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ARTICLE INFO ABSTRACT

Keywords: The evaporation of water occurs ubiquitously on earth. Hence, smart materials that can directly convert signals

MXene generated via water stimulation into mechanical motion have attracted wide attention. However, it is still a

iraphene oxide challenge to develop novel functional materials with fast response, large scale deformation, and long-term sta-
ctuator

bility for moisture-gradient actuators. Here, a flexible, conductive, layer-structured homogenous Ti3C,Tx MXene-
graphene oxide (MGO) film-based moisture-driven actuator and humidity sensor were fabricated. The oxygen
groups and d-spacing could be effectively adjusted by MXene/GO composition ratio, thereby tuning the actuation
performance. MGO3 (MXene/GO = 3) displayed a large bending angle, and reversible deformation. And the
bending speed of MGOs is up to 32°s 1. Furthermore, MGO3 actuation displayed long-term stability via sup-
pression of MXene oxidation by the introduction of GO and showed good cycling stability. MGO3 actuators are
constructed, which could mimic the blooming of flower, lifting and carrying objects, and be used as a non-contact
control switch. In addition, MGO3 showed a linear sensitive response to humidity and excellent biocompatibility
which make it suitable for respiratory monitoring. This work demonstrated that flexible, biocompatibility and
conductive MGO films have broad application prospects in the fields of smart actuators, sensing devices, and

Moisture gradient
Monitoring respiration
Humidity sensor

biology and health care.

1. Introduction

Smart soft actuators that can directly convert environment stimuli
(humidity [1,2], light [3,4], heat [5], pH [6,7], and magnetic fields [8])
into mechanical movements without an energy supply system have
gained significant research interest owing to their potential applications
in artificial muscles [9,10], robots [11], sensors [12], and energy gen-
erators [13]. Among these, smart actuators driven by a moisture
gradient are eco-friendly and easily fabricated; additionally, water is the
most abundant resource on earth and evaporation occurs ubiquitously in
nature [14], hence, these actuators are considered to be promising for
energy conversion. Based on these distinctive properties, the develop-
ment of smart materials that can directly convert signals generated by
water stimulation into kinetic or potential energy is of marked interest
[15,16]. To date, various materials have been used to construct smart
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actuators, such as carbon-based materials [17], hydrogels [18], poly-
mers [19] and other materials [20]. Despite the significant progress
made, further efforts are needed to develop new functional materials for
high performance actuators with a fast response, large-scale deforma-
tion, and long-term stability.

In recent years, 2D materials have been widely used to develop
humidity-responsive actuators. Graphene oxide (GO) and its derivatives
with abundant oxygen functional groups are widely studied nano-
structured materials [21-23]. They have been demonstrated to possess
reversible swelling/shrinking behavior in response to moisture. For
example, Ge et al. [24] prepared a homogeneous GO film, which
exhibited controllable bending motions. Qiu et al. [25] fabricated a
moisture-responsive actuator based on an asymmetric structure. How-
ever, the response of the GO film is generally weak, and its insulating
characteristics restrict application in intelligent electrical actuators.
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Some composite films such as graphene oxide/reduced graphene oxide
(GO/rGO) [26,27], graphene oxide/poly (N-isopropylacrylamide) [4],
and AgNWs/nanofibers/GO [28] have been synthesized to enhance the
properties of moisture actuators. Recently, MXene-based smart mate-
rials have been considered to be good potential candidates for fabrica-
tion of moisture-gradient actuators. This can be ascribed to the
hydrophilic surface and typical layered structure of the MXene, a new
2D material with a general formula M,, ; 1X,Tx (n =1, 2, or 3), where M
is a transition metal, X is nitrogen or carbon, and T represents the surface
terminating group (OH, O, or F). The hydrophilic surface, which can be
attributed to the functional groups, enables adsorption of water mole-
cules via hydrogen bonding between the OH of the MXene and the water
molecules. Additionally, the high conductivity of the MXene makes it
feasible for application as an intelligent electrical actuator and sensing.
Wang et al. [29] demonstrated that a homogeneous MXene can be used
to fabricate highly-conductive smart actuators. Wu et al. [30] prepared
Ti3CaTx MXene based composites for high-performance humidity
sensor. TigCoTx MXene also showed high performance for ammonia
sensors [31].

However, there are some significant drawbacks that restrict their
application in smart actuators. MXene films are weak and brittle because
of their relatively weak interflake interactions and the low bending
flexibility of the five-atom thick structure [32]. Additionally, MXene
films are extremely prone to oxidization to form TiO, nanocrystals in
aqueous media or under ambient atmosphere [33]. The poor stability of
the MXene exposed to an aqueous media or ambient atmosphere can
lead to a loss of metallic conductivity and it can also lead to poor
adsorption of water [32]. Hence, the long-term stability of MXene-based
smart materials is still an open challenge.

In this work, a novel soft actuator with high stability, conductivity,
and a quick response to moisture was prepared by combining TizCyTx
MXene and GO. The effective contact area would not decrease on mixing
GO and MXene, both of which are 2D materials with a large surface area;
thereby avoiding a decreased in the moisture responsiveness that would
result from a decrease in the effective contact area caused by mixing
with other soft composite materials. The homogeneous TizC,Tx MXene-
graphene oxide (MGO) film showed a large bending angle, fast bending
speed, reversible deformation, and good cycling stability in response to a
moisture gradient. More importantly, the bending angle of MGO
remained nearly unchanged even after 10 days of storage at room
temperature (~20°C, RH 60 %), while that of Ti3CoTx MXene decreased
to 0°. The long-term stability of the MGO film was significantly
improved via the introduction of GO, which could hinder oxygen
penetration, and thus, effectively block Ti3CyTx MXene oxidation. The
MGO exhibited a high conductivity, and the resistance of MGO increased
with increasing RH because of the swelling effect. Based on these
properties, various actuators such as a biomimetic flower, a soft robotic
arm, and a non-contact switch were designed and fabricated using the
MGO. In addition, MGO showed excellent biocompatibility. It could be
used to monitor breathing patterns and respiration rates. Thus, MGO has
potential applications as a respiratory monitoring device in the field of
portable healthcare and for medical treatment.

2. Experimental
2.1. Materials

Ti3AlC, powder was purchased from 11 Technology Co. Ltd (Jilin,
China). Lithium fluoride (LiF), hydrochloric acid (37 %), ethanol (AR,
99.7 %), and mixed fiber membrane (0.22 pm) were purchased from
Aladdin (Shanghai, China). A GO solution was synthesized from natural
graphite powder via an improved Hummers’ method. Ultrapure water
was used in the experiment.
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2.2. Preparation of TizgCoTx MXene aqueous

A Ti3CyTx MXene solution was synthesized according to a previously
reported method [34,35]. Briefly, 2 g of lithium fluoride (LiF) and 9 M of
hydrochloric acid (HCl) were mixed and stirred for 30 min. Then, 2 g
Ti3AlCy was added into the mixture slowly at 35°C and stirred contin-
uously for 24 h. Then, the samples were washed with ultrapure water
until the pH value of the centrifugal supernatant was 6. Ultrapure water
was added to the sediment and sonicated for 1 h under Ny flow. The
samples were centrifuged and the supernatant was collected to obtain
the Ti3CyTy solution.

2.3. Preparation of the MXene/GO film

Here, 22.5 ml of TizgC2Tx MXene (2 mg/mL) and 7.5 ml GO (2 mg/
mL) solutions were combined under sonication for 15 min to obtain the
dispersed composite solution. Then, the mixed solution was filtered with
vacuum and dried to form a film. Finally, the film was peeled off and is
referred to as MGOs3. For comparison, the MGO films with a total mass of
30 mg were prepared with various ratios of Ti3CoTx MXene and GO (1:1,
2:1, and 4:1), and termed as MGOx, where x represented the mass ratio
between the MXene and GO. MXene films and GO films were also pre-
pared via the same methods.

2.4. Characterization

The surface and cross-sectional morphologies of the TizsC;Tx MXene
and MGO films were observed using scanning electron microscopy
(SEM) (Hitachi, S-3400 N, Japan). The chemical structure of the sample
was characterized via X-ray energy spectrometry (XPS) (Kratos Analyt-
ical, Inc., Manchester, UK). X-ray diffraction (XRD) was carried out
using Cu Koy (1.5406 A) radiation and a single-crystal XRD diffrac-
tometer (Bruker Advance D8, Germany). Raman spectra were recorded
using a Raman spectrometer (French HORIBA Scientific) with a 532 nm
laser source. The sheet resistance was characterized by a four-probes
testing system (RTS-9, Four Probes Tech Ltd., China). The resistance
response was measured using a digital multimeter (Shengli VC890D).

2.5. Moisture actuation behaviors

A schematic illustration of the experimental setup is shown in sup-
plementary Fig. S1. The MGO film was cut into a rectangular piece (3 cm
x 1 cm) and placed on a substrate with a rectangular hole in the center,
which was used as a window to introduce the vapor gradient. Then, the
substrate was placed on a glass container containing water. The mois-
ture gradient can be adjusted via the evaporation rate of water, which
can be controlled by changing the water temperature at room temper-
ature (~20°C) and environmental relative humidity ~60 %. The mois-
ture response of the films was recorded with a digital camera. When the
film was moved away from water, the moisture gradient disappeared.

2.6. Humidity-sensing measurement

The humidity sensing performances of MGO sensor were measured in
a custom-made humidity chamber with a controlled relative humidity
(RH) value as shown in supplementary Fig. S2. The room temperature
and humidity of laboratory were controlled at 25 + 1 °C and 60 + 3%
RH by an air conditioner. The real-time RH and temperature of humidity
chamber were recorded by a thermo-hygrometer. The electrical resis-
tance value of the humidity sensor was measured using a digital mul-
timeter. Phosphorus pentoxide powder (P20s) was used as a desiccant to
prepare 3 + 1% RH, and the different RH was controlled by the hu-
midifier. The RH response were investigated by exposing the humidity
sensor (MGO3, 30 mm*5 mm) to various RH environments. Then, the
MGO3 humidity sensor was exposed to dry air condition (RH 3 %) to
release water molecules. The resistance response is defined as AR/Rg =
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(Rru-R0)/Ro*100 % (Rry and Ry are the electrical resistance of films at
the given RH and 0% RH, respectively). The time taken by a sensor to
achieve 90 % of the total resistance response change was defined as the
response or recovery time [36].

2.7. Biocompatibility

Biocompatibility of TizgCaTx MXene, GO, and MGO3 samples was
evaluated by visible cell reactions of mouse pre-osteoblasts (MC3T3-E1)
cells cultured with different membranes. MC3T3-E1 were cultured in
basal cell medium (DMEM containing 10 % fetal bovine serum) in a
moist environment of 37°C and 5% COs.

The MC3T3-E1 cells suspension with a density of 1 x 10° cells/mL
was seeded on sterilized TizsC2Tx MXene, GO, and MGOs3 samples. After
24 h culture, cells were stained with calcein-AM (5 pg/mL) and PI (10
pg/mL), respectively and washed with PBS twice, then imaged using
confocal laser-scanning microscopy (CLSM). Meanwhile, the cell adhe-
sion was studied. MC3T3-E1 cells were seeded at a density of 1 x 10°
cells/mL on different samples, after 24 h incubation, MC3T3-E1 cells
were stained with fluorescein isothiocyanate-phalloidin (Sigma, China)
and DAPI (Sigma, China), and then observed by CLSM.

CCK-8 assay was carried out for a quantitative analysis on the
MC3T3-E1 cells viability. The cells were seeded with a density of 1 x 10°
cells/mL and cultured on the films at 1 and 4 d. The procedure was
carried according to the manufacturer’s protocol. Optical density (OD)
values of MC3T3-E1 cells were measured at 450 nm to evaluate the
proliferation of MC3T3-E1 cells in different samples.
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3. Results and discussion
3.1. Material characterization

Ti3C2Tx MXene suspensions were obtained via etching and delami-
nation of TigAlCy MAX to remove the Al layers. The SEM and TEM im-
ages demonstrate that the MXene sheets are ultrathin and transparent
monolayer 2D materials (Fig. 1a-b). The AFM image of GO shows a
monolayer sheet with a thickness of ~1.0 nm (Fig. 1¢). An MGO sus-
pension was prepared by mixing the TizsCyTx MXene and GO suspen-
sions. The Tyndall effect could be observed for the MXene, GO, and MGO
suspensions, demonstrating that they had excellent dispersibility
(Fig. S3) [37]. Homogenous conductive flexible MGOs3 films were
fabricated via simple vacuum filtration of the MGO3 suspension. The
electrical conductivity of MGO3 was sufficient to illuminate a lamp light
(Fig. 1d). The cross-sectional view of MGO3 demonstrates that the MGO3
film is ~7.35 pm in thickness, and has a well-ordered layered structure
with interlamellar porosity between the layers to facilitate water
molecule transportation in the 2D nanochannels (Fig. 1e).

To reveal the structure of MGO, Raman, XRD, and XPS spectros-
copies were carried out. In the MXene and MGOs spectra, the typical
Raman peaks at 198, 283, and 382 em™! could be attributed to the Agg
vibration peaks of Ti and the Eg group vibrations that include the in-
plane (shear) mode of Ti and C, respectively (Fig. 1f) [38]. Addition-
ally, two distinct peaks at 1335 and 1596 cm™! corresponding to the D
and G bands of GO were observed in the spectrum of MGOs (Fig. 1f)
[39]. The coexistence of the characteristic Ti3CoTx MXene and GO peaks
in the MGOj films revealed that GO and TizCyTx MXene successfully
combined in the composite film. The XRD pattern of Ti3CoTx MXene
exhibited a sharp peak (002) at 20 = 6.76°, corresponding to a d-spacing
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of 12.99 [0\, and this demonstrated the successful removal of Al from the
TizAlCo MAX phase (Fig. 1g) [40]. The XRD profile of GO exhibited a
sharp peak at 20 = 11.5°, corresponding with a d-spacing of 7.70 A. In
the XRD pattern of MGOs3, the GO peak disappeared and the Ti3CoTx
MXene peak shifted to 7.65°, corresponding to a d-spacing of 11.77 A.
The results are similar to those reported in literature [41,42]. It should
be noted that no TiO, peak was observed in the XRD patterns for TizCoTx
MXene and MGOs.

The chemical composition of the films was further analyzed using X-
ray photoelectron spectroscopy (XPS). As shown in Fig. 1h, four main
elements (C, Ti, O, and F) were present in TigC2Tx MXene and MGO3,
indicating that etching the MAX phase with LiF resulted in OH, O, and F
MXene surface termination [40]. The oxygen content of Ti3CoTx MXene,
GO, and MGOs3 were 15.07 %, 26.9 % and 21.13 %, respectively. MGO3
had a higher content of O than that of Ti3CoTx MXene because of the
introduction of GO. Literature pointed out that epoxide, carboxyl, and
hydroxyl functional groups can effectively attract water molecules onto
the surface of the GO sheets to form a dense hydrogen-bonding network
[43]. Thus, these oxygen elements of MGOs provided abundant
adsorption sites for water molecules. The high-resolution Ti (2p) spectra
of Ti3CyTx MXene and MGO3 can be deconvoluted into six peaks at
455.1, 455.9, 457.4, 458.7, 461.2, and 463.0 eV, corresponding to Ti—C
2p3/2, CTiO——/F 2p3/2, TiOZ, Tiz_xFX 2p3/2, C—TiF 2p—1/2, and
CTiO 2p1 /2, respectively (Fig. 1i and j) [44]. The TiO, peak was the
weakest and the intensity of MGO3 remained unchanged compared with
that of the TisCoTx MXene, indicating a very small amount of TizCyTx
MXene was oxidized and no further oxidation occurred during MGO3
processing.

The biocompatibility of smart materials is an essential factor for
biological, medical and health applications. In this study, cell attach-
ment was analyzed by cell adhesion assays. Fig. 2a shows CLSM images
of cytoskeleton morphology stained by FITC and DAPI after MC3T3-E1
cells were cultured on MXene, GO and MGO3 samples for 24 h.
MC3T3-E1 cells were found to be attached to the surface of all samples.
And no significant differences of the cell’s morphology on the surface of
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GO, Ti3CyTx MXene and MGOs3 films were noted. The results indicated
that the films have potential for cell adhesion. To evaluate cell viability
of the films, we stained the cells with a live/dead staining kit. The
fluorescent images of MC3T3-E1 cells after co-cultured with samples for
24 h are shown in Fig. 2b. The green fluorescence indicated the live cells
while red fluorescence indicated the dead ones. A large number of live
cells (green) and few dead cells (red) on GO, MXene and MGOs films
were observed, confirming a good biocompatibility of the materials.
Fig. 2c shows the OD value of cck-8 test of MC3T3-E1 cells culturing on
Ti3CaTx MXene, GO and MGO3 samples. On day 1, there was no sig-
nificant different in OD value among Ti3C2Tx MXene, GO and MGOs.
After 4 days of growth, all the samples showed higher OD than those
after 1days of growth except TigCoTx MXene groups, suggesting that
cells on GO and MGO3 were in proliferation. Furthermore, the OD value
of cells on MGO3 was significantly higher than that of the control groups
and the other groups. The results showed that MGOs has excellent
biocompatibility.

3.2. Moisture actuation behaviors

The actuation behavior of the homogeneous MGO3 films upon
exposure to a moisture gradient were investigated at 20 + 1 °C and 60 +
3% RH. As shown in Fig. 3a, when the MGOs film was held on the palm
of a hand (Video S1), it curved up and flipped, while it remained flat on
the dry surface of a gloved palm, which eliminated thermally-induced
actuation. Furthermore, when the MGOs3 film was placed in a closed
space with a RH of up to 90 %, it retained its initial shape and showed no
locomotion (Fig. S4). The above phenomena indicated that the defor-
mation of the MGOs film was triggered by a moisture gradient, which is
in agreement with previous reports on pure MXene [29] and pure GO
films [24]. When approaching the MGOj3 film with a fingertip without
making contact (Fig. 3b), a significant downward-bending of MGO3
films could be observed, indicating that the MGOj film was very sensi-
tive to a moisture gradient. In addition, when the MGO3 film was placed
on a humid substrate at 40 °C, it flipped in the regular manner (Fig. 3¢
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Fig. 2. (a) Cell attachment and morphology of MC3T3-E1 cells on MXene, GO, and MGOj3 for 24 h of culture (bar =50 pm). (b) Cell viability of MC3T3-E1 cells on
MXene, GO, and MGOj films; the fluorescent images of live (green) and dead (red) MC3T3-E1 cells cultured for 24 h (Scale bars=250 pm). (c) OD value of MC3T3-E1
cells cultured on MXene, GO and MGO3 for different time. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article).
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and Video S2). When the MGOs film was placed on the humid substrate,
the bottom surface of the film contacted the substrate and absorbed
more water molecules than the top surface, resulting in a bending
deformation caused by asymmetric expansion. Then, the center of mass
of the MGO film moved upwards and gradually reached the critical
position, where the film became mechanically unstable and turned over.
Thereafter, the MGOs film extended because of water desorption from
the top surface of the film and water adsorption at the film/substrate
interface. Eventually, most of the contact area bent up, and the film fell
back to the substrate and began a new cycle. The deformation process
triggered by the moisture gradient could flip over six times in 1 min with
no sign of fatigue. This demonstrated that the MGOs3 film facilitated
moisture induced actuation.

To further quantitatively analyze the actuation behavior triggered by
a moisture gradient, a testing device was designed, as shown in Fig. S1. A
film (3 cm x 1 cm) was placed on a substrate with a rectangular hole in
the center that functioned as a window to introduce a vapor gradient at
room temperature (~20°C) and environmental RH ~60 %. When the
bottom surface of the MGOs3 film faced the water vapor (water tem-
perature = 90°C), the bending angle increased to 160° within ~5 s.
Then, it returned to its initial flat state with 19 s, when the film was
moved away from the water vapor (Fig. 3d). The effect of the Ti3CoTx
MXene/GO ratio on the film’s actuating properties was further investi-
gated. At a constant ambient humidity, the moisture gradient could be
adjusted via the evaporation rate of water, which was controlled by
changing the water temperature. On increasing the Ti3CoTx MXene/GO
ratio, the maximum bending angle of the films initially increased and
then decreased at similar water temperatures; a higher temperature
resulted in a larger bending deformation (Figs. S5 and 3 e). Furthermore,
the bending angle, bending speed, and recovery speed also initially
increased and then decreased with increasing Ti3CoTx MXene/GO ratio,
and reached their maximum values at MXene/GO = 3 (Figs. 3f and S6;
water temperature = 90°C, RH = 60 %). The bending angle of MGO3 was
approximately 2-fold and 11-fold higher than that of MXene and GO,
respectively. The bending speed of MGO3 was approximately 12-fold
and 18-fold higher than that of MXene and GO respectively.
Compared with most reported actuators, MGOs3 displayed a faster
bending (32"5_1) and unbending speed (805_1) (Table S1).

The homogeneous-film actuator was trigged by a moisture gradient
as previously indicated. Once the bottom surface of MGO was in contact
with the vapor molecules, the bottom layer adsorbed the water mole-
cules and expanded because of the strong hydrogen bonds formed

between the oxygen functional groups of MGO and the water molecules
(Fig. 3g). It was noted that GO was able to resist water vapor permeation
[45]. Thus, the ordered lamellar structure and oxygen functional groups
of the internal film could form a high-friction capillary channel and
delay the transportation of water molecules, resulting in a swelling
difference in the vertical direction [46,47]. A gradient of water in the
internal film enhanced the bending moment. As a result, the MGO film
curved away from the bottom surface toward the top surface. To further
understand the curving mechanism triggered by a moisture gradient,
SEM, XPS and XRD analysis were carried out on the GO, MGOx, and
MXene films. With increasing Ti3CTx MXene content, the average film
thickness varied insignificantly (Figs. 3h and S7). So, the effect of
thickness on the actuation performance could be ignored. As shown in
Figs. 3i and S8, because of the low oxygen content of the Ti3CyTx MXene,
the O content decreased with introduction of the Ti3CyTx MXene,
resulting in weak hydrogen bonding with the water molecules and a
low-friction capillary channel. From this perspective, a high content of
TigCoTx MXene is detrimental to the actuation performance. However,
analysis of the XRD results shows that on increasing the Ti3CoTx MXene
content, the peaks for GO in MGO disappeared and the d-spacing of
MGO increased, suggesting that the stacking of the GO layers were
broken with the introduction of the TigCyTx MXene sheets (Figs. 3i and
S9). A larger interlayer spacing results in a larger surface area and more
porous structure that leads to a rapid adsorption/desorption rate for the
water molecules [28]. Thus, a comprehensive analysis was carried out
that took into account the influence of factors such as the oxygen content
and interlayer spacing on the actuation performance in response to a
moisture gradient. The results demonstrated that MGOs is a promising
smart material.

The stability of the composite films is a critical issue for practical
applications. The stability of the GO, Ti3C;Tx MXene, and MGO3 films
(0.5 cm x 0.5 cm) were evaluated in water (Fig. S10). It was found that
when they came in contact with water, the Ti3CyTx MXene film dis-
solved and formed a dispersion immediately, and after shaking, the GO
completely fragmented. This could be attributed to the high electrostatic
repulsion, relative to the n-n attraction of GO, which is due to the
abundant oxygen functional groups [47] and the relatively weak van der
Waals forces between neighboring sheets in the five-atom-thick MXene
structure [32]. After 2 months, the TigCyTx MXene sample was clear and
colorless while the MGOs film remained intact in water, indicating high
stability of MGO3 in this environment. This discrepancy could be
attributed to the strong hydrogen bonds between the Ti3CyoTx MXene
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and GO sheets, and the decreased electrostatic repulsion because of the
low oxygen group content. To further study their stability under ambient
conditions, the Ti3CyTx MXene and MGOs5 films were stored at 20°C, RH
= 60 % and tested using the moisture gradient testing apparatus (water
temperature = 90°C, RH = 60 %). After 10 days, it was found that the
TigCaTx MXene film no longer had moisture-driven actuation, while the
bending angle of the MGOs film was still maintained 155° (Fig. 4a). The
long-term stability of the MGOs film with a moisture-gradient actuation
was again found to be superior to that of the Ti3C,Tx MXene actuator.
To explore the structure of the TizCoTx MXene and MGOs films after
10 days of storage, XRD and XPS were carried out. As shown in Fig. 4b,
new peaks located at 25.4°, 37.8°, 47.5°, and 75.8° that correspond with
the anatase phase of TiO, (JCPDS card 00-021-1272) appeared in the
XRD pattern of TizCyTx MXene. Meanwhile, no peaks associated with
TiO, were observed in the XRD results for MGOs3. These results were
further confirmed via XPS analysis. The Ti 2p XPS spectrum of TizCyTx
MXene showed that the TiO, content doubled compared with the fresh
MXene (Figs. 4c and 1 i). However, the XPS spectrum of MGO3 showed
no distinct changes compared with the fresh film (Figs. 4d and 1 h). The
elemental composition and structure of MGO3 were both well preserved,
which may explain the long-term stability of MGOs. These results sug-
gested that the stability of the Ti3CoTx MXene film can be greatly
enhanced by coating the GO sheets, which can hinder the penetration of
oxygen inside the film and effectively block TisCoTx MXene oxidation
(Fig. 4e). Thus, the improvement in the long-term stability of MGO can
be explained by its antioxidant properties. Homogenous MGOs films that
are based on the same materials are expected to have a strong me-
chanically coherent interface. After testing over 50 bending-recovery
cycles via exposure to a moisture gradient (water temperature = 90°C,
RH = 60 %), the maximum bending angle remained essentially un-
changed and the film could also return to the initial flat state (Fig. 4f).
The bending and unbending deformation of the MGO3 were highly
reversible, indicating that the MGO3 actuator had good cycling stability.

3.3. Actuator application
The outstanding moisture-response, excellent conductivity, and high

stability of the flexible MGO film makes it promising for fabricating
smart biomimetic soft actuators. As shown in Fig. 5a, a bionic flower
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with six petals was designed and manufactured. By introducing water
vapor with a plastic straw, the bionic flower bloomed and reached its
maximum expansion within 16 s. With the removal of the water vapor
source, the flower gradually closed (Video S3). Then, a robotic arm was
designed based on the bending actuation of the MGO film trigged by a
moisture gradient, as shown in Fig. 5b and Video S4. When the MGO3
film was close to the humid substrate, it quickly bent upward and lifted
an object several times heavier than itself. Then, the object was moved
and released to a dry substrate. It was notable that the application of the
MGOs3 film was not limited to these operations. Owing to its good
electrical conductivity, the MGO film was also applied as a “non-contact
switch.” As shown in Fig. 5¢ and Video S5, one side of MGOj film was
connected with the circuit and the other side could be controlled to
touch the circuit and light up a small lamp on approach with a fingertip.
When the fingertip was removed, the MGOs film returned to its original
state, and thus, the circuit was disconnected and the lamp was switched
off.

3.4. Humidity sensor

The electrical conductivity of smart material is very important for the
development and application of smart devices, and the application of GO
would be severely limited by its insulating properties. However, because
of the excellent conductivity of TizC2Tx MXene sheets, the sheet resis-
tance of the MGOx films decreased rapidly with increasing TizCoTx
MXene content (Fig. 6a). Thus, the resistance of the MGOx film can be
easily controlled. The sheet resistance of the MGOs film was 9.7 ohm/sq,
indicating high electrical conductivity. The resistance response (AR/Rg)
of MGOx with RH was evaluated. Compared with MXene film and other
MGOx film (Fig. S11), the MGO3 with the ability to rapid adsorption and
desorption of water molecules showed higher response to humidity due
to abundant of hydrophilic functional groups and high electrical con-
ductivity, indicating that MGOs is expected as a potential candidate for
humidity sensing material. As shown in Fig. 6b, the MGO3 sensor
exhibited a positive humidity coefficient of resistance. The average
resistance response of MGO3 sensor increased linearly with increasing
RH, and the maximum response at 90 % RH was calculated to be 107.58
%. The corresponding linear function is AR/Rg = 1.151RH-1.044 (R2 =
0.9904) with a wide range of 3 %-90 % RH. Fig. 6¢ shows the continuous
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Fig. 4. (a) Moisture gradient driven bending angle of the MXene and MGO3 after 10 days at 25 °C, RH = 60 % (water temperature = 90 °C). (b) XRD patterns of the
MXene and MGOj3 films after 10 days. (c-d) Ti 2p XPS spectra of MXene (c) and MGO3 (d) films stored for 10 days under ambient conditions. (e) Schematic diagram of
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b

Fig. 5. Biomimetic application of the MGO3 Film. (a) Blooming and closure of the bionic flower prepared using the MGOj film driven by moisture. (b) MGO3 film
simulates a robotic arm lifting and moving object via a moisture gradient. (c) smart non-contact switch triggered by a fingertip.
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response and recovery curves of the humidity sensor between 3% RH
and 91 % RH, indicating a good reproducibility for the MGO3 humidity
sensor. The response and recovery times of MGO3 humidity sensor were
58 s and 104 s, respectively, which are smaller than those of other
carbon-based humidity sensor (Fig. 6¢ and Table S2). The hysteresis
characteristic was also measured in 3-80 % RH range (Fig. S12). The
moisture adsorption-desiccation responses had a good coincidence de-
gree with the maximal hysteresis of 5.5 % at 60 % RH (Fig. S12). These
results demonstrated that the MGO3 humidity sensor had good humidity
sensing performance.

According to previous reported [12], the possible humidity mecha-
nism of MGOg sensor is expressed as follows. Generally, the positive
humidity sensing property of carbon materials humidity sensors is
attributed to the swelling effect of material adsorbed water molecules.
Water molecules are physically adsorbed on the TigC2Tx MXene and GO
surface, and will partially dissociate to produce H3O™" as charge carrier
by Grotthuss chain reaction. However, compared with high conductive
MXene, the effect of promoting conduction is negligible [48]. At low RH,
the electron tunneling would be hindered by adsorbed water molecular
membrane on the surface of MXene, so the resistance of MGO3 sensor
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increased with increasing RH. At high RH, the swelling of MGO3 with the
adsorption of a large number of water molecules enhanced the space
between MXene and reduced the degree of connectivity, resulting in
increased resistance with the increase of RH [49]. The equilibration of
system was reached when the swelling effect of MGO reached satura-
tion. In general, the “swelling effect” can be considered as a primary
sensing mechanism, and this demonstrates that MGOs has potential for
application as a humidity sensor.

In recent years, respiration monitoring has become a significant part
of clinical diagnostics and disease monitoring, including for applications
such as anti-choking, respiration monitoring, and sleep apnea treatment
[34]. MGOg displayed good biocompatibility and its humidity sensing
performance makes it an ideal choice for use as a human respiration
monitor that can realize continuous and long-term monitoring for
changes in vital signs. As a proof of concept, a human respiration
monitoring device was constructed using an MGOj film (Fig. 6c).
Because of the release of increased moisture during breathing via the
mouth, the MGOg3 response is much higher during this process than for
nasal breathing. The fabricated MGO sensor could not only differentiate
between breathing patterns, but also monitor the respiration rates. The
response frequency was recorded via the response-time curves and the
response time of MGOs3 was less than 1.07 s. Because of its excellent
biocompatibility, the multi-functional integrated intelligent MGO3 film
has potential application as a respiration monitoring device for portable
healthcare and medical treatment.

4. Conclusion

In this work, conductive-film-based flexible actuators trigged via a
moisture gradient were prepared by combining Ti3C>Tx MXene and GO.
The oxygen content and interlayer spacing which could be adjusted via
the TizC2Tx MXene/GO ratio, could contribute to the actuation perfor-
mance in response to a moisture gradient. The MGOs film exhibited a
large bending deformation, fast response, and reversible actuation in
response to the presence or absence of moisture. GO could prevent the
oxidation of the TizCyTx MXene, thus, improving the long-term stability
of MGO. Additionally, the conductive MGO exhibited a high resistance
response to RH. A series of applications were designed to confirm the
potential of MGO for application in actuators and sensor. A simulated
flower, robotic arm, and non-contact switch were successfully fabri-
cated. Furthermore, the MGO film exhibited excellent biocompatibility
and humidity sensing which enabled its use for respiration monitoring.
This research could promote the application of biomimetic films driven
via a moisture gradient for various applications, including in soft ro-
botics and sensors.
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