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Humidity sensors have been widely used for humidity monitoring in industrial fields. However, the application of
conventional sensors is limited due to the structural rigidity, high cost, and time-consuming integration process.
Owing to the good hydrophilicity, biodegradability, and low cost of cellulose, the sensors built on cellulose bulk
materials are considered a feasible method to overcome these drawbacks while providing reasonable perfor-
mance. Herein, we design a flexible paper-based humidity sensor based on conductive 2,2,6,6-tetramethylpiper-
idine-1-oxyl (TEMPO)-oxidized cellulose fibers/carbon nanotubes (TOCFs/CNTs) conformal fibers network. The
CNTs are dispersed by cationic cetyl trimethyl ammonium bromide (CTAB), which introduces positive charges on
the CNTs surface. The conductive fibers are achieved by an electrostatic self-assembly process that positively
charged CNTs are adsorbed to the surface of negatively charged TOCFs. The vast number of hydrophilic hydroxyl
groups on the surface of TOCFs provide more water molecules adsorption sites and facilitate the electron transfer
from water molecules to CNTs, endowing the sensor with an excellent humidity responsive property. Besides, the
swelling of the TOCFs greatly damages the conductive CNTs network and further promotes the humidity sen-
sitive performance of the sensor. Benefiting from the unique structure, the obtained sensor exhibits a maximum
response value of 87.0% (AI/Ip, and the response limit is 100%), outstanding linearity (R2 = 0.995) between 11
and 95% relative humidity (RH), superior bending (with a curvature of 2.1 cm’l) and folding (up to 50 times)
durability, and good long-time stability (more than 3 months). Finally, as a proof of concept, the sensor dem-
onstrates an excellent responsive property to human breath, fingertip humidity, and the change of air humidity,
indicating a great potential towards practical applications.

electronics, smart textiles, electronic skin, and soft robotics [12-20].
Specifically, conductive polymer composite-based humidity sensors
with incorporated electrically conductive fillers in insulating polymer
matrixes are attracting much attention owing to their excellent flexi-

1. Introduction

In recent years, with the rapid growth of intelligent technology such
as the internet of things and human-machine interface, a variety of

devices have been developed for air quality monitoring [1-4], disease
screening and diagnosis [5-8], human motion detecting [9-11], and so
on. Humidity is one of the essential indexes of air, which is important for
industrial and agricultural production and our daily life. As a humidity
detection tool, flexible electronic humidity sensors have attracted much
attention because of their wide applications in fields of wearable
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bility, low cost, and ease of processing [21-27]. A range of polymers,
such as poly (ethylene terephthalate) [28,29], poly (ethylene-co-vinyl
acetate) [30], polyimide [31-33], poly (ethyleneimine) [34], poly
(vinylidene fluoride) [35], and silicone rubber [36], have been
demonstrated as platforms for the preparation of flexible humidity

sensors.  However, these petroleum-based polymers are
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nonbiodegradable that inevitably pose negative impacts on the envi-
ronment. To address this issue, many efforts have been dedicated to
applying biodegradable polymers, including poly(vinyl alcohol)
[37-40], polylactic acid [41], and chitosan [42,43], as the matrix for
flexible humidity sensors, while these polymers suffer from poor dura-
bility under high humidity conditions due to their partially water solu-
bility, leading to materials destruction and deterioration of the function
of the sensors.

Cellulose, the most abundant natural polymer on earth, is considered
as an ideal candidate for preparing humidity sensors because of its
excellent hydrophilicity, biodegradability, biocompatibility, and low
cost [44-49]. The mass hydroxyl groups on cellulose chains interact
with each other, forming dense hydrogen bonding networks, which
result in the insolubility of cellulose in most solvents including water
[23,50]. In terms of conductive fillers, carbon-based materials are
promising candidates owing to their high conductivity, electrical
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sensitivity, and stability [51-56]. As typical carbon-based materials,
carbon nanotubes (CNTs) offer good humidity sensitivity given their p-
type semiconductor properties, high aspect ratio, nanoscale hollow
structure, and excellent mechanical properties [57-60]. Thus, tremen-
dous efforts have been devoted to integrating CNTs with cellulose for the
design of humidity sensors, which can be classified into three categories.
(1) Embedding CNTs into regenerated cellulose matrix to obtain sensors
in forms of fiber, film, or aerogel [50,61]. These sensors can convert the
change of humidity into visual electrical signals rapidly, but the strong
base (7 wt% NaOH) and low temperature (-12 °C) were generally
required in dissolving cellulose, leading to a relatively lower producing
efficiency. Also, the sensitivity was lower than 61.0%. (2) Blending
CNTs with cellulose nanofiber (CNF) to form the CNF/CNT dual net-
works, where CNTs functioned as the conductive material, and CNF
served as the dispersant for CNTs and humidity sensitive material [62].
The excellent affinity to water vapors of CNF enabled the senor with
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Fig. 1. Schematics illustrating the formation mechanism of the conductive cellulose fibers and the fibers network structure of the obtained paper sensor. (a)
Schematic illustration of the preparation of conductive cellulose fibers by electrostatic attraction of negatively charged TOCFs and positively charged CNTs. (b)
Schematics illustration of the network of the paper sensor based on the conformal conductive TOCFs/CNTs fibers.
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enhanced humidity sensitive performance. However, due to the limited
dimension change of the CNF network under humidity conditions, the
improvement in sensitivity was still limited (lower than 70%). Mean-
while, the stability of the sensor was also unsatisfied for the practical
applications. (3) Depositing CNTs onto the surface of cellulose paper to
prepare sensors with bilayer structure. The cellulose paper layer acted as
water molecules reservoir and supporting substrate in this design
[63-65]. However, the electrical signal variation of conductive CNTs
networks arising from the swelling of cellulose fibers was insignificant
since most CNTs adhered to the paper surface, which resulted in a
relatively low humidity response of the paper sensors (lower than 65%).
Despite these achievements in cellulose-based humidity sensors design,
these sensors still face some major challenges including strict synthesis
technology and equipment as well as inadequate humidity sensitive
performance. As a result, a universal and easy to scale-up strategy for
high-performance cellulose-based humidity sensors remains arduous.

In this work, we developed a flexible paper-based humidity sensor
based on conductive 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-
oxidized cellulose fibers (TOCFs)/CNTs network. The conductive fibers
were achieved by an electrostatic self-assembly process that positively
charged CNTs were adsorbed to the surface of negatively charged
TOCFs, as shown in Fig. 1a. Microsized cellulose pulp was pretreated by
the TEMPO oxidization process, in which the C6-hydroxyl groups on
cellulose chains were selectively oxidized to carboxyl groups, leading to
strong negatively charged cellulose fibers. In addition, CNTs were
dispersed in water with cetyl trimethyl ammonium bromide (CTAB) as a
surfactant by sonication. Cationic CTAB micelles were formed on the
surface of the CNTs and positively charged CNTs were then obtained.
Negatively charged TOCFs can firmly adsorb positively charged CNTs by
electrostatic attraction, forming a conformal conductive fibers network.
The CNTs function as a conductive filler and humidity sensitive material
for water molecules exchange between the conductive network and the
external environment, while the functions of the TOCFs include: (1)
supporting conductive CNTs to form a flexible paper; (2) amplifying the
humidity change signal (current change) by increasing the volume
change of the conductive CNTs network due to its easy swelling behavior
after adsorbing water molecules under humidity conditions; and (3)
providing more adsorption sites as water molecules acceptors and
facilitating the electron transfer from water molecules to CNTs (Fig. 1b).
With this unique structural design, the adsorbed water molecules and
hygroscopic expansion of TOCFs are fully exploited for humidity
sensing. Consequently, our sensor achieved high humidity response (up
to 87.0%, and the response limit is 100%), excellent linearity (R2 =
0.995), superior bending (with a curvature of 2.1 cm ) and folding (up
to 50 times) durability, and good long-time stability (more than 3
months).

2. Experimental section
2.1. Materials

Bleached hardwood pulp was supplied by Lee & Man Paper
Manufacturing Co., Ltd (Chongqing, China). TEMPO was purchased
from Sigma Aldrich (Saint Louis, USA). Sodium bromide (NaBr) was
obtained from Kemiou Chemical Reagent Co., Ltd (Tianjin, China). So-
dium hypochlorite (NaClO) was purchased from Fuyu Fine Chemical
Co., Ltd (Tianjin, China). Commercially available carboxylated multi-
walled CNTs (greater than 95 wt% purity; carboxyl content: 2.00 wt%)
were obtained from Nanjing XFNANO Materials Tech Co., Ltd. (Nanjing,
China). The CNTs are 0.5-2 pm in length and 10-20 nm in diameter.
CTAB was purchased from Macklin Biochemical Co., Ltd (Shanghai,
China). Lithium chloride (LiCl) was purchased from Macklin Biochem-
ical Co., Ltd (Shanghai, China). Calcium chloride (CaCly), potassium
carbonate (K2CO3), sodium bromide (NaBr), sodium chloride (NaCl),
and potassium nitrate (KNO3) were purchased from Sinopharm Chemi-
cal Reagent Co., Ltd (Shanghai, China).
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2.2. Preparation of TOCFs

TOCFs were prepared by the TEMPO oxidation system. Firstly, the
bleached hardwood pulp (10 g) was dispersed into ultrapure water with
a concentration of 2%. Next, TEMPO (0.16 g) and NaBr (1.03 g) were
separately added into the pulp suspension, and the mixture was stirred
continuously for 30 min at 800 rpm. Subsequently, NaClO (65 mL) was
titrated into the above suspension to initiate the reaction. The pH of the
system was kept constant at 10.5. After the reaction, the TOCFs were
thoroughly washed with ultrapure water to remove the residual chem-
icals and then diluted to a concentration of 2%. The carboxyl content of
the prepared TOCFs is 1.42 mmol/g.

2.3. Preparation of CNTs dispersion

CNTs were dispersed in water with CTAB as a surfactant. Firstly,
CTAB powder (0.5 g) was added into ultrapure water (400 mL) under
continuous agitation for 20 min. Then, CNTs powder (0.05 g) was added
slowly into the obtained CTAB dispersion under bath sonication for 30
min. After sonication, the CNTs dispersion was further treated by an
ultrasonic homogenizer (JY92-IIN, Scientz, China) for 20 min in an ice
bath at a power of 650 W and 50% amplitude.

2.4. Preparation of conductive TOCFs/CNTs paper sensors

The conductive TOCFs/CNTs papers were obtained by assembling
positively charged CNTs to the surface of negatively charged TOCFs
through electrostatic attraction. Firstly, a certain amount of TOCFs
suspension was mixed with CTAB-dispersed CNTs solution (50 mL)
under magnetic stirring for 10 min to obtain a homogeneous TOCFs/
CNTs suspension. By adjusting the amount of TOCFs added to the CNTs
solution (50 mL), a series of TOCFs/CNTs suspensions with various
TOCFs-to-CNTs ratios of 10:1, 15:1, 20:1, 25:1, and 30:1 can be obtained
(designated as S01, S02, S03, S04, and S05, respectively). The conduc-
tive TOCFs/CNTs papers were then prepared by vacuum-assisted
filtration (designated as TCO1, TC02, TCO03, TCO04, and TCO5, respec-
tively). More details about the composition of the TOCFs/CNTs sus-
pensions and the paper sensors are provided in Table S1. Besides, the
thickness of the papers can be controlled by the amount of the TOCFs/
CNTs suspension added. After drying, the conductive TOCFs/CNTs pa-
pers were cut into rectangular sheets with a size of 20 x 5 mm?. The
conductive silver paste was painted on both ends of the samples as
contact electrodes, and the distance between the two electrodes was 10
mm. The obtained paper sensors were further vacuum dried overnight at
60 °C before testing.

2.5. Characterization

The morphology of the TOCFs before and after assembling CNTs was
observed by an optical microscope (BX51, Olympus, Japan). The surface
morphology and the elemental mapping of the conductive TOCFs/CNTs
paper were characterized by a field scanning electron microscope (Merlin,
Zeiss, Germany) in 5 kV. The contact angle of the samples was measured
with 3 pL water droplets by using a contact angle meter (OCA40 Micro,
Dataphysics, Germany). The Raman spectra of the samples were recorded
by a Raman spectrometer (LabRAM Aramis, Jobin Yvon, France) equip-
ped with a laser with an excitation wavelength of 532 nm. Fourier
transform infrared spectra (FTIR, VERTEX 70, Bruker, Germany) of the
samples were measured in the 3700-600 cm ! range. The water vapor
uptake of the samples was measured by water & organic vapor sorption
analyzer (Aquadyne DVS-2HT, Quantachrome, USA).

2.6. Humidity sensing measurements

The various humidity conditions were produced by saturated solu-
tions of different salts, and the relative humidity (RH) values were listed
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below: LiCl (11%), CaCly-6H20 (29%), K2CO3 (43%), NaBr-2H20 (57%),
NaCl (75%) and KNO3 (95%). The sensor for the testing was hung in the
sealed plastic bottle containing a saturated salt solution, and the two
ends with silver paste electrodes were connected with an electro-
chemical workstation (CHI660E, CHI, China). The RH response of the
sensor can be achieved by exposing the sensor in the bottles with
different salts. The responsive properties were characterized by the
change of current flowing through the sensor under an applied voltage
of 1 V. The current-voltage (I-V) curves of the sensors were measured
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under dry silica gel atmosphere (0% RH). All the humidity sensitive
performance tests were carried out at 25 °C.

3. Results and discussion

In a typical process, CNTs were dispersed by using CTAB as a sur-
factant, which introduced cationic CTAB micelles on the surfaces of the
CNTs, leading to positively charged CNTs. Conversely, due to the C6-
hydroxyl groups on the cellulose fibers were selectively oxidized to

Fig. 2. Morphology characterization of the conductive cellulose fibers and the prepared paper sensor. (a) Photograph of pure TOCFs and TOCFs/CNTs suspensions.
The TOCFs/CNTs suspensions with various TOCFs-to-CNTs ratios of 10:1, 15:1, 20:1, 25:1, and 30:1 were designated as SO1, S02, S03, S04, and SO5, respectively.
Optical microscope images (b) and (c) show the translucent appearance of the TOCFs. Optical microscope images (d) and (e) show the appearance of the conductive
TOCFs after assembling the CNTs in SO1. (f) Photograph of pure TOCFs paper and the conductive papers with various TOCFs-to-CNTs ratios of 10:1, 15:1, 20:1, 25:1,
and 30:1. SEM images (g), (h), and (i) show the rough network structure of the pure TOCFs paper. The inset in (g) illustrates the water contact angle of the pure
TOCFs paper. (j) SEM image shows the smooth and closed surface morphology of TCO1. The inset illustrates the water contact angle of TCO1. SEM images (k) and (1)

show continuous CNTs network adsorbed on the surface of TOCFs.



P. Zhu et al.

carboxyl groups in the process of TEMPO oxidization, strong negative
charges were introduced to the surface of the fibers. CNTs can be tightly
adsorbed on the surface of TOCFs by the electrostatic attraction.
Therefore, a series of suspensions with various TOCFs-to-CNTs ratios of
10:1, 15:1, 20:1, 25:1, and 30:1 was obtained (Fig. 2a). The pure TOCFs
suspension was also prepared and used as a control sample. Since the
fibers were reduced to smaller size and swelling occurred as well during
TEMPO oxidation treatment, the pure TOCFs suspension shows trans-
lucent. After assembling the CNTs, the TOCFs/CNTs suspensions turn to
completely opaque. Notably, the fibers in S01 and S02 settle to the
bottom of the container after standing for 24 h, while other suspensions
remain stable (Fig. S1). It is because more CNTs were adsorbed on the
fibers by electrostatic attraction in the suspensions with lower TOCFs
content, resulting in a greater decrease in the negative charges of the
TOCFs. This can be confirmed by the zeta potentials of the suspensions
(Table S2). Besides, the adsorption of CNTs by TOCFs was further
characterized by an optical microscope. As shown in Fig. 2b-c, the
TOCFs are highly transparent and they are even not visible with eyes,
whereas the conductive TOCFs are black because CNTs are firmly
adsorbed on the TOCFs surface (Fig. 2d and Fig. S2). Moreover, at higher
magnification, no obvious CNTs aggregation is observed (Fig. 2e).

The conductive TOCFs/CNTs papers with various TOCFs-to-CNTs
ratios of 10:1, 15:1, 20:1, 25:1, and 30:1 can be obtained by vacuum-
assisted filtration (Fig. 2f). SEM elemental mapping was performed to
study the composition of the prepared samples. As shown in Fig. S3, the
elemental mapping images demonstrate a homogenous distribution of C,
O, Na, N, Br in the papers. The papers were then cut into small pieces
with a size of 20 x 5 mm?. The conductive silver paste was painted on
both ends of the samples as contact electrodes. The prepared TCO1
shows good flexibility with a curvature of 6.7 cm™' (Fig. 54). After-
wards, the samples were connected to a circuit with a LED, respectively,
the brightness of which indicates the electronic conductivity of the
samples. Obviously, the conductivity of the papers increases with the
CNTs loadings (Fig. S5). Fig. 2g-i show the morphology of the pure
TOCFs paper, the cellulose fibers interweave with each other, forming a
relatively rough network structure. Besides, due to the abundant hy-
droxyl groups existed on the cellulose fibers surface, the paper exhibits
hydrophilic property with a contact angle of 75.5° (the inset in Fig. 2g).
Meanwhile, the top-view morphology of TCO1 was also studied. As
shown in Fig. 2j-k, the surface of TCO1 seems smoother than that of pure
TOCFs paper. Higher magnification SEM image confirms that contin-
uous CNTs network was adsorbed on the surface of the fibers (Fig. 21),
which leads to the smooth surface of TCO1. Moreover, the uniform
distribution of CNTs on the surface of the fibers further proves the ho-
mogeneous adsorption of CNTs by the negatively charged TOCFs in
water. As a result, the conformal CNTs network on the surface of the
fibers contributes to the high smoothness and excellent conductivity of
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TCO1. On the other hand, because of the existence of CTAB in TCO1, it
shows a lower water contact angle than pure TOCFs paper (the inset in
Fig. 2j).

The conductive TOCFs/CNTs paper was further investigated by the
Raman spectrum and FTIR. As shown in Fig. 3a, the peak at 1346 cm ™!
corresponds to the D-band, which is ascribed to defects and curvature in
the nanotube lattice. And the peaks at 1579 cm™' and 2690 cm™?
represent the G-band and 2D-band, respectively. They are induced by
the in-plane vibration of the C — C bond [61]. The intensity ratio of the
D-band and G-band (Ip/Ig) is commonly used to quantify the degree of
defects in carbon materials. The Ip/Ig of CNTs is 0.67, while the value
increases to 0.92 for TCO1. The slight increase of the Ip/Ig value in-
dicates that more defects were introduced in TCO1l. Due to the non-
covalent interaction between CTAB and CNTs, it can be speculated that
the increased defects were caused by ultrasonic treatment. To study the
interaction between the CNTs and TOCFs, FTIR of the samples was also
performed. As shown in Fig. 3b, the peak at 3440 cm ™! represents the
stretching vibration of the O—H band of CNTs. The peaks located at
1636 and 1024 cm ™! are assigned to the stretching vibration of the C=0
band and C—O band, respectively, suggesting the existence of —COOH
on the CNTs surface. As for pure TOCFs paper and TCO1, the peaks at
3330, 2907, 1597, and 1024 cm ™" stand for the stretching vibration of
the O—H band, C—H band, C=0 band, and C—O band, respectively.
Compare to CNTs, the characteristic peaks of the O—H band and C—=0
band for the pure TOCFs paper and TCO1 shift towards low frequency.
Notably, the peak of O—H shifts from 3440 em ! to 3330 em Y, indi-
cating that hydrogen bonding was formed not only between TOCFs but
also between TOCFs and CNTs.

The humidity sensitive performance of the prepared paper sensors
was evaluated by placing them under various RH conditions and the
electrical signals were recorded by using an electrochemical worksta-
tion. Fig. 4a displays the current-voltage (I-V) curves of the sensors
under 0% RH. They are linear over a wide range of voltage (-1 to 1 V),
suggesting an ideal ohmic contact between the sensors and the two
electrodes. Moreover, the dynamic response curves of the sensors
through humidification-dehumidification cycles between 11% and 29,
43,57, 75, and 95% RH were explored, as shown in Fig. 4b, in which the
response of the sensors was expressed by means of the equation:
Response = —AI/Iy, where AI = Iry — I, Ip is the initial current flowing
through the samples at 11% RH; Iry is the current upon exposure to the
target RH conditions. As can be seen, all the samples are sensitive to the
change of RH and demonstrate the highest response value at 95% RH,
indicating that more water molecules can be adsorbed by the sensitive
materials at high RH and lead to a greater response of the sensors. Note
that the response of the sensors at 95% RH can be simply tailored from
37.1% to 80.9% by increasing the TOCFs/CNTs ratios from 10:1 to 30:1.
This observation suggests the composition proportion of the TOCFs/
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Fig. 3. (a) Raman spectra of TCO1 and CNTs. (b) FTIR of the pure TOCFs paper, TCO1, and CNTs.
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Fig. 4. Characterization of humidity sensitive performance of the obtained paper sensors. (a) Current-voltage (I-V) curves of the paper sensors with various TOCFs-
to-CNTs ratios under dry environment. (b) Dynamic response and recovery curves of the paper sensors with various TOCFs-to-CNTs ratios between 11% and 29, 43,
57, 75, and 95% RH. (c) The response of the paper sensors with various TOCFs-to-CNTs ratios as a function of RH. (d) Response and recovery curve of TCO5 between
11 and 95% RH. (e) The response of TCO5 as a function of the thickness of the sensor. (f) The response of TCO5 as a function of the distance between the two contact
electrodes of the sensor. (g) Dynamic response and recovery curves of TC04 under various bending states. The inset illustrates the bending treatment. (h) Dynamic
response and recovery curves of TCO4 after folding for different number of times. The inset illustrates the folding treatment. (i) Dynamic response and recovery
curves of the paper sensors with various TOCFs-to-CNTs ratios between 11% and 29, 43, 57, 75, and 95% RH measured after exposure to air for 3 months.

CNTs have a significant impact on the performance of the sensors, the
low CNTs loading ratio drastically reduces the conductivity of TC05
closed to the percolation threshold, resulting in outstanding sensitive
performance. Accordingly, we further increase the TOCFs-to-CNTs ratio
to 35:1 to optimize the property of the sensor, but the current signal is
too low and the response characteristic of p-type semiconductor CNTs
disappears, suggesting the sample is an insulator (Fig. S6). Based on the
above results, TCO5 exhibits the highest sensitivity in our design.
However, the baseline of the dynamic response curves of the sensors
exhibits obvious drift, especially TCO5. It is because the recovery speed
of the sensors is slower than their response speed, some water molecules
are accumulated on the sensitive materials during the recovery process,
leading to unbalanced water adsorption and desorption cycles and
gradually increased current baseline. By increasing the sampling time,
the baseline drift can be greatly reduced (Fig. S7). Fig. 4c shows the
responses of the sensors as a function of RH, the responses increase
linearly with RH, indicating excellent linearity of the sensors.

Apart from the responsive property, the response and recovery times
of the sensor were also measured by extending the sampling time to 15
min for the sensor to reach the equilibrium state. They are defined as the
time taken by the sensor to achieve 90% of the total current change
during the humidification-dehumidification process, respectively. As
shown in Fig. 4d, the response value when TCO5 reaches the saturation

state is up to 87.0%, and the response and recovery times are calculated
to be 333 and 523 s, respectively. Compare to other inorganic sensors,
TCO5 shows relatively slow response and recovery speed. This is due to
the response mechanism of our sensor is based on the formation and
breaking of hydrogen bonding. When the sensor was exposed to the
humidity conditions, water molecules were primarily adsorbed by
TOCFs via hydrogen bonding. To achieve the maximum response, more
water molecules were captured by the sensitive materials to reach the
saturation state, thereby leading to long response and recovery times.
The slow response and recovery speeds make our sensor unfavorable,
but for practical applications, the sensors are usually required to respond
instantly to the change in RH instead of maximum response. For
instance, TCO5 demonstrates a superior responsive property to human
breath even at a very rapid frequency, which will be discussed in detail
in the last part of the paper. The hysteresis of the sensors was also
measured by recording the current signal at various RH conditions after
reaching equilibrium. As shown in Fig. S8, TCO5 exhibits a hysteresis
with a value of 7.3% at 57% RH.

The thickness of the sensors has an important effect on their hu-
midity sensitive performance. To quantify the influence of the thickness
on the sensing property of the sensors, the response curves of the sensors
with different thicknesses (48.2 pm, 74.8 pm, 104.3 pm, and 141.7 pm)
were measured (Fig. 4e). The result shows that as the thickness
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decreases from 141.7 to 48.2 pm, the corresponding response value at
95% RH increases from 57.0% to 80.2%. This can be explained in three
ways. (1) When the water molecules are adsorbed by the sensitive ma-
terials, water molecules will gradually penetrate from the surface of the
sensor to the interior. At the same RH level, the penetration of water
molecules is much easier in a thinner paper sensor than that in a thicker
one. As a result, the thinner sensor shows a higher sensitivity. (2) The
thicker sensor has more hole carriers as more CNTs containing, thereby
the resistance of the thicker sensor will not increase as rapidly as the
thinner sensor. (3) The swelling effect of TOCFs will be greatly restricted
by the thicker structure, leading to the smaller expansion of the
conductive CNTs network and decreased humidity sensitivity.

In addition, the sensitive performance of the sensors with various
exposure areas of 20 x 5 mm? 10 x 5 mm?, and 5 x 5 mm? was also
investigated. With the increase of the distance between the two contact
electrodes from 5 mm to 20 mm, the response value of the sensor
gradually decreases (Fig. 4f). In fact, as the exposure part of the sensor
increases, according to the formula R = p*L/S, (where p, L, and S
represent the electrical resistivity, length, and cross-sectional area of the
sensor, respectively), the initial resistance of the sensor increases pro-
portionally. Moreover, the sensor with a larger exposure part needs to
adsorb more water molecules to achieve adsorption equilibrium, which
causes the sensor cannot reach the response value of the smaller sensor
in 5 min. Therefore, the humidity sensitivity of the sensors decreases
with the increase of the exposure area.

The paper sensors demonstrate high sensitivity and excellent line-
arity as previously described, making them promising candidates for
various humidity detecting applications. To better evaluate the practical
application of the sensors, the sensitive performance of the paper sensor
under bending and folding states was investigated. As shown in Fig. 4g
and 4h, the response values of the sensor only show slight change before
and after bending and folding treatment, indicating good bending and
folding durability of the sensor. Furthermore, the long-time stability was
also explored. The sensors were exposed to the air for 3 months, the
dynamic response curves of the sensors were measured afterwards.
Notably, no obvious change in the current signal of the samples is
observed during the humidification-dehumidification cycles, which
suggests the paper sensors have excellent stability (Fig. 4i).

Based on the above results, the prepared paper sensors exhibit a wide
response range, high sensitivity, excellent linearity, superior bending
and folding durability, and good long-time stability. In addition,
compared with the sensors based on CNTs and cellulose materials re-
ported in previous publications, our sensor shows the highest humidity
sensitivity (Table 1).

The humidity sensitive behavior of the paper sensors was further

Table 1
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investigated by using water & organic vapor sorption analyzer to
elucidate the underlying mechanism. Fig. 5a shows the water vapor
adsorption isotherm of the sensors at 25 °C. As the results demonstrate,
when RH is below 70%, the water vapor uptake of all samples is almost
linear with RH. At this stage, the water molecules in the humidity
condition are firstly adsorbed by the hydrophilic groups, such as hy-
droxyl groups, carboxyl groups, existed on the surface of the sensitive
materials through hydrogen bonding, the adsorbed water molecules are
unable to move freely due to the restriction from the two contiguous
hydrogen bonding. Afterwards, multiple layers of water molecules are
sequentially adsorbed on the first water molecules layer, and the outer
water molecules layers are mobile because only one hydrogen bonding is
formed locally (Fig. 5b). Moreover, at higher RH conditions, more water
molecules can be adsorbed and further formed more partly free water
molecules layers on the sensor, leading to higher water vapor uptake. At
the second stage, when RH is greater than 70%, the adsorbed water
molecules on the surface of the sensitive material have more freedom to
move, and the capillary forces which bring about the capillary
condensation of the less ordered water molecules layers in the voids of
the sensor. As a result, the adsorption capacity of all samples signifi-
cantly increases close to 25% at 90% RH.

In addition, it is worth noting that the sensors with various TOCFs-to-
CNTs ratios show a negligible difference in water vapor adsorption
performance, whereas the humidity sensitive performance of the sensors
measured by the electrochemical workstation exhibits distinct differ-
ence (Fig. 4b). This can be explained as follows. The humidity sensitive
materials of our sensors consist of CNTs and TOCFs. Due to the inherent
hydrophobicity of CNTs, the water vapors adsorbed by CNTs can be
ignored, and thus TOCFs play the main role in the adsorption of water
molecules. Furthermore, except the loading ratio of CNTs, the exposure
area and the thickness of the sensors are almost the same (Table S3), so
the sensors display similar water vapor uptake under the various RH
conditions (Fig. 5a). More importantly, the adsorbed water molecules
can also cause the hydrophilic TOCFs to swell, as shown in Fig. S9. The
swelling of the fibers will cause the hygroscopic expansion of the
TOCFs/CNTs network and disrupt the conductive CNTs network,
resulting in increased resistance of the paper sensors. Especially,
compare with TCO1, the conductive CNTs network of the sensors with
lower CNTs loading is more susceptible to the swelling of TOCFs, which
well explains the highest sensitivity of TCO5 among the prepared sensors
(Fig. 5¢). Based on the above results, it can be concluded that the hu-
midity sensitive performance of our sensors is dominated by the swelling
of the TOCFs.

The prepared paper sensors exhibit excellent flexibility and high
sensitivity. To evaluate the responsive performance of the sensors under

Comparison of the performance of the humidity sensors based on CNTs and cellulose materials between this work and previous publications.

No. Component Output RH range Response Response and recovery Hysteresis  Linearity  Ref.
signal time
1 COOH-functionalized SWCNTs coated paper conductance 10-75% 37.5% (AS/ 65/200 s (10-60% RH) linear [63]
RH So)
2 Functionalized MWCNTSs coated paper conductance 20-90% 61.0% (AG/ linear [64]
RH Go)
3 H,S04 and HNOj; (3:1) treated MWCNTS coated current 11-95% 33.0% (AI/Ip) 470 s/500 s 7.6% RH linear [65]
paper RH
4 Regenerated cellulose/CNTs composite fiber resistance 35-86% 44.0% (AR/ nonlinear [50]
RH Ro)
5 Regenerated cellulose/CNTs composite film resistance 35-86% 61.0% (AR/ nonlinear [61]
RH Ro)
6 Nanofibrillated cellulose/MWCNTs composite current 11-95% 69.9% (AI/Ip) 3305s/377 s 3.2% RH linear [62]
film RH
7 TEMPO-oxidized cellulose fibers/functionalized current 11-95% 87.0% (Al/ 3335/523s 7.3% RH linear our
CNTs paper RH Ip)? work

@ The value is equivalent to 643.8% when the response of the sensor is expressed by AR/Ry, where AR = Ry — Ry, Ry is the initial resistance of the sensor at 11% RH;
Rgy is the resistance of the sensor at the target RH conditions. It indicates that our sensor shows significantly enhanced sensitivity compare to the cellulose/CNTs

sensors reported in previous publications.
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Fig. 5. Humidity sensitive mechanism of the paper sensors. (a) The water vapor adsorption isotherm of the paper sensors with various TOCFs-to-CNTs ratios at 25 °C.
(b) Schematic illustration of the adsorption of water molecules on the surface of the TOCFs. (c) Schematic illustrations of the conductive CNTs network of TCO1 and

TCO5 destroyed by the swelling of the TOCFs.

the real working circumstance, TCO5 was demonstrated to detect nose
breathing and mouth breathing, as shown in Fig. 6a. During the respi-
ratory process, the air containing water vapors exhaled from the nose or
mouth can change the humidity around TCO5, resulting in the variation
of the current flowing through the sensor. Note that the current drops
sharply in the initial stage. This is because the response speed of the
sensor was faster than its recovery speed, which causes some water
molecules to be trapped in the sensor after each response and recovery
cycle. After 65 s, the sensor achieves adsorption and desorption equi-
librium. Besides, for the mouth breathing curve, the current signal of
TCO5 shows greater change, indicating that more water molecules can
be captured from the exhaled air by mouth. Fig. 6b shows the response
of the sensor for detecting rapid breathing, normal breathing, and slow
breathing, the breathing rate can be clearly distinguished from the
number of peaks in the curves. Moreover, the air exhaled by the human
body not only carries a lot of water vapors but also has a relatively high
temperature. To study the influence of the temperature, the cur-
rent-temperature curve of the sensor was measured (Fig. 6¢). As can be
seen, the current signal increases with the temperature in the range of 25
to 80 °C. This can be explained by the semiconductor behavior of CNTs
that the bandgap hinders the thermal activation of electrons from the
valence to conduction states [61,66-68]. On the other hand, it is known
that the conductivity of the sensor follows a negatively correlated
relationship with humidity from the above studies, thereby it can be
concluded that the humidity sensitivity rather than temperature sensi-
tivity is responsible for the detecting of human respiration.

The sensor can also be applied to detect the humidity around the
fingertip. Fig. 6d shows the variation of current with the distance be-
tween the fingertip and the sensor. When the fingertip approaches the
sensor, the humidity around the sensor increases, resulting in a decrease
of the current. In contrast, the current increases accordingly after the
finger moves away. Also, the response value of the sensor becomes lower
as the initial distance between the fingertip and the sensor increases. It is
worth noting that the sensor shows a good response to the fingertip even
at a distance of 1.0 cm, which demonstrates that the humidity sensor has
good non-contact switching characteristics. Given the current spread of
COVID-19, the sensor has potential application in untouched switches to
decrease the risk of virus transmission.

TCO5 was also used to detect changes in air humidity. Fig. 6e shows
the humidity of air at different times of the day measured by TC05 and
commercialized electronic hygrometer, respectively. Air humidity
gradually decreases from morning to afternoon and reduces to a mini-
mum value of 41% RH at around 14 o’clock, follows by increasing in the
afternoon, but slightly decreasing at night (Fig. S10). For the humidity
detecting by TCO5, due to the conductivity of the sensor is negatively
correlated with humidity, the variation trend of the current signal of
TCO5 is opposite to that measured by the commercialized electronic
hygrometer, and thus the results of the above two methods are
completely consistent. The accuracy of air humidity measured by TC05
was evaluated by converting the current signal into humidity by using
the data in Fig. 4c. The differences between the converted humidity and
the electronic hygrometer measured humidity are small and acceptable,
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Fig. 6. Proof-of-concept demonstrations of the paper sensor for the applications in human breath, fingertip humidity, and air humidity monitoring. (a) Current-time
curves of human nose breathing and mouth breathing. The inset illustrates the monitoring of nose breathing and mouth breathing using TC05. The temperature of
nose breathing and mouth breathing is 33.6 °C and 36.8 °C, respectively. (b) Current-time curves of human nose breathing at a rapid, normal, and slow frequency. (c)
The current-temperature curve of TCO5. (d) Current-time curves of the humidity around fingertip measured by TCO5 with distances of 0.1 cm, 0.3 cm, 0.5 cm, and
1.0 cm, respectively. (e) Air humidity at different times of the day measured by TC05 and commercialized electronic hygrometer, respectively. (f) Air humidity at 10

o’clock measured by TCO5 and commercialized electronic hygrometer in 5 days.

indicating the adaptability of TCO5 for measuring air humidity.
Furthermore, the test cycle was extended to 5 days and air humidity was
measured by TCO5 and the electronic hygrometer at 10 o’clock, 14
o’clock, 18 o’clock, and 22 o’clock every day (Fig. 6f, Fig. S11 and S12).
The results show that the actual air humidity in these 5 days can be well
recorded by TCO5. Therefore, the sensors we prepared demonstrate the
possibility for the applications in various humidity measurements.

4. Conclusions

In conclusion, we developed a flexible paper-based humidity sensor
where CTAB-dispersed CNTs can be firmly adsorbed on the surface of
negatively charged TOCFs through electrostatic attraction. Owing to the
excellent hydrophilicity of TOCFs and the rational structure design of
TOCFs/CNTs conformal fibers network, the sensor exhibited an
outstanding humidity sensitive response of 87.0% (4I/Ip, and the
response limit is 100%) at 95% RH. Besides, the sensor also displayed
excellent linearity (R? = 0.995) over the measured humidity range from
11 to 95% RH, superior bending (with a curvature of 2.1 em ™) and
folding (up to 50 times) durability, and good long-time stability (more
than 3 months). As a proof of concept, the sensor has been demonstrated
to monitor human respiration, fingertip humidity, and air humidity,
indicating its promising applications in various humidity measurements.
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