in
Mode Il (moisture-sensitive mode). The thermal, mechanical, and
moisture responses in b, d, e, g, h, and j correspond to the temper-
ature variation of 4°C, 0.05 N for vertical press, 0.3 N for horizontal
pull and 3% for RH, respectively. The applied voltages of the SER are
0.3V for Mode |, Mode Il, and 5 V for Mode Ill. Al and I, represent
the variation of current and initial current, respectively.

S13). The specific current response (current change/initial
current, Al/l)) to temperature variation (AT) was measured
with AT=4°C under applied voltage of 0.3 V when DGF was
in L-CS, where the heat caused Al/l, was approximately 80
(Figure 4b) and the signals of other stimuli (moisture and
force) were negligible (Supporting Information, Figure S14),
showing a temperature-sensitive mode (denoted as Mode I)
of the DGF-SER. The temperature-sensitivity of Mode I,
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which was defined as Al/l, caused by Al of 1°C on average,
was evaluated by the quantitative relationship of Al/l, versus
AT (Figure 4c¢), where a high sensitivity of approximately 16
per°C was seen in the temperature range of 20 to 50°C
(Supporting Information, Figure S15), indicating that the
DGF-SER was able to be used as a temperature sensor. The
durability and stability of the Model were investigated
through repeated heat-cold cycling tests between 20 and
24°C. As shown in Figure 4d, the output signals of the DGF-
SER were stably maintained without any remarkable degra-
dation despite 1000 times cycling tests, indicating a highly
reliable detection of SER for temperature variation.

Figure 4e—g shows the sensing behavior of DGF-SER in
a force-sensitive mode (Mode II). Owing to the double-helix
structure of the DGF-SER, the relatively strong horizontal
pull, which is analogous with the vertical press, can induce
a stress between GFs, and hence both press and pull could be
detected in Mode II. The Al/l, of DGF-SER under vertical
press of 0.05 N and horizontal pull of 0.3 N were tested to be
about 50 and 35 under applied voltage of 0.3 V when the DGF
was regulated to H-CS, respectively (Figure 4¢), while the
feedback to heat and moisture tests were unobservable
(Supporting Information, Figure S16). Moreover, the quanti-
tative relationship of force versus Al/l, showed linear
correlations in different regions (Figure 4 f), suggesting the
ultra-high force-sensitivity (Al/l, caused by 1 N on average)
of about 1400 per N in the low pressure range of less than
0.1 N, high force-sensitivity of about 27 per N for press and 77
per N for pull in the range of 0.1 to 1N (Supporting
Information, Figure S17). Although the DGF-SER presented
impressive force-sensitivity, the stable Al/l, of Mode II were
maintained after 1000 testing cycles (Figure 4 g). These
results demonstrated that the SER was able to sever as
a high-performance force sensor.

On the other hand, as an ideal SER, the DGF can further
function as a moisture-responsor under applied voltage of 5 V
(Mode IIT) based on its H-CS, which presented a Al/; of ca.
140 (Figure 4 h) with ARH of 3%, eliminating the interrup-
tions of other stimuli (Supporting Information, Figure S18).
The moisture-sensitivity (Al/l, caused by ARH of 1% on
average) was 23 per 1 % when the RH was less than 5 %, while
a slightly-lower moisture-sensitivity of 7 per 1 % was observed
upon environmental RH ranging from 5 to 45% (Figure 41;
Supporting Information, Figure S19). Furthermore, the dura-
tion test with RH between 0% and 3% indicated a reliable
humidity-response of DGF-SER after 1000 cycles (Figure 4j),
Therefore, the DGF-SER could be considered as a high
performance humidity sensor. More importantly, the sensi-
tivity and flexibility (Supporting Information, Figure S20) of
this DGF-SER for each stimulus was higher than or
comparable with that of other single-selective sensors."’

To explore the application of the DGF-SER, a prototype
of multifunctional body condition monitor has been devel-
oped. For instance, by simulating the vibrissa of terrestrial
animals, a bionic nasal cavity was fabricated by DGF-SER
and a commercial polyethylene (PE) tube to detect the breath
of human (Figure 5a—c). The respiratory temperature, fre-
quency, and moisture content can be monitored by calculating
the peak value and counting the number of exhalation (or

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) lllustration of the bionic nasal cavity body condition
monitor fabricated by DGF-SER and commercial PE tube with b) side
view and sectional view. c) Side view and sectional view photographs
of DGF-SER-based body condition monitor. Scale bar=2 cm. d) Mon-
itoring of human respiratory temperature, frequency and RH of relating
to body temperature, heart rate, and skin RH upon calm state, light
exercise, and strenuous exercise, respectively.

inhalation) pulses of the feedback signals upon Mode I, II,
and III of DGF-SER, respectively. As shown in Figure 5d,e,
before jogging, the calm breathing of a healthy man was warm
(34.2°C), steady (14 times per minute) and slightly moist
(with RH of ca. 23 %), corresponding a body temperature of
36.3°C, a heart rate of 59 times per minute and skin RH of
about 28%. After jogging for 5 min, the breathing was
accelerated to 18 times per minute with incidental temper-
ature of 34.6°C and RH of 30 %, accompanied by a body
temperature of 36.6 °C, a heart rate of 80 beats per minute and
skin RH of 35%. Moreover, when the jogging time was
extended to 60 min, the signals representing rapid breathing
(30 times per minute) with damp and warm exhalation (RH of
ca. 47% and 35.3°C) were observed, and the body temper-
ature (37.1°C), heart rate (121 beats per minute) and skin RH
(ca. 58%) were increased. These results experimentally
revealed that the close relevance of respiratory temperature
versus body temperature, respiratory frequency versus heart
rate, and respiratory RH versus skin RH with coefficiencies of
1.4, 4.1, and 1.2 for different body conditions (Supporting
Information, Figure S21), respectively. This simple demon-
stration revealed the great potential of DGF-SER for
monitoring body condition towards clinical diagnosis.

In summary, a unique graphene-based fibriform SER
composed of a double helix of two GFs has been newly
designed and fabricated, in which one GF is decorated with
a thin coating of modified GCN as a functional layer. The
GCN coating enabled the DGF-SER to provide three stable
CSs, which are achieved by preloading voltages, for the
selective detection of small temperature fluctuations,
mechanical interactions, and humidity variations with high
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reliability. More importantly, these controllable responses are
reliable, retaining the high sensitivity and excellent repeat-
ability of stimuli-responsive effect over time, as well as
possessing the impressive ability to recognize the type of
external stimuli. On the basis of the CS-dependent detection
of environment, a multifunctional human body monitor has
been constructed by using DGF-SER as the vibrissa in
a simulated nasal cavity to monitor human breath. This work
aims to advance the concept of a flexible, highly-sensitive
fibriform SER with integrated functions of environmental
response, identity, and monitoring. We anticipate that the
DGF-SER will be a promising candidate for applications in
future smart systems by combining advanced electronic
techniques.
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