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ABSTRACT: Humidity sensors are important components in
healthcare monitoring and advanced tactile sensing systems.
However, low sensitivity and poor mechanical properties limit
their practical applications in integrated haptic platforms such
as artificial skin. Here, photoluminescence (PL)-type humidity
sensing materials with simultaneously high sensitivity, stretch-
ability, and healability are reported based on poly(vinyl
alcohol) (PVA) composite gels comprising CdxSe1−xZnyS1−y
quantum dots (QDs). A droplet-assisted strategy is developed
to achieve a uniform distribution of QDs throughout the
polymer matrix and also to assist with, in combination with freeze−thaw and freeze−dry cycles, the formation of micropores
during the gel preparation process that improves moisture adsorption. With further ligand optimization, the PVA/QD
composite gels exhibit an excellent PL−humidity linearity (R2 > 99%), a wide humidity sensing range (from 11% to 93%),
short response/recovery time (∼40 s), and good recoverability and cyclic stability (over 100 cycles). The humidity sensing
mechanism is attributed to surface state changes of the QDs that are induced by intermolecular interactions between QD
ligands and water molecules, as revealed by molecular vibration studies and density function theory calculations. This work
opens avenues for the development of high-performance humidity-sensitive materials that are promising for next-generation
tactile sensors and artificial skin and provides fundamental insights into the sensing mechanism of PL-based humidity QD
sensors.

Humidity sensors are ubiquitously applied in a wide
variety of modern industries, including agricultural
planting, medical and health monitoring, and soft

robotics.1−5 In addition to a wide operating range, high
sensitivity, and fast response/recovery time, humidity sensing
materials for integrated and efficient haptic sensors and
systems should possess flexibility, stretchability, and environ-
mental stability. Although numerous humidity sensors based
on inorganic materials such as ZnO,6−8 CdS,9 etc., have been
developed, and they do show a wide sensing range and short
response/recovery time, they are constructed either in bulk or
thin films coated onto a rigid substrate and often suffer from
poor flexibility and stretchability. Polymer composites that
incorporate humidity-sensitive materials into more flexible
materials , l ike poly(vinyl alcohol) (PVA), poly-
(dimethylsiloxane) (PDMS), etc., have also been extensively
explored and are promising candidates for flexible humidity
sensors due to their deformability, tailorability, and facile
processing. Yet, a majority of polymer composite sensors still
exhibit low moisture sensitivity, poor mechanical properties,
and longer term environmental instability.9−11 Further

development of sensitive and reliable polymer composite
materials is therefore important for humidity sensors.

Fundamentally, the working principle of most composite-
based humidity sensors depends on electrical responses like
changes in resistivity and capacitance,2,4,9,10 which unfortu-
nately can also be influenced by other external stimuli such as
temperature and stress. Consequently, additional separators or
electromagnetic shielding layers are often required to avoid
electromagnetic interference, which undesirably increases the
volume and weight of the devices. Recently developed
photoluminescence (PL)-type optical humidity sensors based
on luminescent materials embedded in a polymer matrix are a
promising alternative that may enable efficient integration of
multisensing functionalities into compact and lightweight
sensor systems. In a typical PL-type composite humidity
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sensor, the humidity-sensitive parts are primarily fluorescent or
phosphorescent organic molecules or quantum dots
(QDs)12−14 that exhibit humidity-induced PL quenching or
an emission wavelength shift. In comparison to organic
molecules, QDs have surface effects and quantum size effects
that make them outstanding luminescent materials, exhibiting a
tunable emission spectrum, narrow and symmetric emission
peak, high photoluminescent quantum yield (PLQY), and
long-term stability. Importantly, their luminescent properties
are affected by surface chemical environments, e.g., ions, gases,
etc., and are easily tuned by surface ligands.15−17 Therefore,
QD-comprising polymer composites are promising for high-
performance flexible humidity sensors and have been receiving
increasing research interest.12−14 For example, Xia et al.
developed a PVA/SiO2−CdTe QD composite film for a
sensitive and stable humidity sensor with a wide sensing range
of 5−97% RH.18 Meng et al. reported a polystyrene-based fiber
doped with CdSe/ZnS QDs that is flexible and sensitive to
moisture with response/recovery times of 30/60 s in a range of
19−51% RH.17

Despite the progress achieved in polymer/QD composite-
based humidity sensors, some critical challenges remain. Thus
far, the QD ligands explored have mainly focused on water-
soluble polar molecules like 3-mercaptopropionic acid (MPA)
so as to enable dispersibility of QDs in water-rich solvents and
improve the moisture sensitivity of the resultant polymer/QD
composite.18,19 However, such functionalized QDs usually
suffer from significantly reduced PLQYs due to weak QD-
ligand interactions and thus less passivated surfaces defects
(such as dangling bonds),16,20 which in turn hamper the

humidity sensing efficiency and increase the cost. For example,
the PLQY of CdSe/CdS/ZnS QDs modified with a hydro-
philic polyoxyethylene octadecylamine (PEGO) ligand de-
creases from 78% to 47%.20 Second, the QD-polymer
composites usually suffer from a high sensing hysteresis, i.e.,
long response/recovery time, due to slow moisture adsorption
and diffusion in the polymer matrix. Although porous
structures have been constructed in the polymer to improve
the adsorption efficiency of water molecules, they are usually
made at the cost of reduced mechanical strength, toughness,
and stability,19,21 which is not desired for the long-term
operation of a humidity sensor. For instance, microsized pores
were achieved in a PVA film via electrospinning yielded films
with a limited tensile strength of ∼5 MPa and a maximum
strain of ∼500% with poor structural integrity in humid
environments.19 Therefore, it is still important and challenging
to design and fabricate humidity sensors that are highly
sensitive, quickly responsive, and mechanically robust for high-
performance humidity sensors.

Herein, we report a PVA/QD composite gel-based PL-type
humidity sensor with high sensitivity and stability, short
response-recovery time, and high toughness by utilizing a facile
“droplet-assisted” strategy combined with ligand optimization.
We show that oil-in-water emulsion droplets, serving as a
medium, encapsulate hydrophobically functionalized QDs in
the aqueous solution and lead to simultaneously a uniform
dispersion of QDs and pore structures within the PVA matrix,
which is beneficial for moisture adsorption and toughness
enhancement. Several QD ligands (oleic acid, 3-mercaptopro-
pionic acid, and 3-aminopropanol) with different chemical

Figure 1. Gel preparation and characterization. (a) Schematic illustration of the fabrication procedures of a PVA/QD composite gel. (b)
Optical image (left) and fluorescent image under UV 365 nm illumination (right) of the composite gel obtained after the freeze−thaw cycle.
Scale bar: 1 cm. (c) Optical image (left) and fluorescence image (right) of the composite gel obtained after washing and freeze-drying. Scale
bar: 1 cm. (d) Fluorescence micrograph of bromooctane-in-water droplets containing QDs stabilized by Triton X-100. The QDs are flowing
inside the droplets due to Marangoni convection which creates the patterns observed within each droplet.25 Scale bar: 20 μm. (e) Scanning
electron micrograph of a PVA/QD composite gel. Scale bar: 100 μm. (f) Pore size (diameter) distribution of e. (g) Energy-dispersive X-ray
mapping of a PVA/QD composite gel, including C, O, Cd, and S elements. Scale bar, 50 μm.
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structures are compared, and we confirm the significant role of
the ligand on tuning the photoluminescent and humidity
sensing properties of the PVA/QD composite gels. Molecular
spectroscopy and density functional theory (DFT) calculations
are used to study the effects of QD surface state changes
induced by intermolecular interactions and electron transfer
between ligands and water molecules on the humidity sensing
mechanism. The resultant PVA/QD composite gels exhibit
excellent humidity sensing performance with a short response/
recovery time of ∼40 s in 11−93% RH, stability over 100
cycles, enhanced mechanical toughness (∼2850% strain and
∼300 MJ/m3), and self-healing capabilities which make this
composite promising for applications in next-generation tactile
sensing systems and health monitoring.

PVA was chosen as the polymer matrix due to its favorable
hydrophilic properties, ease of processability, and low cost.
CdxSe1−xZnyS1−y QDs were selected as the primary humidity-
responsive component in the composite gels owing to their
high PLQYs, high sensitivity of moisture, monodispersity, and
high chemical stability compared to other QDs such as carbon
QDs, CdTe QDs, etc.15,16 The QDs were prepared by a single-
step synthesis method described in the experimental methods
of the Supporting Information.16 The QD composition and
size (diameter ∼7.6 ± 0.8 nm) were confirmed by transmission
microscopy (TEM) and energy dispersive X-ray spectroscopy
(EDS) mapping (Figures S1 and S2), in accordance with our
previous work.22,23 The surface structure of as-synthesized
QDs modified by oleic acid (OA) ligand was confirmed by
Fourier-transform infrared (FT-IR) absorption spectra (Figure
S3, Supporting Information). The PVA/QD composite gel was
then prepared by using our devised “droplet-assisted” method
followed by freeze−thaw and freeze−dry procedures, as
schematized in Figure 1 and described in detail in the
Supporting Information. In brief, QDs were first dispersed in a
nonpolar oil, e.g., bromooctane, bromohexane, octane, etc.,

with a concentration of 1 mg/mL. Meanwhile, 15 wt % of PVA
was fully dissolved in a dimethyl sulfoxide (DMSO)/H2O
binary solvent (4:1 v/v) at 120 °C for 2 h. We found that using
DMSO endows the PVA gels with much higher mechanical
strength and toughness in comparison to the gels prepared by
using only water (Figures S4 and S5) due to more tightly
packed polymer chains (thus higher crystallinity) and
improved hydrogen bonding interactions.24 Upon cooling to
60 °C and vigorously stirring, 1 mL of QD-oil solution was
then emulsified by vortex mixing with 5 mL of the as-prepared
PVA solution with the help of added surfactant, e.g., 0.1 to 0.2
wt % Tergitol NP-9, sodium dodecyl sulfate (SDS), or Triton
X-100. After one freeze−thaw cycle followed by washing in
water (to remove the DMSO and surfactant) and freeze-
drying, the green-fluorescent PVA/QD composite gel was
obtained (Figure 1b, c and Figure S6 and S7). The
fluorescence micrographs of the precursor emulsion (Figure
1d and Video S1) showed a uniform distribution of QDs inside
the droplets with an average droplet diameter of 28 ± 5 μm
(Figure S8). The scanning electron micrograph (SEM) image
of the composite gel (Figure 1e) revealed an average pore
diameter of 21 ± 3 μm (Figure 1f), where the pores were
templated by the oil droplets embedded inside the PVA along
with some degree of volume shrinkage occurring during the
freeze-drying process. Energy dispersive X-ray spectroscopy
(EDS) elemental mapping of the dry composite (Figure 1g)
revealed a homogeneous distribution of Cd and S elements
from the QDs, signifying a uniform dispersion of QDs
throughout the PVA matrix. Additionally, we did not observe
Br or Na elements in the EDS survey (Figure S9), indicating
that most of the brominated oil and surfactant (in the case of
SDS) were removed during washing.

After fabrication, we carefully investigated the photo-
luminescence properties of the composite gels. We expected
that the oil, surfactant, and QD ligands may potentially affect

Figure 2. Influence of the QD ligand on gel PL. (a) Chemical structures of QD ligands: OA, MPA, and APP. (b) UV−vis absorption and PL
emission spectra (excited at 350 nm) of QDs with different ligands dispersed in chloroform (for QDs-OA and QDs-APP) or water (for QDs-
MPA). (c) Normalized PL spectra of PVA composite gels with QDs with different ligands. Inset are fluorescent images of PVA composite
gels with different QDs. Scale bar, 1 cm.
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the photoluminescent properties of the gels. We picked three
common oils, i.e., bromooctane, bromohexane, and octane
(Figure S10), which are cost-effective and widely used for
emulsions, to prepare the PVA/QD composite gels. We found
that QDs can be well-dispersed in all these oils, and bright
luminescence is observed in the resultant PVA/QD composite
gels, indicating that the influence of oils was negligible (Figure
S10). To study the effects of added surfactants, we examined
three commonly used surfactants, Triton X-100, SDS, and
Tergitol NP-9. SDS is anionic while Triton X-100 and Tergitol
NP-9 are nonionic (Figure S11). The PL spectra and recorded
fluorescent images of the gels demonstrate that all of these
surfactants can help to improve the stability and dispersion of
QD-containing droplets in the PVA gel, leading to comparably
high PL intensity. We believe that the oil and surfactant act as
a “medium” to produce and stabilize QD-containing droplets
dispersed within the PVA matrix during gel preparation but
which after subsequent washing steps appear to have little
influence on the photoluminescent properties of the gels.

We next explored the influence of the QD ligand on the
photoluminescence properties of the composite gels. Three
typical organic ligands were chosen to modify the surface of
QDs, i.e., oleic acid (OA), 3-mercaptopropionic acid (MPA),
and 3-aminopropanol (APP) (Figure 2a). The long-chain OA
is one of the most commonly used nonpolar QD ligands and
renders the QDs hydrophobic, while MPA and APP are short
and polar, endowing the QDs with better moisture affinity.
When the QDs were initially synthesized, they were function-
alized already with the OA ligand through the coordination
interactions between metal ions (M2+, i.e., Cd2+, Zn2+) in the
QDs and −COOH group in OA. The MPA and APP ligands
were grafted to the QD surface by M2+···SH− and M2+···NH−
interactions, respectively, through a ligand exchange method as
described in our previous work.22,23,26 The corresponding QDs
modified by OA, MPA and APP were denoted as QDs-OA,
QDs-MPA and QDs-APP, respectively. The different ligand-
modified surface structures of QDs were confirmed by FT-IR
absorption spectroscopy (Figure S3). The PL spectra and

Figure 3. Normalized PL intensity as a function of RH from 11% to 93% (red dot) and 93% to 11% (black dot) of (a) PVA/QDs-OA, (b)
PVA/QDs-MPA, and (c) PVA/QDs-APP composite gels. Red lines are the linear fit to the experimental data. (d) Time-dependent PL
intensity of the PVA/QDs-APP composite gel when RH changes between 11% and 93%. (e) Comparison of response and recovery time
between this work and other typical optical humidity sensors in literature.17−19,27−35 (f) Cyclic stability of the PVA/QDs-APP composite gel
under alternatively changed RH between 11% and 93%. (g) Photograph (upper left), fluorescence photograph (upper right), and SEM image
(lower) of the gel after 100 cycles, with scale bars of 1 cm, 1 cm, and 20 μm, respectively.
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PLQY measurements of the various QDs are presented in
Figure 2b. The QDs-OA show a PLQY of ∼60.5%, while
weaker PL intensity and a lower PLQY (43.6%) were observed
in QDs-MPA. Such decrements have been widely reported and
well understood by the fact that the weak M2+···SH−
coordination interactions between MPA and QDs leads to
inadequate surface defect passivation and extra trap lev-
els.15,16,22 Comparatively, QDs-APP exhibited the highest PL
intensity with a PLQY of 62.1%, which is attributed to the
strong M2+···NH− interactions and thus efficient defect
passivation.

The photoluminescent properties of the resultant PVA
composite gels prepared with QDs-OA, QDs-MPA and QDs-
APP were then measured (Figure 2c). The gels comprising
QDs-OA and QDs-MPA exhibited significantly lower PL
intensity compared with the PVA/QDs-APP gel. Variations in
PL intensity are also possibly related to differences in the
dispersions of QDs in the PVA matrix, wherein aggregation can
cause PL quenching. Fluorescence optical micrographs of the
gels revealed that the gels with QDs-OA and QDs-MPA
display larger bright spots especially when wet, compared to
gels with QDs-APP, suggesting that QD aggregates may lead to
quenching (Figure S12). To better reveal the nanoscale
dispersity of QDs in the gels, we took TEM images of ∼50 nm
thick gel slices, (Figure S13). The QDs-APP showed a
relatively homogeneous distribution in the PVA matrix with an
average particle cluster diameter (d) of 10∼20 nm, while QDs-
OA and QDs-MPA were aggregated with d values of ∼50 and
∼100 nm, respectively. The aggregation of QDs can lead to
undesired charge transfer between QDs and thus exciton
recombination loss, resulting in the decreased PL intensity in
the composite gels. Therefore, QDs-APP, which has the best
dispersibility, also exhibits the strongest photoluminescence.
Hence, in contrast to the negligible effect of the oils and
surfactants tested, variation in the surface ligands of the QDs
had a significant impact on the photoluminescent properties of
the PVA/QD composite gels.

We next studied the PL intensity-based humidity sensing
properties of the various PVA/QD composite gels (Figure 3
and Figures S14−S16). A series of relative humidity environ-
ments (RH, from 11% to 93%) were made using saturated salt
solutions in a sealed chamber connected to the fluorescence
spectrograph. The humidity was calibrated with a commercial
humidity sensor. From Figure 3a−c, we see that the PL
intensity for all three composite gels dropped as the humidity
increased from 11% RH to 93% RH, showing a linear PL
response with a fitting factor R2 > 99%. All gels also had good
recoverability over a wide humidity range. However, the
humidity sensitivity, defined as the slope (K) of the linear fit to
the PL−RH data, varied significantly between the gels; i.e., K is
−0.14, − 0.43, and −0.68 for the composite gels with QDs-
OA, QDs-MPA and QDs-APP, respectively. Higher absolute
values of K represent higher humidity sensitivity. Compared
with the hydrophobic OA ligand, the more polar MPA and
APP ligands exhibited higher humidity sensitivity, possibly due
to the polar interactions with water molecules. The mechanism
will be discussed in detail later.

A desirable humidity sensor requires not only high
sensitivity but also short response and recovery times to
alleviate sensing hysteresis. Figure 3d shows the time-
dependent PL intensity for the PVA/QDs-APP gel, which
was realized by collecting the maximum PL intensity (i.e., at
∼530 nm) under continuous UV excitation at 350 nm as the
humidity was alternatively changed between high RH (∼93%)
and low RH (∼11%). The average response and recovery time
from over 5 cycles was 43 ± 3 s and 46 ± 4 s, respectively.
Using the same method, the response/recovery time of PVA/
QDs-MPA and PVA/QDs-OA gels was also determined, i.e.,
56/64 s and 94/109 s, respectively, as presented in Figure 3e.
Notably, the response/recovery time of PVA/QD-APP gel was
not only the shortest among the three gels but also
outperforms most reported optical humidity sensors, even
those of resistive-/capacitive-type in the literature (Figure 3e
and Table S1).17−19,27−35 For example, the response/recovery

Figure 4. FTIR-ATR absorbance spectra of pristine PVA gel and the various composite gels under low RH (20%, dashed-dotted line) and
high RH (90%, solid line). The black arrows indicate the peak shift between high and low RH conditions.
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time of a porous silicon/CdTe-MPA composite is 120/120 s
(5∼56% RH).35 Considering that the gel thickness may be a
potential factor affecting the humidity sensing properties, we
also investigated the relationship between gel thickness (1 to
20 mm range) and humidity sensitivity/recovery time (Figures
S17 and S18). As may be expected, the results demonstrate
that the humidity sensitivity (which is an equilibrium property)
demonstrates no significant variation with the sample
thicknesses. However, the recovery time is inversely correlated
with thickness, since it takes more time for water molecules to
diffuse across a thicker sample. However, while the thickness
should be as thin as possible to generate the fastest response,
there is a trade-off with mechanical strength, which we found
decreased for thin samples (Figure S19). In general, the
samples used in this work are ∼5 mm thick.

Another important factor for a humidity sensor is cyclic
reliability, which describes the reproducibility of the response
as the humidity is changed. We collected the maximum PL
intensity of the PVA/QDs-APP composite gel over 100 cycles,
where 1 cycle means RH changes from 11% to 93% to 11%. As
shown in Figure 3f, no apparent deviations of PL intensity
were observed during cycling, demonstrating the excellent
cyclic stability of the composite gel. After 100 cycles, the gel
exhibited no noticeable deformation in shape and still
exhibited bright fluorescence with intact inner pore structures
(Figure 3g).

To investigate the humidity sensing mechanism, we
collected and compared the Fourier-transform infrared (FT-
IR) spectra of pure PVA gel and the various PVA/QD
composite gels under low (∼20%) and high (∼90%) RH
environments (Figure 4). All gels were prepared under the
same conditions (DMSO/H2O binary solvent, bromooctane
oil droplets, and Triton X-100 surfactant). The broadest peaks

at 3600−3000 cm−1 are attributed to the vibration of the −
OH group, and the three other peaks at 1100, 1016, and 950
cm−1 correspond to the vibrations of C−O group.36 We see
that after the humidity changes from low RH to high RH, the
broadest peaks (−OH group) shift to lower wavenumbers (i.e.,
red shift) in all four gels, signifying that hydrogen bonds are
formed between water molecules and the gels. Compared with
pure PVA, where a 15 cm−1 red shift was observed, the PVA/
QD composite gels exhibited much larger shifts, i.e., 24 cm−1,
37 cm−1, and 63 cm−1 for PVA/QDs-OA, PVA/QDs-MPA,
and PVA/QDs-APP composite gels, respectively. Similar
results were also observed for the other three peaks. As a
reference, the peaks at around 2940 cm−1 that correspond to
the vibration of the C−H group do not show position shifts in
the gels regardless of the RH. It is thus derived that the ligand-
water interactions are different among these gels, which may be
the reason behind such varied humidity sensing properties.

To gain a deeper understanding of the mechanism leading to
the IR peak shifts and the humidity-sensing mechanism, we
conducted DFT calculations on the three QD systems. We first
examined the intermolecular interactions between the ligands
and water molecules after geometry optimizations at a b3LYP/
6-311g** level within Gaussian,37 as depicted in Figure S20
and S21. As expected, hydrogen bonds (H−bonds) are formed
in APP−H2O and MPA−H2O complexes, while only weak van
der Waals (vdW) interactions exist between the OA ligand and
water molecules. We consider only the water-alkyl interactions
in the OA-H2O complex; this is because the carboxyl group on
the OA ligand coordinates to the QDs, and the water is
unlikely to diffuse through the hydrophobic, long alkyl chain of
the OA to reach the QD surface. The independent gradient
model based on Hirshfeld partition (IGHM) was further used
to directly visualize the interaction differences between the

Figure 5. DFT calculations. Visualizations of intermolecular interactions based on IGMH analyses of (a) APP−H2O, (b) MPA−H2O, and (c)
OA−H2O complexes. (d) Calculated bond energies and bond lengths of hydrogen bonds in APP-H2O and MPA-H2O complexes and vdW
interaction in the OA−H2O complex. (e) Electrostatic potentials of APP (left) and APP−H2O (right) outside QDs, with the calculated
electrostatic potential minima of the N atom annotated. The ligands and ligand-water complexes around the QDs were drawn schematically
and were not specifically modeled. (f) Gained electrostatic potential differences of N (in APP), S (in MPA), and O (in OA) atoms at the
surface of QDs after adsorbing water molecules.
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ligand−water complexes,38,39 as shown in Figure 5a−c. The
intermolecular interactions can be visually distinguished by the
isosurfaces between two molecules with different colors, i.e.,
blue, green, and red represent attractive interaction, weak
intermolecular interaction, and repulsive interaction, respec-
tively. Isosurfaces between APP and H2O, and between MPA
and H2O, are represented by dark blue ellipsoids, while a small
green isosurface is shown in the OA−H2O complex, verifying
the relatively strong hydrogen bonding interactions in APP−
H2O and MPA−H2O complexes in comparison to the weak
vdW interactions between the OA ligand and water.
Quantitatively, the interaction energy calculations, after basis
set superposition error (BSSE) correction, show that the
bonding energy is −5.95, −3.90, and −0.76 kcal/mol for
APP−H2O, MPA−H2O and OA−H2O, respectively, and the
corresponding bond lengths are 1.836, 1.904, and 2.360 Å,
respectively (Figure 5d) indicating that the APP−H2O
complex has the strongest interactions. Moreover, we find
that the O−H bond near the H−bond becomes stretched after
the H−bond formation; e.g., the bond length is increased from
0.974 to 0.982 Å in APP and from 0.969 to 0.972 Å in MPA. It
is well understood that the stretched bonds have a weaker
force constant and would lead to a reduced vibration frequency
in accordance with the IR results.

We further examined by DFT calculations the electrostatic
potential (ESP) distributions of the ligands when adsorbing
and desorbing water molecules (Figure 5e and Figures S23 and

S24). Results showed that the ESP of the ligands changes
significantly due to the formation of H-bonds. Electron transfer
occurs along the H-bond from the water molecule to the
ligand, leading to increased negative potentials at the O atom
adjacent to the H-bond. Moreover, the other end of the ligand
(−NH2 group) also receives increased negative potential, e.g.,
the ESP minimum of N [ESPmin (N)] in APP is changed from
−1.36 to −1.67 eV. Considering this site (−NH2) is where the
ligands coordinately bind with the surface atoms (Cd or Zn) of
QDs, the formation of H−bonds therefore changes the
coordination balance between the QDs and ligands. The
additionally accumulated negative potential (ΔESP) at the
surface of the QDs would then compress the electron wave
function and introduce extra surface defect states, which
reduces the probability of electron−hole recombination and
finally results in lower PL intensity, as described by the PL
quenching mechanism.40,41 Since the process is physically
reversible, the surface states and thus luminescent properties of
QDs can be restored after water molecules desorb. Such
mechanisms are similar to previous reports on gas sensing, e.g.,
the adsorption of negatively charged SCN− or OH radicals
onto the surface of QDs can lead to PL quenching.42,43

ΔESPmin is calculated to be −0.31, − 0.16 and −0.013 eV for
N in APP, S in MPA and O in OA, respectively (Figure 5f),
indicating that the moisture-induced PL quenching follows the
trend of QDs-APP > QDs-MPA > QDs-OA, which is in
agreement with the experimental observations.

Figure 6. Mechanical properties, thermal stability, and self-healing ability of the composite gels and effects on humidity sensing. (a) Stress−
strain curves of pristine PVA gel and various PVA-based composite gels, insets show photographs of tensile (top) and bending (bottom)
tests. (b) Comparison of tensile strength and maximum strain between this work and other reported work.44−48 The HA-20PVA, HA-
10PVA, and HA-5PVA gels are hydrated with a water content of ∼70%, ∼76%, and ∼88%, respectively. (c) Restored mechanical strength
efficiency of the PVA/QDs-APP composite gel during 5 cutting-healing cycles. Insets are the optical images of the PVA/QDs-APP composite
gel during one cutting-healing cycle. (d) Normalized PL intensity of the PVA/QDs-APP composite gel at 11% RH (black dot) and 93% RH
(red dot) during 5 cutting-healing cycles. (e) Normalized PL intensity of the PVA/QDs-APP composite gel as temperature changes from 10
to 90 °C. Inset shows the PL spectra of the gel collected at different temperatures. (f) Normalized PL intensity of the PVA/QDs-APP
composite gel at various RHs over 300 days.
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In addition to the excellent humidity sensing properties, we
found that the composite gels also exhibit enhanced
mechanical properties, good temperature stability, and a self-
healing ability. As presented in Figure 6a, the composite gels
showed a higher tensile strength and toughness than pure PVA
gel. The PVA/QD-APP composite gel exhibited a high
strength of ∼15 MPa and a maximum strain of ∼2850%,
which are 1.88 and 1.93 times those of pure PVA gel,
respectively. The PVA/QDs-APP composite gel, with both
high strength and toughness (∼300 MJ/m3), is on par with the
best reported polymeric gels that are either mechanically
strong or tough (Figure 6b).44−48 The favorable mechanical
properties may enable the gel sensor to withstand harsh
mechanical conditions (e.g., stress, or deformation). We
attribute the improved mechanical properties of the PVA/
QD gels to enhanced crystallinity (Figure S25) and nanofiller-
induced mechanical reinforcement effects that originate from
the ultrasmall QDs in the PVA matrix, as supported by
previous reports.49,50 As shown in Figure 6c, after mechanical
damage (such as cutting), the composite gel can undergo a
self-healing process upon wetting and contacting the fractured
sections for 2 h at 60 °C, owing to the dynamic hydrogen
bonding network of PVA, similar to previous work.51,52 The
tensile strength can be restored to ∼70% of the original value
after 5 cutting-healing cycles. Owing to the fact that the PL
responses stem from the QDs inside PVA, the humidity
sensing functionality of the composite gels is barely affected by
mechanical damage, as seen in Figure 6d. We further examined
the temperature stability of the composite gel-based humidity
sensor (Figure 6e). The PL emission is unaffected until the
temperature reaches ∼80 °C, above which irreversible PL
quenching occurs due to thermally activated carrier
traps.16,19,41 Little deterioration in the gel PL intensity was
found over 300 days (Figure 6f). These results suggest that the
PVA/QDs-APP composite gel is a reliable humidity sensor
that can be potentially applied to various scenarios.

In conclusion, we have reported PL-type, PVA/QD
composite humidity sensing gels with high sensitivity,
stretchability, and healability. The use of the APP ligand for
QDs significantly enhances the photoluminescence properties
and humidity sensitivity of the composite gels. The developed
strategy of using emulsion droplets during the gel fabrication
leads to not only porous structures that improve moisture
adsorption but also contributes to a more uniform distribution
of QDs throughout the polymer matrix. The PVA/QDs-APP
composite gel exhibits high humidity sensitivity and a fast
response/recovery rate that are comparable to or better than
those of many state-of-the-art humidity sensing optical and
electronic materials. The humidity sensing mechanism is
attributed to surface state changes of the QDs that are induced
by polar interactions between the ligands and water molecules.
The enabling properties of stretchability due to high
mechanical toughness, healability arising from dynamic
hydrogen bonds, and excellent stability make the gels tolerant
to various environments. This work opens up a route to high-
performance stretchable humidity sensors that are promising
for applications and provides fundamental insights into the
sensing mechanism of PL-based humidity QD sensors.
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