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1. Introduction

Solar radiation is the energy source that regulates ecological and
physiological processes in plant ecosystems.[1–5] Among the envi-
ronmental factors such as moisture and soil fertility, solar radia-
tion is the most influential one.[6] Suitable solar radiation dose

can repair plant DNA by enzyme photo-
lyase and favor the synthesis of chlorophyll
in plants, which is indispensable for
plants to perform photosynthesis.[7] When
exposed to solar radiation, the chlorophyll
in plants might switch carbon dioxide
(CO2) and water (H2O) to oxygen (O2)
and organic nutrients by photosynthesis,
which is detrimental to plant growth.[8–10]

However, long-term overexposure to solar
radiation has a side effect on plant growth.
Excessive solar radiation may damage pro-
teins, DNA, and cells in plants.[11–13] This
damage directly affects seed production,
plant biomass, and growth as well as mor-
phology.[14,15] Thus, a real-time monitoring
of the solar radiation dose, which plants are
exposed to, has received growing interest.
This holds in particular for shade-tolerant
plants, which have strict requirements for
sunshine conditions such as light intensity
and time. It is also of high interest to mod-
ern in-door farming approaches, which are

based on the use of artificial illumination such as vertical farming.
In the case of human beings, internal and external stimuli

can be directly measured by physiological signal changes
such as body temperature, heart rate, and blood sugar. In
contrast, the expression of plants, which involves subtle and
slow changes, is not so prominent.[16] For this reason,
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An adhesive and visualized hydrogel-based detector is designed to monitor the
solar radiation dose required for plant growth by the discoloration of methylene
blue (MB) under sunshine. The detector is based on hybrid hydrogels prepared
from photoinitiated polymerization. The combination of polypropylene (PP)
fabrics acting as a substrate and the photoinitiated polymerization on the gra-
phitic carbon nitride (g-C3N4) surface enables a smaller thickness and a more
homogenous distribution of the g-C3N4 nanosheets. Thus, the hybrid inter-
penetrating network (IPN) hydrogel on the PP fabrics with a thickness of 1.5 mm
presents an improved photodegradation capability. In addition, better mechanical
properties and lower weight of the hydrogel-based detector are achieved by the
presence of the PP fabrics. In combination with the stickiness from a polyure-
thane resin acting as glue, the obtained detector can be easily pasted on the leaf
of a plant as demonstrated for the example of Epipremnum aureum. The radi-
ation dose exposed to the leaves can be accurately traced from the change in
color of the detector to ensure a sufficient radiation for plant growth and avoid
possible burn to the leaves under sunshine.
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long-term and continuous monitoring are highly desired
and demanded. At present, Lan et al. developed an on-plant
self-powered sustainable agriculture system based on a breathable
and waterproof triboelectric nanogenerator (WB-TENG).[17]

The constructed “intelligent agriculture” systems can convert envi-
ronmental energy such as wind and raindrops into electricity and
realize real-time monitoring of the health status of plants such as
soil moisture, soil fertility, light intensity, and temperature by con-
necting with the Internet of Things (IoTs). However, the specific
information about solar radiation dose required for plant growth is
still missing in such approach. Given the damage to plants
induced by overexposure to solar radiation, it would become a
main challenge in tracing the health status of plants in case sys-
tems like WB-TENG or alternatives are in operation. Alternatively,
a photometer indeed can measure and quantify the light intensity
more rapidly and accurately with a specific value.[18] However, the
photometer can only show the real-time intensity of the solar radi-
ation. Due to the fact that the possible damage to plants is caused
by the total dose of solar radiation, not the instant intensity, but the
information about the dose is more crucial for plant cultivation.
Especially on a cloudy day, when the solar intensity is changing
with time, it will be very difficult to evaluate the dose with a pho-
tometer. In contrast, our presented hybrid hydrogel-based solar
detector can visualize the dose by simply checking the color of
the hybrid hydrogel. Therefore, the total dose of solar radiation
exposed to a plant can be obtained in a simple manner, which
is of great importance for plant growing. In addition, a photometer
would require an external power supply and cannot be pasted on
plant leaves to monitor the solar radiation because of its large size
and heavy mass. This obviously hinders the application of conven-
tional photometers to monitor the dose of solar radiation required
for plant growth.

In such context, cheap and simple detectors for solar radiation
dose, which could be adhered onto, e.g., plant leaves, appear very
interesting.

As a metal-free photocatalytic material, graphitic carbon
nitride (g-C3N4) has attracted intensive interest due to its low pro-
duction costs, moderate bandgap, proper band position as well as
physical and chemical stability.[19–24] However, similar to gra-
phene, g-C3N4 still suffers from certain drawbacks, such as easy
aggregation in solvents and difficult recyclability.[25,26] Thus, it is
of great importance to establish an ideal supporting substrate for
g-C3N4 nanosheets with better distribution and cyclability, which
will extend the application of g-C3N4 nanosheets to monitor solar
radiation required for plant growth. Hydrogels are polymers with
a 3D network structure and have the characteristics of water
absorption, moisturizing, and good softness.[27–29] Thus, hydro-
gels have been broadly investigated and applied in the fields of
drug delivery,[30] tissue engineering,[31] photocatalysis,[32] and
smart textiles.[33] In our previous investigations, g-C3N4 was
introduced into thermoresponsive hydrogels to realize good sup-
port for the photocatalyst g-C3N4. To overcome the drawback of
poor mechanical properties, an interpenetrating network (IPN)
structure was established in the hydrogels as well. However, still
some drawbacks remained. For instance, due to the structure of
the g-C3N4 nanosheets, they tend to aggregate and form large
clusters in the hybrid IPN hydrogels. The presence of such large
clusters strongly reduces the photodegradation efficiency.
Besides that, the mechanical properties and weight were not

optimal. Due to the possession of a large amount of water,
the hydrogels were soft and lack mechanical strength.
Therefore, the hydrogels needed have a certain thickness, usually
in the centimeter scale, to maintain their shape unchanged dur-
ing the application. Although the mechanical properties were
improved, the weight of the hydrogels was significantly
increased, which prevents them to become suitable candidates
for applications requiring low weight, such as detectors located
on plant leaves. Thus, to simultaneously enhance the photode-
gradation efficiency and reduce the weight of the detector, a
new approach of preparing hybrid IPN hydrogels is highly
desired for the use as a solar radiation detector for monitoring
plant growth.

In the present investigation, polypropylene (PP) fabrics are
introduced into hybrid IPN hydrogels. Due to the flexibility
and strength of the PP fabrics, the hybrid IPN hydrogels on this
flexible supporting substrate can be much thinner without
sacrificing mechanical integrity. Therefore, the obtained hybrid
IPN hydrogels on PP fabrics are able to present excellent
mechanics and flexibility simultaneously. In contrast, using an
adhesive instead of the PP fabrics cannot improve the strength
of the hybrid IPN hydrogels. For this reason, they will be easily
damaged not only in the application, but also during the trans-
port and storage. Thus, instead of an adhesive, PP fabrics are
more suitable as substrate of the hybrid IPN hydrogels in the
present investigation. The photodegradation efficiency of a dye
can be prominently improved in such an approach. Moreover,
by simply adding methylene blue (MB) during preparation,
the hybrid IPN hydrogel on the PP fabrics can be used as the
solar radiation detector, which visualizes the radiation dose by
the discoloration of the MB. After being immersed in a polyure-
thane resin, such detector can be adhered onto plant leaves. After
an initial calibration, the obtained detector can accurately moni-
tor the solar radiation dose to avoid the possible burn of the
plants by checking the discoloration of the detector under sun-
shine. The detector function is demonstrated for the example of
the shade-tolerant plant Epipremnum aureum.

2. Results and Discussion

2.1. Structure and Morphology of Hybrid IPN Hydrogels on PP
Fabrics

The functional groups in the hybrid IPN hydrogel on PP fabrics
are probed by attenuated total reflection Fourier transform infra-
red (ATR-FTIR) spectroscopy. The characteristic absorption
peaks of the triazine unit and its ring skeleton from g-C3N4

nanosheets (green curve in Figure 1) are observed at 810 and
1200–1620 cm�1, respectively. A prominent absorption peak at
3000–3300 cm�1 is observed as well, which is mainly attributed
to the stretching vibration of N–H in g-C3N4 nanosheets.[34] In
the spectra of the PP fabrics (purple curve in Figure 1), the
characteristic absorption peaks corresponding to C–C, –CH2,
and –CH3 are visible at 1300–1500, 2837, and 2900–3000 cm�1,
respectively.[35] Obviously, all these above characteristic
absorption peaks from g-C3N4 nanosheets and PP fabrics can
be also observed in the spectra of hybrid IPN hydrogel on PP
fabrics (red curve in Figure 1) as well. It demonstrates that
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g-C3N4 nanosheets and PP fabrics are successfully incorporated
into the IPN hydrogel. In addition, the characteristic absorption
peaks related to –COO– and C–O in the alginate-Ca2þ compo-
nent are found at 1615 and 1026 cm�1, respectively.[36,37] The
absorption peaks of N–H, –CH(CH3)2, and C═O in the PNM
component can be seen at 3200–3500, 1412, and 1716 cm�1,
respectively.[38,39] The absorption peak at 1110 cm�1 is the
stretching vibration peak of C–O–C in the PO300 component.[40]

The structure of the hybrid hydrogels is composed of physical
cross-linking formed by alginate-Ca2þ and chemical cross-link-
ing formed by P(NM-co-O300)-MBA. The two cross-linking sys-
tems interpenetrate to each other and form an IPN structure.
In our previous investigation, the mechanical properties of pure
P(MEO2MA-co-OEGMA300) hydrogels with single chemical
cross-linking and alginate-Ca2þ/P(MEO2MA-co-OEGMA300)
IPN hydrogels with both chemical and physical cross-linking
were investigated.[41] We demonstrated that the mechanical prop-
erties were significantly improved after introduction of physical
cross-linking and the formation of the IPN structure. Because the
IPN structure is profoundly influenced by the extent of interpen-
etration of the chemical and physical cross-linking systems, it can
be improved by optimizing the solubility and dispersibility of
hydrogels before solidification. By comparing and analyzing
the ATR-FTIR spectra of g-C3N4 nanosheets, PP fabrics, and
hybrid alginate-Ca2þ/P(NM-co-O300)/g-C3N4 IPN hydrogel on
PP fabrics, it can be concluded that the hybrid alginate-Ca2þ/
P(NM-co-O300)/g-C3N4 IPN hydrogel is successfully prepared
on the PP fabrics.

Because the supporting substrate and initiation approaches
are strongly correlated to the structure of the hybrid hydrogel,
the morphology of the PP fabrics and of the hybrid alginate-
Ca2þ/P(NM-co-O300)/g-C3N4 IPN hydrogel on the PP fabrics is
compared. Figure 2a presents the surface morphology of the
PP fabrics. Unlike the fibers prepared by electrospinning, the
present PP fibers are not homogenous in diameter (diameter
varies between 1 and 5 μm). They are randomly distributed in
the fabrics, which is mainly caused by the nonwoven preparation
of the PP fabrics. The cross section of the hybrid IPN hydrogel on

the PP fabrics is presented in Figure 2b. Obviously, the upper
part is the PP fabrics whereas the bottom part is the hybrid
IPN hydrogel. Moreover, a huge number of pores with a size
of 30 μm are found in the hybrid IPN hydrogel. This porous
structure can profoundly promote the diffusion of MB into
the hydrogel. Plenty of small particles are visible in the hybrid
IPN hydrogels, which are attributed to the g-C3N4 nanosheets.
In combination with the homogenous distribution of g-C3N4

nanosheets in the hybrid IPN hydrogel co-initiated by g-C3N4

and triethylamine (Figure 2b), improved adsorption and photo-
degradation of MB are expected.[34] To address the distribution of
g-C3N4 in the hybrid IPN hydrogel on the PP fabrics, transmis-
sion electron microscopy (TEM) images of the hybrid IPN hydro-
gel on the PP fabrics are presented in Figure 2c. In our previous
investigation about hybrid IPN hydrogels, besides scanning

Figure 2. a) SEM image from the surface of the PP fabrics. b) SEM image
from the cross section of hybrid IPN hydrogel on the PP fabrics. c) TEM
image from the cross section of hybrid alginate-Ca2þ/P(NM-co-O300)/
g-C3N4 IPN hydrogel on the PP fabrics.

Figure 1. ATR-FTIR spectra of g-C3N4 nanosheets (green curve), PP fab-
rics (purple curve), and hybrid alginate-Ca2þ/P(NM-co-O300)/g-C3N4 IPN
hydrogel on PP fabrics (red curve).
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electron microscopy (SEM) and TEM, the distribution of g-C3N4

nanosheets in the hybrid IPN hydrogels was further explored by
MB removal measurements.[40] Compared to the hybrid hydro-
gels initiated by APS/TEMED, the MB removal of hybrid
hydrogels photoinitiated by g-C3N4/triethylamine was signifi-
cantly faster. More than 80% MB was removed in 5 h, which
was 30% faster than that in the hybrid hydrogels initiated by
APS/TEMED. This profound improvement was caused by the
homogeneity of the g-C3N4 nanosheets formed by the photoini-
tiated polymerization of hybrid hydrogels. It indeed reduced the
aggregation of g-C3N4 nanosheets and enhanced the photodegra-
dation performance. Because the polymerization sets in on the
g-C3N4 surface, the aggregation of g-C3N4 is efficiently hindered.
It results in a higher specific surface area of g-C3N4 in the hydro-
gel, which is favorable for the photodegradation of dyes under
radiation.

2.2. Photodegradation Capability of Hybrid IPN Hydrogels on
PP Fabrics

PP fabrics not only possess stable physical and chemical proper-
ties, but also show good flexibility, which renders them well suit-
able as supporting substrates for the hybrid IPN hydrogels.[42–44]

Moreover, with the support of the PP fabrics, the thickness of the
hybrid IPN hydrogel can be significantly reduced, which reduces
the weight of the hybrid hydrogel and favors low weight applica-
tions. To demonstrate this positive impact, three hybrid IPN
hydrogels on PP fabrics are prepared with different thicknesses
(1.5, 3, and 6mm). In case of the hybrid IPN hydrogel on the PP
fabrics with a thickness of 6mm, the MB removal rate is only
22% in the first half hour (black curve in Figure 3a). Further pro-
longing the time, it can reach 100% in 12 h. When the thickness
is reduced to 3mm, the MB removal rate in the first half-hour is
significantly increased to 35% (orange curve in Figure 3a), which
is almost doubled to that with a thickness of 6mm. In addition,
the removal of MB can be finished in 8 h, which is also 50%
faster. The faster process is caused by the larger surface area
of the thinner IPN hybrid hydrogel on the PP fabrics. Because
the total amount of hydrogel on the PP fabrics is the same,
the reduction of the layer thickness significantly increases the
surface area, which is beneficial for the adsorption of MB.
With a reduction of the thickness to 1.5 mm, the removal rate
again increases to 58.0� 0.1% (red curve in Figure 3a), which
is almost 3 times to that of the thickness of 6 mm. Already after
3 h, almost all MB is removed from the aqueous solution. Thus, it
can be concluded that due to the support of the flexible PP fab-
rics, the thickness of hybrid IPN hydrogels can be significantly
reduced to realize a large surface area and excellent photodegra-
dation of MB. Moreover, the lighter weight of the hybrid IPN
hydrogel with a lower thickness favors a use in low weight appli-
cations. In addition, the kinetics can provide further information
related to the degradation of MB. Thus, the degradation kinetics
of MB by the g-C3N4 nanosheets and the hybrid IPN hydrogel on
the PP fabrics are further investigated. As shown in Figure S1a,
Supporting Information, in case of g-C3N4 nanosheets (purple),
the MB degradation rate is higher at the beginning, which is
related to the availability of active sites on g-C3N4 nanosheets.
Because the number of dye molecules and active sites is reduced

during the photodegradation process, the removal rate is slightly
reduced after 0.5 h. However, the removal rate remains constant
based on the photodegradation mechanism. In case of the hybrid
IPN hydrogel on the PP fabrics (orange), the removal of MB con-
sists of two processes: one process is the adsorption of MB by the
hydrogels and the second process is the degradation of MB by the

Figure 3. a) MB removal in the hybrid alginate-Ca2þ/P(NM-co-O300)/
g-C3N4 IPN hydrogel on the PP fabrics with different thicknesses
(red 1.5 mm, orange 3mm, and black 6 mm). b) The breaking stresses
of the pure hybrid P(NM-co-O300)/g-C3N4 IPN hydrogel (blue), PP fabrics
(orange), and the hybrid P(NM-co-O300)/g-C3N4 IPN hydrogel on the PP
fabrics (red) at broken tensile strain (33%). c) MB removal by hybrid IPN
hydrogel on the PP fabrics in five consecutive adsorption and photodegra-
dation cycles with 5 h per cycle light radiation.
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g-C3N4 nanosheets. Both processes take place simultaneously,
which can enhance the removal rate of MB by the hybrid IPN
hydrogel on the PP fabrics. Thus, the degradation of MB is faster
during the first 0.5 h. After that, it is slower with time. The linear
fit shown in Figure S1b,c, Supporting Information, demonstrates
that the degradation of MB by the g-C3N4 nanosheets and the
hybrid IPN hydrogel on the PP fabrics follows the pseudo-
first-order kinetics and pseudo-second-order kinetics, respec-
tively. The degradation kinetics illustrates that the hybrid IPN
hydrogel on the PP fabrics possesses excellent degradation prop-
erties. As shown in Figure 3c, there is no prominent change of
the MB removal in five consecutive cycles.

The optimized concentration of g-C3N4 nanosheets in the
hybrid IPN hydrogel on the PP fabrics is studied by the
MB removal measurements containing different amounts of
g-C3N4 nanosheets in the hybrid alginate-Ca2þ/P(NM-co-O300)/
g-C3N4 IPN hydrogel on the PP fabrics. After 8 h, almost all
MB is removed by the hybrid IPN hydrogel on the PP fabrics
containing 20mg g-C3N4 nanosheets (purple curve in
Figure S2, Supporting Information). When the amount of
g-C3N4 nanosheets is increased to 50mg (red curve in
Figure S2, Supporting Information), the MB removal rate of
the hybrid IPN hydrogel on the PP fabrics is profoundly
improved. It only takes 5 h to reach the complete removal of
MB. Thus, the removal efficiency is 1.6 times than that of the
hybrid IPN hydrogel on the PP fabrics containing 20mg
g-C3N4 nanosheets. When further increasing the amount of
g-C3N4 nanosheets to 80mg (blue curve in Figure S2,
Supporting Information), the MB removal rate only presents a
minor increase compared to that containing 50mg g-C3N4

nanosheets. This behavior is mainly caused by the more severe
aggregation of the g-C3N4 nanosheets in the hybrid IPN hydro-
gel, which can significantly reduce the specific surface area of the
g-C3N4 nanosheets. Thus, the optimized amount of g-C3N4

nanosheets in our present hybrid IPN hydrogel is 50mg. In
the present work, it enables the use as a detector being pasted
on plant leaves.

In our previous investigation,[40] hybrid IPN hydrogels pre-
sented a typical elastomer compression behavior. By comparing
the compressive strength, the breaking stress of the hybrid
alginate-Ca2þ/P(NM-co-O300)/g-C3N4 IPN hydrogel was slightly
improved due to the introduction and homogenous dispersion
of g-C3N4 nanosheets. In the present investigation, due to the
presence of the additional PP fabrics, the change of tensile
strength in the hybrid IPN hydrogel on the PP fabrics is also
of great interest. For this reason, the breaking strengths of the
pure hybrid IPN hydrogel, the PP fabrics, and the hybrid IPN
hydrogel on the PP fabrics are measured (Figure 3b). The break-
ing stress of the pure hybrid IPN hydrogel (blue) is only 0.3 MPa,
indicating that the mechanical properties of pure hydrogels are
poor even with the IPN structure.

Simultaneously, the breaking stresses of the PP fabrics
(orange) and the hybrid IPN hydrogel on the PP fabrics (red)
are 1.4 and 1.7MPa, respectively. Thus, it can be concluded that
the mechanical properties are dramatically improved (567%) by
the introduction of PP fabrics into the hybrid IPN hydrogel.
Traditional hydrogels lack strength and will easily break into
pieces after several cycles during use. In our present investiga-
tion, the presence of the PP fabrics enhances the strength of the

hydrogel, which is favorable for the recyclability and lifetime of
the hybrid IPN hydrogels. In addition, the tensile stress–tensile
strain curves of hybrid IPN hydrogels, PP fabrics, and hybrid IPN
hydrogel on PP fabrics are presented in Figure S3, Supporting
Information. The width of the samples is fixed as 2 cm, whereas
the thicknesses of hybrid IPN hydrogels, PP fabrics, and hybrid
IPN hydrogel on the PP fabrics are 1.15, 0.12, and 0.15mm,
respectively. Although the hybrid IPN hydrogels are the thickest,
they present the worst mechanical properties (blue curve in
Figure S3, Supporting Information). Therefore, the pure hybrid
IPN hydrogels are not suitable for the desired applications. On
the contrary, the PP fabrics present much better mechanical
properties (black curve in Figure S3, Supporting Information).
After introduction of the PP fabrics into the hybrid IPN
hydrogels, the mechanical properties are significantly improved
(red curve in Figure S3, Supporting Information), which is ben-
eficial for real applications. It should be noted that the tensile
stress of the hybrid IPN hydrogel on PP fabrics is lower than that
of the PP fabrics in the low range of tensile strain (4–17%). This
behavior might be related to the larger thickness of the hybrid
IPN hydrogels on PP fabrics compared to the PP fabrics. As pre-
sented in Figure 3c, there is no prominent change of the MB
removal during five repetitive cycles, which demonstrates that
the hybrid IPN hydrogel on the PP fabrics possesses an excellent
recyclability. In addition, the shape of the hybrid IPN hydrogel on
the PP fabrics remains unchanged even after five cycles (bottom
in Figure S4, Supporting Information), which is a huge advance
compared to traditional hydrogels (top in Figure S4, Supporting
Information). Although pure hybrid IPN hydrogels are slightly
thicker, they break already (addressed by the red dashed circle)
after five cycles. Thus, the easy and efficient recyclability of the
photocatalyst can be realized by introducing PP fabrics into the
hybrid IPN hydrogels.

2.3. Hydrogel-Based Detector to Monitor Solar Radiation Dose
Required for Plant Growth

The hybrid IPN hydrogel on the PP fabrics appears to be a prom-
ising platform for lightweight solar radiation detectors. Sunshine
is mimicked with the spectrum of a xenon lamp (HDL-II, Bobei

Figure 4. K/S value of the hydrogel-based detector containing 4 mg MB as
a function of the exposure time to radiation from a xenon lamp.
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Lighting Electrical Factory, China) and in the present study the
distance between the hydrogel-based detector and the light
source is fixed to 10 cm.[40] The K/S value is applied to quantify
the discoloration of the hydrogel-based detector after exposure to
the xenon lamp radiation for different times. As presented in
Figure 4, the initial K/S values of the hydrogel-based detector
containing 4mg MB and without MB are 9.5 (blue curve) and
6.6 (black dashed line), respectively. Due to the presence of
MB, the K/S value is significantly larger in the hydrogel-based
detector containing MB. After 150min, MB in the hydrogel-
based detector is completely degraded by g-C3N4. Notably, the
K/S value decreases linearly with the radiation time, which dem-
onstrates that the discoloration in the hydrogel-based detector is
stable and can be directly observed by a simple visual inspection.
Photographs of the hydrogel-based detector before and after radi-
ation can be found in Figure S5, Supporting Information.

In particular, shade-tolerant plants have strict requirements to
sunshine conditions such as light intensity and time.[45,46]

Although the amount of solar radiation required is limited,
the shade-tolerant plants still need sunshine for survival. The
chlorophyll content in shade-tolerant plants is one of the impor-
tant indicators reflecting the leaves’ function. As a shade-tolerant
plant, E. aureum needs 12 h of solar radiation every week to
obtain sufficient energy for growth, photosynthesis, and material
metabolism. Because the sunshine intensity varies from sunrise
to sunset, the solar radiation in one day is measured to precisely
calculate the solar radiation dose required for E. aureum. The
location and date for the measurement are Hangzhou, China
(120.2 E, 30.3 N) and 8–18 o’clock on June 3, 2022. As shown
in Figure 5, the light intensity from 8 to 18 o’clock is measured
by the laser power meter (LP-3B, Beijing Wuke Optoelectronics
Technology Co., Ltd., China). By integration, the corresponding
solar radiation dose is calculated as 1.5� 107 J m�2. Hence, the
solar radiation dose required by E. aureum (12 h) is about
7.5� 106 J m�2.

To fit the solar radiation dose required by E. aureumwith those
required for discoloration of hydrogel-based detector containing
MB, different amounts of MB are added into the hydrogel-based
detector. Table 1 shows the radiation time and dose for the full

discoloration of a hydrogel-based detector containing different
amounts of MB as well as the corresponding photographs before
and after radiation. When the light intensity of the xenon lamp is
fixed as 503.2Wm�2, the radiation time required for the full dis-
coloration of the hydrogel-based detector containing 1, 2, 4, and
8mg MB is 33� 5, 75� 5, 140� 5, and 250� 5min, respec-
tively. The corresponding radiation doses are 9.9� 105,
2.3� 106, 4.2� 106, and 7.5� 106 J m�2, respectively.
Considering that the solar radiation dose required for the growth
of E. aureum is 7.5� 106 J m�2, the hydrogel-based detector con-
taining 8mg MB is perfectly suited to monitor the solar radiation
dose required by E. aureum to avoid the possible burn to leaves
under sunshine.

As shown in Figure 6, due to the low weight of the PP fabrics
used as substrate and the good adhesion of the polyurethane
resin used as a glue, the hydrogel-based detector can firmly
adhere onto the leaves of E. aureum for a real outdoor measure-
ment (Hangzhou, China (120.2 E, 30.3 N), and 11–15 o’clock on
June 7, 2022). Even in case the leaves are blown by wind, the
detector is still very stable fixed to the leaves. Due to the existence
of both chemical and physical cross-linking, the hybrid IPN
hydrogel on the PP fabrics is very stable against solar radiation.
As seen in our former investigation, even after five consecutive
adsorption–degradation cycles of hybrid hydrogels, no significant
changes were observed in the MB adsorption and degradation.[41]

Thus, it can be concluded that the redox reactions with active
species generated by g-C3N4 nanosheets do not cause any dam-
age to the hybrid hydrogels. In addition, as shown in Figure 6b,
only MB in the hybrid hydrogels is photodegraded by g-C3N4

nanosheets after solar radiation. Therefore, the hybrid IPN
hydrogels on the PP fabrics are not photodegraded by g-C3N4

Figure 5. The static light intensity in the time frame between 8 and 18
o’clock and the corresponding solar radiation dose in Hangzhou, China
(120.2 E, 30.3 N).

Table 1. Time, radiation doses, and corresponding photographs for the
full discoloration of the hydrogel-based detector containing different
amounts of MB.

MB
quality
[mg]

Time required by full
discoloration [min]

Radiation dose
[105 J m�2]

Photographs
before radiation

Photographs
after radiation

1 33� 5 9.9

2 75� 5 22.6

4 140� 10 42.2

8 250� 10 75.4
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nanosheets in combination with solar radiation. To further inves-
tigate the stability of the hydrogel-based detector, the control
sample is further investigated in the dark environment. The
hydrogel-based detector is placed in the dark for 0, 12, and
24 h, respectively. As shown in Figure S6, Supporting
Information, in the dark environment, the hydrogel-based detec-
tor basically remains unchanged with time, which confirms the
stability of the hydrogel-based detector. An infrared thermal
imager (FLTR E4, FLIR Systems, Inc., USA) is applied to
measure the temperature of the hydrogel-based detector on
the leaves of E. aureum before and after light irradiation. As
shown in Figure S7a, Supporting Information, the infrared
thermal image shows a temperature of the hydrogel-based
detector on the leaves of E. aureum before light irradiation
of 25.8 °C. After light irradiation for 0.5 (Figure S7b,
Supporting Information), 1.0 (Figure S7c, Supporting
Information), and 1.5 h (Figure S7d, Supporting
Information), the temperature varies between 24.0 and
25.6 °C. Thus, the temperature basically remains unchanged.
It can be concluded that the g-C3N4 nanosheets possess no
photothermal heating effect during light radiation and will
not affect the plants during light radiation. Moreover, the water
retention of the hydrogel-based detector is also measured. As
shown in Table S1, Supporting Information, the weights of
the hydrogel-based detector in the dry and swollen states are
0.23 and 1.47 g, respectively. Therefore, the water retention
of the swollen hydrogel-based detector is 84%. When placed
in ambient conditions, the hydrogel indeed gradually
loses water with time. However, the discoloration time is
only 4 h for the presented hydrogel-based detector and the
hydrogel-based detector only needs to remain hydrated in this
limited period. According to the photographs presented in
Figure 6b, the hydrogel-based detector is still hydrated and sta-
ble after solar radiation. It should be noted that the detector can
be easily removed after use without any damage to the leaves. As
shown in Figure S8, Supporting Information, the full discolor-
ation of the hydrogel-based detector containing 8 mg MB
requires 4 h of solar radiation (from 11 to 15 o’clock). The cor-
responding solar radiation dose is 6.4� 106 J m�2, which is very
close to the theoretical value (7.5� 106 J m�2) required for the
growth of E. aureum. It can be concluded that the thin layer of
polyurethane resin does not influence the discoloration of the
hydrogel-based detector. Due to the high viscosity, the

hydrophilic polyurethane resin plays the role of glue in our
present investigation.

Based on the above discussion, it can be concluded that the
present hydrogel-based detector containing MB is very suitable
for monitoring a solar radiation dose to ensure the sufficient radi-
ation for plant growth and avoid possible burn by tracing the
discoloration.

3. Conclusion

Solar radiation exposed to plant leaves can be accurately traced by
the hybrid alginate-Ca2þ/P(NM-co-O300)/g-C3N4 IPN hydrogel-
based detector. By introducing PP fabrics as supporting
substrates, the thickness and weight of the hybrid hydrogels
are significantly reduced, which enables lightweight detectors.
Moreover, the photodegradation performance of MB is pro-
foundly increased due to the larger surface area. The hybrid
IPN hydrogel on the PP fabrics with a thickness of 1.5 mm
can remove more than 95% of MB from an aqueous MB solution
(200mL, 10mg L�1) in less than 3 h under visible light radiation.
In combination with the advantage of a good adhesion
introduced by using a polyurethane resin as glue, the obtained
hydrogel-based detector can be easily pasted on the leaves of
plants. We demonstrate this usage with the example of E. aureum
to monitor the solar radiation dose by simply checking the extent
of discoloration. The use of such on plant detector can signifi-
cantly avoid a possible burn of the plant leaves due to an overex-
posure to sunshine. To extend the use of the detector to other
plants, only the amount of MB needs to be adjusted. Thereby,
the developed hybrid IPN hydrogel on the PP fabrics presents
an optimal platform for lightweight solar radiation detectors.

4. Experimental Section

Materials: Sodium alginate salt (SA, AR), calcium chloride (CaCl2, AR),
and oligo(ethylene glycol) methyl ether methacrylate (O300, purity 95%)
were purchased from Sigma-Aldrich. N-isopropylacrymide (NM, purity
98%), N,N’-methylenebisacrylamide (MBA, purity 99%), and MB (AR)
were bought from Macklin. Triethylamine (AR) was from Wuxi
Zhanwang Chemical Reagent Co., Ltd. PP fabrics with a thickness of
0.2mm and dicyandiamide (AR) were purchased from Sinopharm
Chemical Reagent Co., Ltd. The hydrophilic polyurethane resin
(HX-W910L) was obtained from Zhejiang Hexin Science and

Figure 6. Photographs of the hydrogel-based detector paste on the leaves of E. aureum a) before and b) after solar radiation in a real outdoor scenario.
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Technology Co., Ltd. Before polymerization, NIPAM was purified as fol-
lows: NIPAM (0.08mol, 9 g) was first added to 200mL n-hexane. Then
the solution was moved into a water bath thermostated at 50 °C to realize
full dissolution. After filtering, the filtrate was recrystallized at 4 °C.

Synthesis of g-C3N4 Nanosheets: The synthesis of g-C3N4 can be found in
our previous publication.[40] Bulk g-C3N4 was prepared by thermally
decomposing dicyandiamide at 550 °C for 4 h in a static air atmosphere
with a ramp rate is 5 °Cmin�1. Then the bulk g-C3N4 was ground into pow-
der and thermostated at 520 °C for 2 h with a ramping rate of 2 °C min�1.
Based on the protocol mentioned above, g-C3N4 with a yellow nanosheets
structure can be obtained.

Preparation of the Solar Radiation Detector: Based on the initiation
mechanism of g-C3N4 nanosheets,[40,47] g-C3N4 nanosheets and triethyl-
amine were applied to co-initiate the polymerization of the hybrid IPN
hydrogel on the PP fabrics under UV radiation. The UV light with a wave-
length of 365 nm (power of 3 W) was selected as the source to obtain a
high and suitable initiating quantum yield.

The preparation of the solar radiation detector was as follows: MB with
different quality, SA (0.46mol, 0.1 g), NM (5mmol, 0.5 g), MBA
(0.07mmol, 0.0135 g), O300 (5 mmol, 0.714mL), and g-C3N4 (0.5mmol,
50mg) were added into deionized water (10mL). After stirring for
120min, 90 μL triethylamine was added to the homogeneously mixed solu-
tion and then the mixture was transferred into a glass dish containing PP
fabrics with a diameter of 4 cm. The mixture in a glass dish was radiated by
a UV light for 2 h at 50 °C. Afterward, it was solidified for 12 h at room
temperature. To realize the physical cross-linking of Ca2þ, the obtained
hybrid hydrogels were immersed in 50mL CaCl2 solution with a concen-
tration of 10 g L�1 for 1 h. Finally, the hybrid IPN hydrogel on the PP fabrics
was immersed in the hydrophilic polyurethane resin to obtain the final
solar radiation detector. The hydrophilic polyurethane resin plays the role
of glue based on its viscose property. A thin polyurethane resin layer can
be formed on the surface of the hydrogel-based detector after being
immersed in a hydrophilic polyurethane resin. Thus, the hydrogel-based
detector can firmly adhere onto the leaves of E. aureum for a real outdoor
measurement. Moreover, this polyurethane resin shell does not influence
the discoloration of the hydrogel-based detector. Notably, the preparation
of hybrid alginate-Ca2þ/P(NM-co-O300)/g-C3N4 IPN hydrogel on the PP
fabrics co-initiated by g-C3N4 and triethylamine is similar to the above-
described preparation method without MB and the hydrophilic polyure-
thane resin. In our present investigation, a glass dish is used as container
for the preparation of the hybrid hydrogel-based detector. Because the
amount of each component in the hybrid IPN hydrogels on the PP fabrics
remains unchanged during preparation, its thickness can be simply con-
trolled by changing the diameter of the container. The mixed solution for
the preparation of the hydrogel was transferred into the glass dish with a
diameter of 4, 6, and 8 cm, respectively. After 2 h of UV radiation at 50 °C,
the thicknesses of the obtained hybrid IPN hydrogels on the PP fabrics are
about 6.0, 3.0, and 1.5 mm, respectively.

ATR-FTIR Spectroscopy: ATR-FTIR spectroscopy (Vertex 70 spectrome-
ter, Bruker, USA) was applied to investigate the functional groups on PP
fabrics, g-C3N4 nanosheets, and hybrid IPN hydrogels on PP fabrics. The
range of the scanning wavenumber was from 600 to 4000 cm�1.

Electron Microscopy Measurements: Field emission scanning electron
microscopy (FE-SEM) (ULTRA55, Carl Zeiss SMT Pte Ltd., UK) was used
to observe the morphology of the original PP fabrics and hybrid IPN hydro-
gels on PP fabrics. The accelerating voltage and distance applied in the
measurement were 3 kV and 8mm, respectively. Before the measure-
ments, the samples were sputter-coated with platinum by an auto-fine
coater (JEOL, JFC-1600).

TEM (JEM-2100, JEOL, Japan) was applied to probe the distribution of
g-C3N4 in the hybrid IPN hydrogels on PP fabrics. The accelerating voltage
applied in the measurements was 150 kV. Before measurements, the
embedded sectioning technique (UC7, Leica, Germany) was applied to
prepare the samples because the hybrid IPN hydrogels on PP fabrics were
bulk materials.

Mechanical Strength Measurements: The electronic universal material
tester (Instron 3367, American Instron Company) was used to measure
the breaking strength of the hybrid IPN hydrogels and PP fabrics as well

as of the hybrid IPN hydrogels on PP fabrics (4� 2 cm2). In our present
investigation, the thickness of hybrid IPN hydrogels and hybrid IPN hydro-
gels on PP fabrics remains unchanged (1.5 mm) during the mechanical
strength measurements.

Dye Removal Measurements: During the measurements, hybrid IPN
hydrogel on the PP fabrics were used to remove MB from the aqueous
solution (10mg L�1, 200mL). The LED light band (length of 1 m, contain-
ing 120 white light beads) was used to simulate the solar light. The total
power and luminous flux of the LED lights were 13W and 1300 lm, respec-
tively. The UV spectrophotometer (Perkin Elmer, UV–vis Lambda 35) was
applied to probe the change of MB in the aqueous solution after different
exposure times.

To further investigate the stability of the hybrid IPN hydrogel on the PP
fabrics, the dye removal measurement was repeated for five cycles in the
hybrid IPN hydrogel on the PP fabrics (thickness of 1.5 mm). Light expo-
sure time is set to 5 h for each cycle because all MB can be removed from
an aqueous solution by the hybrid IPN hydrogel on the PP fabrics in this
period.

Discoloration Measurements of the Solar Radiation Detector: Because the
spectrum of the xenon lamp is very similar to that of the sunshine, the
xenon lamp is greatly favorable for a sunshine simulation and the distance
between the solar radiation detectors with the light source was set to
10 cm. The laser power meter (LP-3B, Beijing Wuke Optoelectronics
Technology Co., Ltd., China) was applied to measure the light intensity.
The light intensity was 503.2Wm�2 at this distance, which is extremely
close to the real intensity of sunshine. Under xenon lamp (HDL-II,
Bobei Lighting Electrical Factory, China) radiation at different times,
the color measuring and matching instrument (DC 600, Datacolor
Company, USA) was applied to quantify the discoloration of the solar radi-
ation detector. Dyeing depth is one of the important indicators for evalu-
ating the dyeing performance. It can be defined by the Kubelka–Munk
dyeing depth equation. In this equation, K and S are the absorption
and scattering coefficients of the measured sample, respectively.[48,49]

Based on the relationship between K, S, and concentration (C) of dyes
in the Kubelka–Munk dyeing depth equation, a larger K/S value indicates
a higher concentration of the dye. Thus, the K/S value can be used to quan-
tify the residual amount of dyes in the hydrogel-based detector during the
discoloration process.
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