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A B S T R A C T   

Multi-responsive functional materials with simultaneous photothermal and photoluminescent properties have 
broad applicational prospects in the field of flexible electronics, devices and remote force detection and monitor. 
Here, a feasible method is developed by introducing MoO3-x quantum dots (MoO3-x QDs) and blue fluorescent 
carbon dots (B-CDs) into a strong hydrogel matrix to fabricate a novel composite hydrogel with concurrent 
photothermal and photoluminescent properties. Besides rendering the peculiar multifunctionalities, we found 
that the addition of photothermal MoO3-x QDs enhances the mechanical properties and self-healing properties of 
the composite hydrogel. The temperature of the MoO3-x-CDs-PVA (Polyvinyl Alcohol) hydrogel can rise by 30 ◦C 
within 1 min after 808 nm infrared laser irradiation and the self-healing efficiency could double after 40 s of 
irradiation. Moreover, there is a good linear relationship between the fluorescence intensity of the composite 
hydrogel and the external force, which can be used to monitor the force within a certain range. The monitoring 
range and sensitivity can be further improved by adjusting the infrared laser to for small force detection. Finally, 
the novel composite hydrogel is successfully applied to fracture monitoring in fracturing and force monitoring at 
different locations in the fluid model in the field of petroleum engineering.   

1. Introduction 

Self-healing hydrogel is a type of novel material, which can self- 
repair from mechanical damage by reconstructing the three- 
dimensional network structure through dynamic covalent [1–4] 
and/or non-covalent cross-linking [5–8]. This material attribute is very 
attractive, where excellent stretchability, high strength and long fatigue 
life is of a big concern. In particular, self-healing hydrogels with 
multi-functional stimuli-responsiveness, such as electrical [9–11], 
magnetic [12–14], optical [15], and thermal [16], have attracted a great 
amount of attention in recent years. These functional materials are able 
to respond to external stimuli by actively adjusting their properties, 
while maintaining the characteristics of high levels of flexibility and 
conformability. The synergy among the multiple functionalities has 
broad application prospects in the fields of flexible electronics, devices 

and sensors [17], critically needed in the biomedical [18], engineering 
[19–21] and energy related fields. 

The hydrogels doped with quantum dots in order to achieve modified 
and improved functionalities and mechanical performances have been 
widely reported. Molybdenum-based nanomaterials have been incor
porated into hydrogels because of their good photothermal conversion 
properties, which enable the composite materials to efficiently absorb 
infrared light and converted it into heat. Recently, Li et al. proposed a 
strategy of doping plasmonic HxMoO3 quantum dots into PNIPAm (poly 
(N-isopropylacrylamide)) hydrogels to obtain multifunctionalities [22]. 
The addition of quantum dots into the polymeric system enhances the 
photothermal conversion, mechanical properties, adhesion, and 
self-healing performance simultaneously. The HxMoO3/PNIPAm 
hydrogel has good macrophage (MØ) growth promoting activity on 
wounds. Xu et al. fabricated a molybdenum disulfide (MoS2) 
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nanosheets-based hydrogel (Gel-PEG-MoS2, GPM hydrogel), with 
near-infrared (NIR) light-induced self-healing property, which is applied 
to a flexible sensor [23]. In previous work, we have reported a 
fluorescence-responsive self-healing hydrogel, which showed a good 
response to the forces exerted on the hydrogel. The forces and the 
self-healing efficiency could be determined by measuring the intensity of 
the excitation peak [24]. However, the hydrogel has a limited detection 
range (>0.98 N), which limits its application. 

In present work, we choose to dope MoO3-x QDs with photo
luminescent hydrogels. Under 808 nm infrared light irradiation, the self- 
healing efficiency is improved by 70% compared with the unexposed 
hydrogel, owing to the photothermal effect. The flexibility of the poly
mer chain is increased due to the high-efficiency photothermal con
version performance of the composite hydrogels. The hydrogen bonds 
between the molecular chains disappear after infrared light irradiation, 
and the hydrogel becomes more sensitive to external force and easier to 
deform. Under normal conditions, the force detection range of the 
fluorescent hydrogel is restrained. After near-infrared illumination, the 
hydrogel is more sensitive to the detection of small forces (<0.98 N), 
thus increasing the force monitoring range. The mechanism of the 
photo-induced phenomenon is different from the piezoresistive effect 
[25,26] and the piezoelectric effect [27] in force monitoring and 
detection. The proposed mechanism is based on the change of fluores
cent intensity and the consequential change in the material’s mechanical 
response to external loadings or forces. This MoO3-x-CDs-PVA hydrogel 
is successfully demonstrated to be applicable in fracture monitoring in 
artificial fracturing, and in monitoring a planar radial flow pressure 
field. 

2. Experimental 

2.1. Materials 

PVA (degree of polymerization: 2699) was purchased from Anhui 
Wanwei Group Co. Agarose (Analytical Grade) was purchased from Life 
Technologies Corporation. Glycerol was purchased from Beijing Solar
bio Science Technology Co. Ltd (Analytical Grade). Chitosan was pur
chased from Beijing Bellingway Technology Co. Ltd. Sodium tetraborate 
(Analytical Grade: Na2B4O7⋅10H2O) and Manganese carbonate were 
purchased from Tianjin Guangfu Technology Development Co. Ltd. 
Hydrogen peroxide was purchased from Beijing Chemical Reagent. 
Molybdenum powder was purchased from Chengdu XiYa Chemical Co., 
Ltd. The Sodium citrate and Citric acid monohydrate were purchased 
from Alladin. The core adopts a natural tight sandstone core, the spec
ifications of which are gas permeability 0.3 mD, porosity 12.8%, 
diameter 2.5 cm, and length 7.5 cm. The slab model uses an artificial 
core cemented with epoxy resin to simulate a 1/4 five-point well 
pattern. The model size is 30 × 30 × 4.5 cm3, with an average gas 
permeability of 89 mD and a porosity of 19.2%. There are 8 wells on the 
model. Among them, 5 pressure wells (injection wells can measure 
pressure). 

2.2. Preparation of MoO3-x quantum dots 

Firstly, 0.5 g molybdenum powder was added into the 7.5 mL of 
hydrogen peroxide solution (30%) and reacted to light yellow homo
geneous solution in ice water bath. The resulting solution was diluted 
into a 30 ml solution with deionized water. Next, the solution was 
sonicated for 2 h to remove the unreacted hydrogen peroxide. After that, 
1 g of chitosan was added to the resulting solution and stirred for 10 min. 
The solution was then transferred to a Teflon lined autoclave and then 
underwent hydrothermal reaction in an electric oven at 80 ◦C for 8 h. 
The product was obtained via dialysis for 3 days. 

2.3. Preparation of B-CDs 

The hydrothermal method was employed to prepare the blue carbon 
dots. 0.735 g sodium citrate, 0.2 g citric acid monohydrate and 2 g 
MnCO3 were added into 25 ml deionized water and stirred evenly. The 
solution was placed into a 50 ml Teflon-lined stainless-steel autoclave, 
which was kept in a furnace at 195 ◦C for 2 h. 

2.4. Preparation of the CDs-MoO3-x-PVA hydrogel 

Firstly, PVA (10 g), agarose (0.5 g), chitosan (0.5 g) and glycerin (2 
mL) were dissolved in deionized water to form a 50 mL solution and 
magnetically stirred. Next, different proportions of MoO3-x QDs and 2 ml 
B-CDs were added to the solution, which was oil-bathed at 98 ◦C for 2 h. 
After that, 50 ml of a borax solution (0.04 mol/L) was mixed with the 
heated mixture and oil-bathed at 80 ◦C for 1 h. Finally, the resulting 
hydrogel was kept in a petri dish at 4 ◦C in the humidity chamber for 3 
days. 

2.5. Characterization 

Zeiss Sigma 500 and Bruker XFlash 6/30 were used to capture the 
scanning electron microscope (SEM) and energy-dispersive X-ray spec
troscopy (EDX) imaging on the freeze-dried hydrogel samples. Fourier 
transform infrared spectroscopy (FTIR) was conducted using Nicolet 
IS10 infrared spectrometer to study the bond information and functional 
groups. The photothermal effect of the samples was recorded with an 
Infrared Thermal Imager (Testo 865) under the NIR laser light (808 nm). 
The composite hydrogel was irradiated for 10 min. The temperature was 
monitored and recorded by an infrared thermal imager one time per 30 s 
simultaneously. Fluorescence experiments were performed using UV 
lamps (12 W-ZF-7A-254–365 nm) and purple LED chips (3 W-Violet- 
400–405 nm). The fluorescence intensity of the hydrogel was measured 
with a Fluorescence Spectrometer (FS5, Edinburgh). The optical prop
erties were measured using a UV-Vis-NIR spectrophotometer (UH4150, 
HITACHI, Japan). Transmission electron microscopy (TEM) images 
were obtained using a microscope at an acceleration voltage of 300 kV 
(FEI Tecnai G2 F30). 

2.6. Mechanical properties and characterization 

The hydrogel was prepared in a negative dumbbell shaped mold 
(gage length: 6 × 16 × 36 mm3) for tensile testing and self-healing tests. 
All measurements were taken with Instron universal testing machine 
(INSTRON 5567). A fixed rate of extension (50 mm/min) was applied to 
all tensile testing. The measured engineering stresses and nominal 
stresses were calculated by the following formula: σ = F

A 
In this formula, F is the applied load on the composite hydrogel; A0 is 

the initial cross-sectional area. The hydrogel was cut into two pieces of 
equal size. In order to prevent the healing time error caused by the 
operation during the test, two pieces of hydrogel were placed on both 
ends of the stretching machine in advance, and they were stretched after 
being connected again for a different time (10 s, 20 s, 30 s, 40 s, 50 s, 60 
s). 

2.7. Monitoring the fracturing fractures using the hydrogel 

The different positions of the core are divided into areas, and 
hydrogels of uniform size (0.8 cm × 0.8 cm) are pasted on the divided 
areas (1.5 cm × 1.5 cm × 9). In order to prevent the position of the 
hydrogel from moving during fracturing, tape was used to fix the 
hydrogel at each position. Then, the core with the hydrogel is uniaxially 
fractured using a Hassler-type core holder. After fracturing the core, the 
hydrogel on the fractured core is removed to test its fluorescence in
tensity. Combining the fluorescence intensity of the hydrogel at the 
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divided points of different regions, the surfer software is used to draw a 
field diag to simulate the crack shape (Fig. S8). 

2.8. Monitoring the flow field pressure using the hydrogel 

First, put the uncured composite hydrogel into the hole of the pres
sure testing valve, and wait for it to solidify and shape up. Secondly, use 
gas cylinders to respectively pressurize to 0, 0.05 MPa, 0.1 MPa, 0.2 
MPa, and 0.3 MPa, and the hydrogel was taken out after stabilization to 
measure fluorescence intensity using the spectrometer. Then, fix the 
valve loaded with the composite hydrogel on the pressure measuring 
point of the plane model, and inject gas from the injection well of the 
plane model with a gas cylinder. After waiting for a period of time to 
stabilize, take out the hydrogel from the pressure measuring points and 
measure the fluorescence intensity. Finally, combined with the standard 
curve to determine the corresponding pressure, use surfer software to 
draw the pressure field distribution map (Fig. S9). 

3. Results and discussion 

3.1. Design principle and synthesis of MoO3-x-CDs-PVA hydrogel 

PVA, B-CDs and MoO3-x QDs were employed to fabricate the 
hydrogels with photothermal and fluorescent properties by a one-pot 
sol-gel synthesis method. The typical preparation strategy was 
composed of three steps, which include the hydrothermal preparation of 
MoO3-x QDs and metal-doped CDs, and the preparation of light- 
responsive fluorescent hydrogels. As shown in Fig. 1a, MoO3-x QDs 
were fabricated via a hydrothermal method in which metallic Mo was 
used as the Mo source and chitosan functioned as both the capping agent 
and reducing agent at 80 ◦C for 8 h [28]. The morphology of MoO3-x QDs 

was characterized by TEM (Fig. S1), showing the MoO3-x QDs with 
uniform distribution of size between 2.5 and 3.9 nm. Blue carbon dots 
are prepared by hydrothermal method using sodium citrate and MnCO3 
as precursors (Fig. 1b). Citric acid is used to acidify the solution to in
crease the solubility of manganese carbonate. The TEM image shows 
that B-CDs have a spherical structure with a diameter distribution be
tween 2.2 and 3.8 nm (Fig. S2) without agglomeration. Subsequently, 
adding MoO3-x QDs and the B-CDs into the hydrogel provides the 
hydrogels with photoluminescence and photothermal properties. Due to 
its high mechanical strength and elasticity, PVA was selected as the 
primary polymer network structure for the composite hydrogel. The 
PVA, agarose, and chitosan are physically cross-linked with each other 
to form the backbone network of the hydrogel, so that the hydrogel 
maintains a specific shape and stable mechanical properties. The 
self-healing properties of the as-prepared hydrogel are attributed to the 
reversible network consisting of two dynamic covalent cross-linking 
reactions of PVA-borax-PVA [29] and PVA-glycerol-PVA [30]. The 
MoO3-x QDs and the B-CDs were uniformly dispersed in the hydrogel to 
ensure robust photoluminescence and photothermal response (Fig. 1c). 

3.2. Photothermal property of MoO3-x-CDs-PVA hydrogel 

The molecular structure of the MoO3-x-CDs-PVA hydrogel is shown in 
Fig. 2a. Due to the use of chitosan as the capping agent, the MoO3-x QDs 
could interact with the functional groups on the polymer chain of the 
hydrogel through hydrogen bonding. Fig. 2b shows the Fourier trans
form infrared spectroscopy (FTIR) spectra of PVA, CDs-PVA, and MoO3- 

x-CDs-PVA hydrogel. In the FTIR spectra, the peak positions of the hy
droxyl groups of PVA and CDs-PVA are not significantly shifted. How
ever, the –OH stretching band in the MoO3-x-CDs-PVA is located at 3262 
cm−1, which shifts to a lower wavenumber compared with that of 

Fig. 1. Schematic illustrations of (a) the fabrication process for MoO3-x QDs, (b) the synthesis process of blue carbon dots and (c) the fabrication process of MoO3-x- 
CDs-PVA hydrogel. (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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pristine PVA and CDs-PVA (3263 cm−1), indicating that hydrogen 
bonding is formed between the hydroxyl groups of PVA and the func
tional groups of MoO3-x QDs. The porous morphology of freeze-dried 
hydrogels was characterized by a scanning electron microscope (SEM). 
Compared to a hydrogel without MoO3-x QDs (Fig. S3), the MoO3-x-CDs- 
PVA hydrogel assumes a more compact porous structure, suggesting that 
the synthesized hydrogel possesses a higher crosslinking density 
(Fig. 2c). As shown in the energy-dispersive X-ray spectroscopy (EDX) 
results of the synthesized hydrogel, molybdenum and manganese ele
ments can be observed on the surface, indicating the MoO3-x QDs and the 
B-CDs were homogeneously dispersed in the hydrogels (Fig. S4). The 
photothermal properties of the composite hydrogel are expected to be 
originated from the doped MoO3-x QDs. Hence, we evaluated the pho
tothermal conversion properties by measuring the thermal variations of 
the MoO3-x dots aqueous suspensions under 880 nm NIR laser irradiation 
in real-time via an infrared thermal camera. As shown in Fig. S5, the 
control (i.e., deionized water) shows a negligible temperature rise upon 
laser irradiation. In sharp contrast, all of the MoO3-x QDs dispersions 
exhibited remarkable temperature elevation over time. Subsequently, 
photothermal stability tests of different hydrogels were carried out. The 
temperature of the MoO3-x-CDs-PVA hydrogel reaches 40.2 ◦C in 1 min 
at the optimal mixing ratio (1% MoO3-x), while the pure hydrogel kept a 
relatively low temperature of 16.2 ◦C (Fig. 2d). The temperatures of 
hydrogel samples with different contents of MoO3-x QDs were recorded 
every 30 s, and the experimental results are shown in Fig. 2e. Compared 
with the hydrogel without MoO3-x QDs, the temperature of MoO3-x 

doped hydrogel could rise to 50 ◦C in 5 min from an initial temperature 
of 20 ◦C. This result indicates the MoO3-x QDs still preserve the excellent 
light-to-heat conversion effect in the hydrogel. By comparison, doping of 
blue fluorescent carbon dots has minimal effect on the photothermal 
conversion properties of the hydrogel. 

3.3. Mechanical performance of MoO3-x-CDs-PVA hydrogel 

Next, the mechanical performance of the composite hydrogel where 
the PVA content was fixed at 20% (m/v), and the solid contents of MoO3- 

x QDs were set at 1%, 2%, and 3% (m/v), were experimented and dis
cussed. As shown in Fig. 3a, the stretchability of the PVA-MoO3-x (2%) 
hydrogel reached 480% strain with a tensile strength of 86 KPa, with the 
best mechanical performance among the three samples. This suggests 
that moderate number of MoO3-x QDs could improve the overall strength 
of the gel material as reinforcements, while excessive MoO3-x QDs 
incorporated into the hydrogel would negatively affect the polymeri
zation of the hydrogel and cause its mechanical strength to decrease. As 
the content of doped MoO3-x QDs was increased from 2% to 3%, the 
fracture stress of the hydrogel decreased by about 32%, as shown in 
Fig. 3b. After the hydrogel was doped with different contents of MoO3-x 
QDs, the 2% MoO3-x-CDs-PVA hydrogel had the largest gel fraction and 
the lowest equilibrium swelling rate (Fig. 3c). Therefore, the 2% MoO3-x- 
CDs-PVA hydrogel exhibits the best mechanical properties. The hydrogel 
with a self-healing ability can effectively improve the reliability and 
service life. Non-spontaneous repairable materials require additional 

Fig. 2. (a) Schematic of the internal structure of the MoO3-x-CDs-PVA hydrogel. (b) FTIR spectra of the different hydrogels (c) SEM images of MoO3-x-CDs-PVA 
hydrogel. (d)NIR images revealing temperature variations of pure hydrogel and composite hydrogel in 1 min, MoO3-x content: 1 g (weight ratio: 1%). (e) The time- 
temperature response curves of different hydrogel samples (MoO3-x-PVA, MoO3-x-CDs-PVA, and pure PVA) in a unit reaction system under 808 nm NIR laser. 
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triggers or assistance to activate the repair process, but they still have 
many unique advantages in practical applications. We can precisely 
control the repair process of non-spontaneous repairable materials by 
adjusting the heating temperature or light intensity. These external 
stimuli can be used as switches to make the repair process of the ma
terials controllable. The self-healing properties of the hydrogel were 
manifested by the self-healing efficiency which was defined as: 

R = δ1/δ0 × 100% (1)  

where R represents the self-healing efficiency of the hydrogel, and δ1 and 
δ0 are the tensile stresses before and after the hydrogel underwent self- 
healing, respectively. The self-healing properties of the composite 
hydrogel with different MoO3-x QDs are shown in Fig. 3d. The self- 
healing efficiency of different hydrogels increases with increasing 
healing time. However, as the content of MoO3-x QDs is increased, the 
hydrogel gradually lost its self-healing properties (Fig. 3e). The stability 
of the hydrogel is characterized by the Thermogravimetric Experiment 
Analysis (TGA) (Fig. 3f). It is found that the MoO3-x-CDs-PVA hydrogel 
exhibits thermal stability higher than that of the PVA hydrogel within a 
temperature range from 30 ◦C to 300 ◦C. Fig. 3g demonstrates the effect 
of infrared laser irradiation on the self-healing of the hydrogel. After 
being damaged, the composite hydrogel without infrared laser irradia
tion has poor self-healing performance compared with the one that is 
subjected to infrared laser irradiation. After self-healing, exerting the 

same level of external loading can easily regenerate cracks at the 
damaged region for the samples without laser irradiation, while the ones 
with irradiation are intact. 

3.4. The fluorescent properties of the composited hydrogel 

The composite hydrogel exhibit photoluminescent properties stem
ming from the fluorescent quantum dots. The hydrogel is doped with a 
type of blue fluorescent quantum dot. The as-prepared manganese 
doped CDs were observed to be transparent under visible light and 
exhibited a bright blue luminescence when excited by 365 nm wave
length of light, as shown in Fig. S6. The photoluminescent characteris
tics of the synthesized B-CDs were investigated systematically using a 
fluorescent spectrometer at different wavelengths to analyze the emis
sion properties. As shown in Fig. S7, the as-prepared B-CDs have the 
strongest emission, centered at 440 nm (λem) when excited by a light 
source with a wavelength of 340 nm (λex). Subsequently, the fluorescent 
spectrum of the composite hydrogel revealed that the blue fluorescent 
effect of the B-CDs remained stable. In addition, after doping MoO3-x 
QDs into the hydrogel, the fluorescent behavior is maintained under 
ultraviolet light (Fig. 4a). In previous works, we demonstrated for the 
first time that the hydrogel doped with photoluminescent quantum dots 
could be utilized for optical measurements [24]. However, due to the 
limitation of the properties of the hydrogels, the range is restricted and 
the sensitivity to small force is limited. As shown in Fig. 4b, the 

Fig. 3. (a) The tensile stress-strain curves of hydrogels with different MoO3-x QDs contents. (b) Tensile strength of hydrogels with different MoO3-x QDs contents. (c) 
The gel fraction and water equilibrium swelling ratio (ESR) of the PVA hydrogels with different MoO3-x QDs loadings (d) Relationship between the self-healing 
efficiency and healing time of the hydrogel with different MoO3-x QDs contents. (e) Healing efficiencies for hydrogels with different MoO3-x QDs loadings under 
NIR irradiation. (f) TGA of the two samples under nitrogen atmosphere. (g) Photographs showing the self-healing process and behavior of the MoO3-x-CDs- 
PVA hydrogel. 
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fluorescence intensity of the hydrogels was tested under different 
external forces. When the external forces are larger than 0.98 N, there is 
a significant linear relationship between fluorescence intensity and the 
external force, indicating that the hydrogel has a good sensitivity within 
this force range (Fig. 4c). For less than 0.98 N of the force, the fluores
cence intensity of the hydrogel is less sensitive. This motivates the 
incorporation of MoO3-x QDs in the hydrogel system. The sensitivity has 
scientifically improved for the molybdenum oxide-doped hydrogel with 
30 s of infrared laser irradiation. Fig. 4d indicates that the optimal 
fluorescence emission wavelength of the composite hydrogel does not 
change after the hydrogel is irradiated by an infrared laser. However, the 
fluorescence intensity of the hydrogel changes more obviously after a 
small force is applied, and shows a good linear relationship, as shown in 
Fig. 4e. In addition, the self-healing capability of the hydrogel can be 

determined by the fluorescence intensity. As the self-healing time in
creases, the healing effect improves, and its fluorescence intensity 
gradually increases. The fluorescence intensity of the damaged hydrogel 
positively correlates with the healing time, as shown in Fig. 4f. 

3.5. Applications 

Indirect mechanical monitoring of hydrogels can be applied in many 
fields. Fracturing is an important method for unconventional oil and gas 
production. And fracture feature analysis is one of the common methods 
to evaluate the effect of fracturing. The cracks at different locations in 
the rock extend along with the direction of the force. However, usually 
only the injection pressure can be obtained and the exact stress field and 
distribution are difficult to obtain in the process of fracturing. Therefore, 

Fig. 4. (a) Photograph of CDs-PVA hydrogel and MoO3-x-CDs-PVA hydrogel under natural light and UV light. (b) Fluorescence spectra of hydrogel structure under 
different external forces. (c) A fitting curve of the fluorescence intensity of the hydrogel structure under different external forces. (d) Fluorescence spectrum of 
hydrogel under the action of small external force after infrared light irradiation. (e) A fitting curve of the fluorescence intensity of the hydrogel after infrared light 
irradiation. (f) Relationship between the fluorescence intensity of the hydrogel under different healing time. 
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using a functional hydrogel as the medium helps to solve the problem. 
The changes in fluorescence intensity reflect the stress distribution of the 
core at various points during the fracturing process. The numerical value 
of the fluorescence intensity in the simulation field can be analyzed. As a 
result, the fracture trend after core fracturing can be predicted or esti
mated. The application of the MoO3-x-CDs-PVA hydrogel on monitoring 
of core fracture is shown in Fig. 5a. The hydrogels are evenly distributed 
and attached at nine positions on the core before conducting the fluo
rescence intensity test. The test results are shown in Fig. 5b. The spectra 
show that the fluorescence intensity of the hydrogel at different posi
tions has changed significantly. Fig. 5c is the pressure field diag plotted 
according to the fluorescence intensity. The simulated fracture pattern 
and the extended trend are consistent with the real fracture. At the same 
time, in the fields of petroleum exploration, hydrogeology, etc., accu
rately obtaining the pressure field distribution in porous media is also 
important for studying the fluid mechanics and transmission in it. 
Fig. 5d is a schematic diag of the distribution of the hydrogel in the 
porous media model, where the green mark represents the detection 
point of the hydrogel. As shown in Fig. 5e, the fluorescence intensity of 
the hydrogel at different points is inversely proportional to the pressure 
at that particular location. The pressure field distribution is obtained in 
the simulation by measuring the fluorescence intensity of the hydrogel 
as shown in Fig. 5f. The pressure field near the injection well is red, 
while the pressure field in the middle and the end of the model is blue, 
indicating the pressure variation in the model. The consumption is 
mainly concentrated near the injection well, and the displacement in the 
latter half of the model is relatively small, which is consistent with the 
report in the literature. The use of the current composite hydrogel can 
feasibly obtain the pressure distribution, avoiding the cumbersome 
process of using multiple sets of pressure sensors. 

4. Discussion 

In order to improve the healing efficiency and shorten the healing 
time of the hydrogel, we used an infrared laser to illuminate the 
hydrogel doped with photothermal MoO3-x QDs. When the irradiation 

time reached 40 s, the self-healing efficiency of the hydrogel reached the 
maximum value of 80%, as shown in Fig. 6a. The efficiency of self- 
healing was doubled compared with that of no exposure to irradiation 
in the air. In addition, after 40 s of light irradiation (using 808 nm NIR 
laser), the healing efficiency of the hydrogel can reach to about 100% 
after another 20 s in the air without any external stimulus. The healing 
process of MoO3-x-CDs-PVA hydrogel was activated by the temperature 
rise caused by the photothermal effect of MoO3-x under NIR irradiation. 
In order to investigate the important role of higher thermal conductivity 
from MoO3-x QDs, another experiment was conducted, as shown in 
Fig. 6b. Both PVA and 2% MoO3-x-CDs-PVA hydrogels were heated in an 
oven at 55 ◦C and their temperature changes were monitored. For the 
CDs-PVA hydrogel, the temperature increased to 50 ◦C within 7 min, 
while the 2% MoO3-x-CDs-PVA hydrogel reached the same temperature 
in only 4 min, indicating that the 2% MoO3-x-CDs-PVA hydrogel 
exhibited quick thermal responses. The thermal-sensitive physically 
crosslinked polymer chain become highly mobile, which can under 
diffusion, re-entangled to heal the damages. Therefore, the MoO3-x QDs 
not only act as NIR photothermal conversion agents to transduce light 
into heat, but also transfer the heat into the hydrogel matrix quickly and 
homogenously. The healing process of the MoO3-x-CDs-PVA hydrogel is 
depicted in Fig. 6c. First, the stable network structure of the hydrogel is 
damaged by applying an external force. As a result, the hydrogen bonds 
between the polymer chains, the polymer and the CDs, and the polymer 
and MoO3-x QDs are ruptured in the damaged region. Then, under the 
NIR light, the well-dispersed MoO3-x QDs transduce light into heat 
quickly. Then the PVA chain, the chitosan chain, and the agarose chain 
become mobile and the flexibility of the molecular chain also increases, 
facilitating the regeneration of the intermolecular hydrogen bonding. 
Finally, the network structure of the hydrogel is recovered upon removal 
of the light and cooling to room temperate. However, when the infrared 
irradiation is applied for a longer time, it causes the hydrogel to heat up 
too high, and the hydrogen bonds in the damaged part could not be 
reestablished due to the high temperature and high atomic motion, 
leading to permanent damage of the hydrogel. Therefore, proper irra
diation intensity and time are the keys to achieving rapid and robust 

Fig. 5. (a) Schematic diag of the hydrogel used to detect the core fracturing fracture. (b) Fluorescent spectra of the hydrogel at different positions of core fractures. 
(c) Diag of pressure field distribution surrounding a fracture. (d) Schematic diag of fluid pressure distribution monitoring using the composite hydrogel. (e) Fluo
rescent spectra of the hydrogels in different parts of the fluid model. (f) Fluid distribution pressure field diag. 
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healing of the hydrogel. Introducing the MoO3-x QDs to the MoO3-x-CDs- 
PVA hydrogel provides a facile strategy for designing remotely- 
controllable self-healing materials. 

As depicted in Fig. 7a, the fluorescent quantum dots are uniformly 
dispersed in the hydrogel rendering the photoluminescent properties. 
The different spacings of the B-CDs result in different intensities of 
fluorescence excitation, such that the external force could be measured 

by measuring the fluorescence intensity [24]. The hydrogel in the mold 
will deform under a certain external force, thus the density of the B-CDs 
increases. The blocking effect between the B-CDs weakens the fluores
cence of hydrogels. When an external force above a certain pressure 
limit is applied to the hydrogel, the composite hydrogel can detect the 
external mechanical loadings through the change of fluorescence in
tensity. However, when the external force fails to cause the minimum 

Fig. 6. (a) Self-healing efficiency of hydrogel with 2% MoO3-x QDs for different irradiation duration. (b) Time-dependent temperature changes for PVA and MoO3-x- 
CDs-PVA hydrogels at 55 ◦C. (c)The schematic illustration of the self-healing mechanism for MoO3-x-CDs-PVA hydrogel under NIR light irradiation. 

Fig. 7. (a) Schematic of the hydrogel structure under external forces. (b) Schematic diag of hydrogel structure under external force after infrared light irradiation.  
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level of the microscopic deformation of the hydrogel, the change in the 
fluorescence intensity of the hydrogel is not sufficient to reflect the in
fluence of the external force. Introducing MoO3-x QDs into the hydrogels 
helped to solve the problem of insensitivity to small external forces in 
the hydrogel force monitoring. The schematic diag of the detection 
mechanisms involving a small external force applied to the hydrogel is 
shown in Fig. 7b. When the hydrogel is irradiated by an infrared laser, 
the flexibility of the polymer chain increases and the hydrogen bonds 
between molecules disappear. A small force can deform the hydrogel 
and change the relative distance of the carbon dots in the hydrogel, 
thereby changing the fluorescence intensity. 

5. Conclusions 

We have fabricated a novel composite hydrogel material with pho
tothermal and photoluminescent properties by introducing the MoO3-x 
QDs and B-CDs into the PVA hydrogel. The maximum tensile strength of 
the hydrogel can reach 90 KPa and can improve its self-healing ability 
(by 50%) after 40 s of infrared laser irradiation. The composite hydrogel 
can monitor forces in the range of 0.98 N–19.6 N without external 
stimuli. The results show that after a threshold the fluorescence intensity 
and the external force maintain a good linear relationship. Infrared laser 
irradiation effectively enhances the photothermal effect and the moni
toring range of hydrogel is improved for small forces below 0.98 N. It is 
demonstrated that this multifunctional hydrogel can be adopted in the 
field of petroleum engineering to determine the fracture trend and fluid 
model distribution during the fracturing process. The novel composite 
material may have a wide range of potential applications in various 
fields due to its excellent laser responsive characteristics, fluorescence 
characteristics, and force monitoring capabilities. 
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