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Effect of gel ageing and electrode corrosion on the
performance of direct laser writing carbonization-
enabled hydrogel-based moist-electric generatorsfy

Xuewei Pi,2 Yanbo Yao,*? Dini Qin® and Tao Liu (2 *@

The combined use of hydrogel active materials and porous and asymmetric electrodes enables the
development of high-performance and high-power output moist-electric generators (MEGs). Herein, we
report a direct laser writing carbonization (DLWc)-enabled approach for cost-effectively manufacturing
the porous carbon electrode that can be easily integrated and assembled with the hydrogel active
material for the scalable fabrication of MEGs. With the hydrogel active material composed of poly(vinyl
alcohol) (PVA), poly(acrylic acid) (PAA), phytic acid (PA), glycerol and water, the best performing DLWc-
enabled PVA/PAA/PA hydrogel-based MEG exhibited an open-circuit voltage of ~0.8 V and a short-
circuit current density of ~110 pA cm™2 and delivered stable operation for more than 300 h in an
ambient environment. In-depth studies further revealed the effect of time-ageing treatment of the
hydrogel active material on its ionic conductivity and water uptake ability and the power performance of
the finally assembled MEGs. Lastly, the combined investigations using microscopy, spectroscopy and
electrochemical corrosion tests allowed us to unambiguously identify the critical roles of the corrosion
reaction occurring at the metallic electrodes in enhancing the voltage and current performance of the

rsc.li/rsc-advances hydrogel-based MEG.

Introduction

To address the challenge of climate change while fostering
sustainable development, there is an increasing demand for
sustainable energy sources and developing green energy tech-
nologies that are able to convert environmental energy into
electricity.”™ Among the different approaches, the emerging
technology of moist-electric generators(MEGs),”® which relies
on the ubiquitous water vapor to generate electricity, has
received great attention owing to their simplicity in device
structure, ease of manufacturing, and excellent performance in
applications such as self-powered electronic skin,® touchless
interactive panel,’® wireless wearable electronics,'** multi-
functional flexible sensing systems,'>**
encryption and display.*

Similar to a battery or a supercapacitor, the basic structure of
a MEG”® is composed of an active material and a pair of elec-
trodes. The active material is able to absorb moisture, create
ionic species and generate potential difference and electric
current, and the electrodes are responsible for connecting with
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the external devices to deliver the required electric power. The
general operation principle of a MEG relies on the concentra-
tion gradient of ionic species within the active material, which
causes the directional migration of the charge carriers to give
the desired voltage and current output.®

Notably, different active materials or their combinations
have been pursued for creating the concentration gradient of
hydrolysable/ionizable functional groups and thereby the cor-
responding ionic species. Among the different types of active
materials that are used for developing MEGs, such as carbon-
based materials,'*?® biomaterials, and metal oxides,****
ionically conductive hydrogels*'***3** have recently gained
much popularity owing to their strong hygroscopic capacity,
tailorable compositions, ease of preparation, and excellent
formability. Besides the active materials, asymmetric electrode
structures can be used to introduce non-uniform moisture
distribution in MEGs to create the desired concentration
gradient for the ionic species.**** The typical construction of the
asymmetric electrodes in a MEG comprises a porous electrode
and a normal metallic electrode, which has been demonstrated
to be beneficial for increasing the concentration and the
concentration gradient for the charge carriers and thereby
significantly improving the MEG performance.*® On the one
hand, the use of the porous electrode enables easy access of the
active material to the external moisture for increasing the
concentration of charge carriers. On the other hand, the electric
double-layer formed at the interface between the porous
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electrode and the active material creates additional voltage
contribution to further enhance the MEG performance.>”**3¢
Research has previously indicated that the combined use of
the hydrogel active material and the porous and asymmetric
electrode allows for the development of high-performance and
high-power output MEGs. Given the advancement, there is still
a need for robustly and cost-effectively manufacturing the
porous electrode that can be easily integrated and assembled
with the hydrogel active material for the scalable fabrication of
MEGs. To this end, in the present study, we report a direct laser
writing carbonization (DLWc)-enabled approach for fabricating
high-performance hydrogel-based MEGs. In contrast to the
other porous electrode manufacturing processes, the DLWc of
the polyimide (PI) film enables the formation of porous carbon
structures in situ supported by the compliant and foldable PI
film at room temperature and ambient environment.*”** This
endows mechanical stability and integrity to the DLWec-
processed carbon electrode and makes its integration/
assembly much easier. In addition, the equipment and base
materials used in a DLWc process are all readily available and
can be purchased from different suppliers, which places the
DLWc-enabled technology in a much better position for large-
scale production and commercialization. Although the DLWc
has been successfully applied for fabricating various functional
devices including supercapacitors,*® piezoresistive sensors,*"**
solar-driven water evaporators,* and humidity sensors,* its
advantage in the rapid preparation of porous electrodes for
fabricating moisture-powered MEGs has not yet been demon-
strated. As schematically shown in Fig. 1, our DLWc-enabled
MEG (coined as DLWc-Hgel-MEG) has the typical 3-layer
construction: The bottom layer is a normal metallic electrode;
the top layer is the DLWc-processed porous carbon electrode;
and in between the top and the bottom layer as well as in the
pores of the porous electrode is the hydrogel active material.
The hydrogel active material in our DLWc-Hgel-MEG was
prepared by referring to the previous studies as disclosed by
Byun et al.,* Yu et al.** and Akbar et al.*® The skeleton of the gel
is an interpenetrating polymer network (IPN) composed of
poly(vinyl alcohol) (PVA) and poly(acrylic acid) (PAA), which is
mixed with a ternary solvent system composed of phytic acid
(PA), glycerol and water. In this formulation, the role of PA is for
increasing the ionic conductivity of the active material and,
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therefore, the power performance of the MEG. As usual, the
presence of glycerol improves the anti-freezing capability of the
active material to make the MEG operable at low temperatures.
With the assistance of DLWc for rapidly fabricating the porous
electrode, the best-performing DLWc-enabled PVA/PAA/PA
hydrogel-based MEG showed an open-circuit voltage of ~0.8 V
and a short-circuit current density of ~110 pA cm 2, and
exhibited stable operation for more than 300 h in an ambient
environment. Through a serial or parallel connection of
multiple units, the practical use of DLWc-Hgel-MEGs for
lighting LEDs and driving hydrometers is demonstrated.
Beyond the fabrication and performance demonstration of
DLWc-Hgel-MEGs, in the present study, we focus on two
outstanding issues on the hydrogel-based MEG: the ageing
effect of the hydrogel active material and the role of the normal
metallic electrode. Research®~ has previously provided
evidence that ion aggregation, macro/microphase separation
and polymer crystallization can change the mechanical and
electrical properties of polymer electrolytes upon time-ageing
and/or thermal cycling treatment. Given the complicated and
the mixed compositions of the hydrogel active materials, there
may exist similar ageing issues in the hydrogel-based MEG,
which could affect the moisture absorption and desorption
behaviours and the charge transport capability of the active
material and ultimately influence the power performance of the
MEG. To date, however, this ageing issue has not received
sufficient attention from the MEG research community. To
address this issue, in the present study, we investigated the
effect of time-ageing of the solution and the gel of the PVA/PAA/
PA active material on its ionic conductivity and water uptake
ability as well as the power performance of the finally assembled
MEG. It was found that time-ageing indeed plays an important
role in dictating the current performance of the hydrogel-based
MEG. As mentioned previously, the key for the operation of
a MEG lies in creating the concentration gradient for the ionic
species within the active materials. Nevertheless, a recent
study® has suggested that the corrosion reaction at the metallic
electrode also plays a critical role in improving the performance
of a MEG. By varying the type of metallic electrode of the DLWc-
Hgel-MEG selected from copper, aluminium, silver, platinum,
gold and carbon, we provided strong evidence to corroborate
this conclusion. Namely, the corrosion reaction at the metallic
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g °
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Fig. 1 Schematic of the fabrication process of the DLWc-processed porous electrode (top) and the PVA/PAA/PA hydrogel active material
(bottom), and their assembly for making the DLWc-enabled hydrogel-based MEG device-DLWc-Hgel-MEG.
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electrode is critical in dictating the current performance of the
hydrogel-based MEG. This work not only provides a simple
method for the robust and cost-effective manufacturing of
hydrogel-based MEGs, but also points the possible strategies for
their performance optimization and reliable long-term opera-
tion capability.

Results and discussion

Structural characterization of the DLWc-processed porous
carbon electrode and PVA/PAA/PA hydrogel

37-43 theoretical

Previous studies, both experimental and
modelling, have comprehensively investigated the effect of laser
processing conditions such as extent of focus of the laser beam,
laser power, laser irradiation time and laser scanning speed on
the structures and properties of DLWc-processed carbons. In
this work, we simply relied on Raman spectroscopy and SEM to
reveal the chemical and microstructures of the DLWe-processed
electrode, which was used for fabricating the MEG and pro-
cessed under the specified conditions (see the Experimental
section). Fig. 2a shows the Raman spectrum of the DLWec-
processed porous carbon electrode, which, similar to the
previous work, displays the characteristic peaks of amorphous
carbon at 1350 cm ™" and 1587 cm *, respectively, correspond-
ing to the D-band assigned to the disordered/defective carbon
structure and the G-band ascribed to the stretching vibration of
the sp® carbon network in graphitic materials. The inset of
Fig. 2a is an optical picture of the DLWc-processed porous
carbon electrode (9 x 9 square lattice). The SEM images shown
in Fig. 2b and c, respectively, reveal the morphology of the
DLWec-processed porous carbon electrode before and after the
filling of the PVA/PAA/PA hydrogel active material (10 min of
heating time). Similar to our previous studies,* the as-prepared
DLWec-processed carbon at each laser-irradiated lattice point
(Fig. 2b) forms a crater-like structure, which exhibits a rich
multi-scale porous structure that can be filled by the PVA/PAA/
PA hydrogel (Fig. 2c) through capillary-driven imbibition of
the PVA/AA/PA solution and the subsequent heating-induced
polymerization, as described in the experimental section. Due
to the large surface-to-volume ratio of the crater-like porous
carbon structure created by DLWc, we expect that, by using the
DLWc-processed porous electrode, water molecules in the
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ambient environment can easily get access to the hydrophilic
sites of the PVA/PAA/PA hydrogel active material, which can be
beneficial for enhancing the current performance of the finally
assembled MEG.

The polymerization of AA in the solution of PVA/AA/PA
initiated by UV exposure or direct heating was examined by
Raman spectroscopy. Fig. 2d and e, respectively, show the
Raman spectra of the PVA/AA/PA solution exposed to UV light
(solution aged for 0.5 day; Fig. S1T shows the results for the
sample aged for 2.5 days) and subjected to direct heating for
different time durations. In both cases, we can see that the
intensity of the peak at 1640 cm ™', which is assigned to the
stretching vibration of C=C of the AA monomer, gradually
decreases with the increasing UV exposure or heating time, an
indication of the successful polymerization of AA to form a PAA
polymer.* With the Raman peak at 3440 cm ™" (-OH vibration)
as an internal standard, we quantify the extent of polymeriza-
tion of AA in the solution of PVA/AA/PA with the quantity 1 —
[A1640/A3440)¢/[A1620/A3420]c=0 (Fig. 2f), where ¢ is the time dura-
tion of UV exposure or direct heating. As can be seen, upon
heating for more than 10 min or subjecting to UV exposure for
30 s, the conversion of AA levels off, an indication of the
complete polymerization of AA. Moreover, as far as the UV
exposure is sufficiently long (>30 s), the time-ageing of the PVA/
AA/PA solution (0.5 day vs. 2.5 days) has a negligible influence
on the extent of polymerization of AA.

Effect of time ageing on the water uptake and ionic
conductance of the PVA/PAA/PA hydrogel

The gel samples obtained by UV exposure of the PVA/AA/PA
solution (aged for 0.5 day, 2.5 days and 120 days) were imme-
diately immersed in DI water for 24 h for recording their
swelling behaviour to examine the effect of solution ageing on
the water uptake capability of the PVA/PAA/PA hydrogel active
material. Besides the solution ageing effect, we performed the
same swelling experiments to investigate the gel ageing effect.
In such a test, the gel sample prepared by UV exposure was aged
at room temperature for 24 h before its immersion in DI water.
With the condition of UV-exposure for 70 s as representative
examples, Fig. 3a and b show the optical pictures, before and
after water immersion treatment, of the gel samples, respec-
tively, prepared from the PVA/AA/PA solution aged for 0.5 day
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(a) Raman spectrum of the DLWc-processed porous carbon electrode. The inset shows the optical picture of the electrode, where the

scale of the ruler is 1 mm. (b and c) SEM images of the DLWc-processed porous carbon electrodes before and after filling of the PVA/PAA/PA
hydrogel active material. (d and e) Raman spectra for tracking the polymerization of AA in the solution of PVA/AA/PA initiated by UV exposure
(solution aged for 0.5 day) and direct heating for different time durations. (f) Effect of time duration of UV exposure and direct heating time on the

extent of polymerization of AA.
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Fig. 3 (a—d) Optical images showing the effect of solution and gel ageing on water immersion (24 h)-induced swelling of the PVA/PAA/PA
hydrogel prepared via UV exposure for 70 s (left: before immersion; right: immersion for 24 h; the scale of the ruler is 1 mm). (a) Solution ageing
for 0.5 day without gel ageing. (b) Solution ageing for 2.5 days without gel ageing. (c) Solution ageing for 0.5 day and gel ageing for 24 h. (d)
Solution ageing for 2.5 days and gel ageing for 24 h. (e) Summary of the effect of solution and gel ageing on the water uptake capability of the

PVA/PAA/PA hydrogel prepared via UV exposure for different time durations.

and 2.5 days without gel ageing treatment. Fig. 3c and d show
similar results for the gel samples subjected to both solution
and gel ageing treatment. As can be seen, under the same UV
exposure conditions, the samples without gel ageing (Fig. 3a
and b) show a significantly higher swelling ratio than the
samples subjected to 24 h of gel ageing (Fig. 3c and d). More-
over, the swelling ratio for the sample prepared from the solu-
tion aged for 0.5 day (Fig. 3a) is much higher than that aged for
2.5 days (Fig. 3b). A similar ageing effect was also observed for
the PVA/PAA/PA hydrogel samples prepared by UV exposure at
different time durations, as summarized in Fig. S2a-e.f It is
noted that the gel samples prepared by UV exposure for less
than 30 s from the PVA/AA/PA solution aged for 0.5 day and
without gel aging treatment completely dissolved in water after
the immersion treatment (Fig. S2at). The results shown in
Fig. 3a-d and S2f apparently indicate that the solution ageing
and gel ageing treatment have a significant effect on the
swelling behavior, and therefore, the water uptake capability for
the PVA/PAA/PA hydrogel active material. To further explore this
point, we summarize in Fig. 3e the water uptake capability
([mass after immersion — mass before immersion]/mass before
immersion) for all the gel samples subjected to the swelling
tests. Similar to the qualitative observations from the optical
pictures shown in Fig. 3a-d and S2, we can conclude from
Fig. 3e that the gel aging treatment as well as longer solution
ageing time can significantly reduce the water uptake capability

of the PVA/PAA/PA hydrogel. In addition, as far as the UV-
exposure time is long enough (>30 s), its influence on the
water uptake capability of the PVA/PAA/PA hydrogel is insig-
nificant. It is presumed that the build-up of the hydrogen
bonding network and the crystallization of PVA with time
facilitate the increase in the physical crosslinks in the PVA/PAA/
PA hydrogel, which is responsible for the experimentally
observed time-ageing effect, as demonstrated in Fig. 3 and S2.7}
To confirm the crystallization of PVA in the PVA/PAA/PA
hydrogel, we performed X-ray diffraction measurements on
the samples prepared from the solution aged for 0.5 and 2.5
days upon 30 s UV irradiation with and without gel ageing
treatment. As indicated by the results shown in Fig. S3,1 all
samples clearly show the relatively broad diffraction peaks at 26
=~ 12°, 22° and 42°, which indicates the presence of small-sized
PVA crystallites, in agreement with the previous study.*

In addition to the swelling and the water uptake capability,
the ionic conducting performance of the PVA/PAA/PA hydrogel
is also subjected to the influence of time-ageing, as evidenced
by the impedance spectra of the gel samples prepared at varied
UV-exposure durations and time-ageing conditions (Fig. S4-
S61). As a representative example, Fig. 4a shows the complex
plane impedance spectra of the PVA/PAA/PA hydrogel sample
prepared from the PVA/AA/PA solution aged for 0.5 day without
gel ageing treatment. The inset in Fig. 4a is the equivalent
circuit designed for reproducing the experimentally measured
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Fig. 4 (a) Complex plane impedance diagram of the PVA/PAA/PA hydrogel prepared from the PVA/AA/PA solution aged for 0.5 day and sub-
jected to UV-exposure for different time durations (no gel ageing treatment). The scattered data points are the experimental results, and the
continuous lines are the corresponding equivalent circuit (inset) fitting results; the effect of (b) UV-exposure time and solution ageing time and (c)
gel aging time on the ionic transport capability of the PVA/PAA/PA hydrogels, as measured by Ry + R>.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 18548-18558 | 18551


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02872h

Open Access Article. Published on 03 June 2025. Downloaded on 11/7/2025 4:25:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

impedance spectra for PVA/PAA/PA hydrogels. In the circuit, the
parallel combination of the constant-phase element (CPE) and
the corresponding resistor R reflects the distributed capacitive
and resistive impedance contribution due to the association/
dissociation of the acidic groups in the hydrogel. The pres-
ence of two different CPE/R elements (CPE1/R, and CPE2/R,) in
the circuit is for the consideration of the different association/
dissociation constants for PA (phytic acid) and PAA (poly-
acrylic acid) in generating H'. The serial resistor R; in the circuit
takes account of the resistance contribution by Ni electrodes
and the connecting wires. Using the commercial software
Zview® and the designed equivalent circuit, we can fit the
experimentally measured impedance spectra for all the PVA/
PAA/PA hydrogel samples prepared at different conditions
(Fig. 4a and S4-S67). The fitting parameters are summarized in
Table S1.} With R; + R, as an overall measure of the H' transport
capability in the hydrogel samples, in Fig. 4b, we compare the
results of R, + R, for the PVA/PAA/PA hydrogel samples prepared
from the PVA/AA/PA solution aged for 0.5 day, 2.5 days and 120
days without gel ageing treatment. As can be seen from Fig. 4b,
regardless of the solution ageing time, the value of R; + R,
proportionally increases with the increase in the UV-exposure
time. This behaviour reflects that, with the increase in the UV-
exposure time, the extent of AA polymerization correspond-
ingly increases to result in the viscosity increase of the gel
system, and therefore, it leads to a higher value of R; + R,.
Moreover, at the same UV-exposure duration, the value of R, +
R, for the gel sample prepared from the solution aged for
a longer time is consistently higher. This observation agrees
with the ageing effect on the swelling and water uptake capa-
bility of the PVA/PAA/PA hydrogel. That is, the ageing results in
an increase in the physical crosslinks, which create additional
barriers to retard the H' transport capability. With the addi-
tional gel aging treatment, the physical crosslinks can be
further increased owing to the build-up of the hydrogen
bonding network and the crystallization of PVA (Fig. S31), which
lead to an even higher value of R; + R,, as shown in Fig. 4c.
As shown above, the water uptake and ionic conductance of
the PVA/PAA/PA hydrogel strongly depend on the gel processing
conditions; in particular, the solution ageing time and the gel
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ageing time. As a result, the ageing treatment also plays an
important role in dictating the performance of the PVA/PAA/
PAA hydrogel-based MEG, as discussed next.

Effect of PVA/PAA/PA hydrogel aging on the electricity
generation performance of the DLWc-Hgel-MEG

By using the PVA/PAA/PA hydrogels prepared by UV-exposure
and aged under different conditions as the active material,
the DLWc processed porous carbon filled with the thermally
initiated PVA/PAA/PA hydrogel as the top electrode, and the
commonly adopted copper as the bottom metallic electrode, we
assembled the DLWc-Hgel-MEG to evaluate its open-circuit
voltage-U,. and short-circuit current-I;. at room temperature.
As a representative example, Fig. 5a shows the change in ;. and
U,. with respect to the environmental humidity (step-wise
controlled from 20% RH to 85% RH) for the MEG assembled
with the PVA/PAA/PA hydrogel prepared from the PVA/AA/PA
solution aged for 0.5 day and subjected to UV-exposure for
10 s without gel ageing treatment. As can be seen, while the
humidity is step-wise changed from 20% RH to 85% RH, the I,
of the MEG accordingly manifests a step-wise increasing
behaviour. In contrast to I, the U,. of the device shows
a continuous decreasing trend with the increase in humidity. At
85% RH, the stabilized current output I of the MEG is ~42 pA.
Although the magnitude of I;. and U,. may vary from one MEG
to another, their general behaviours with the change in
humidity are all similar to those given in Fig. 5a. In Fig. 5b, we
compare the results of I, and U, for the MEG assembled from
the PVA/PAA/PA hydrogels that were prepared from the PVA/AA/
PA solution aged for 0.5 day and 2.5 days and subjected to UV-
exposure for different time durations without gel ageing treat-
ment. The values of I, and U,. were taken as the device was
stabilized at 85% RH for 11 h. As can be seen from Fig. 5b, the
open-circuit voltage U,. shows no dependence on both the UV-
exposure time and the solution ageing time. Nevertheless, the
short-circuit current I, apparently decreases with the increase
in the UV-exposure time. This is particularly true for the MEG
prepared from the PVA/PAA/PA hydrogel with a shorter solution
ageing time. Moreover, as compared to the MEG prepared from
the gel with a longer solution ageing time (2.5 days and 120
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(a) Output of the short-circuit current Isc and the open-circuit voltage U, for a representative DLWc-Hgel-MEG device tested at room

temperature in a step-wise controlled humidity environment from 20% RH to 85% RH. The device is assembled with the PVA/PAA/PA hydrogel
prepared from the PVA/AA/PA solution aged for 0.5 day and subjected to UV-exposure for 10 s without gel ageing treatment. (b) Effect of
solution ageing time and UV-exposure time on the output of /s and U, for the DLWc-Hgel-MEG devices assembled from the PVA/PAA/PA
hydrogels without gel ageing treatment tested at 85 RH%. Effect of (c) solution ageing (0.5 day vs. 2.5 days vs. 120 days) and (d) gel ageing
treatment (0 h vs. 24 h) on the output of /s and Uy for the DLWc-Hgel-MEG devices assembled from the PVA/PAA/PA hydrogels tested at

different humidity levels.
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days), the shorter solution ageing time (0.5 day) gives a slightly
better current performance. By maintaining the UV-exposure
time at 10 s, we further investigated the effect of gel ageing
treatment on the current performance of the MEG, as shown in
Fig. 5c. Evidently, when the environmental humidity is high
(>60% RH), the gel ageing treatment for 24 h can significantly
decrease the current performance of the DLWc-Hgel-MEG. In
contrast to the current performance, the solution and the gel
ageing treatment do not show significant influence on the
voltage output of the DLWc-Hgel-MEG, as shown in Fig. 5d. On
the basis of the earlier results of the effect of UV-exposure time,
solution ageing time and gel ageing time on the water uptake
and ionic conductance of the PVA/PAA/PA hydrogel, we presume
that the deterioration of the current performance of the DLWe-
Hgel-MEQG is attributed to the retardation of the H' transport
capability caused by the increase in the viscosity and the
physical crosslinks of the active gel material upon prolonged UV
exposure, solution ageing and gel ageing treatment.

Role of metallic electrode on the electricity generation
mechanism of the DLWc-Hgel-MEG

According to the recent study,” besides the concentration
gradient of the ionic species within the active materials, the
corrosion reaction at the metallic electrode plays a critical role
in dictating the electricity generation performance for a MEG.
To examine this point, we assembled multiple DLWc-Hgel-
MEGs by using different types of metals (Cu, Al, Ag, Pt and
Au) as the bottom electrode while keeping the same formation/
preparation for the top porous carbon electrode and the PVA/
PAA/PA hydrogel active material (prepared with the PVA/AA/PA
solution aged for 0.5 day and subjected to UV-exposure for
10 s without gel ageing treatment). For comparison, we also
assembled a MEG with symmetric construction. Namely, the
top and the bottom electrodes are all DLWc-processed porous
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carbon filled with the thermally initiated PVA/PAA/PA hydrogel.
Fig. 6a and b, respectively, compare the open-circuit voltage U,
and the short-circuit current density J,. for these devices tested
at different humidity levels. As can be seen, at a given humidity
level, the output of U,. and Js. both strongly depends on the
types of metallic electrodes used in assembling the MEG.
Following the order of carbon ~ Pt ~ Au < Ag < Cu < Al, the U,
of the DLWc-Hgel-MEG device accordingly increases from ~0 V
to the highest value of ~1.2 V. A similar trend was also observed
for the output of J,., except that the MEG assembled with the Cu
electrode shows an even higher value of J. than that with the Al
electrode, when the humidity exceeds 60% RH. At the end of the
above-mentioned testing, we disassembled the MEG and
examined the contents of metallic elements in the PVA/PAA/PA
hydrogel active material for each device by EDS. As shown in
Fig. 6¢, for the MEG, respectively, assembled with Al, Cu and Ag
electrodes, we can correspondingly identify the presence of Al,
Cu, and Ag in the PVA/PAA/PA hydrogel active material of the
device. But this is not the case for the MEG assembled with Pt
and Au electrode. In accordance with the EDS results, we
identified the apparent changes in the surface morphology of
the metallic electrodes of Al, Cu and Ag but not for the elec-
trodes of Pt and Au, as shown in Fig. 6d, in which the surface
morphology of the metallic electrode before assembling and
after testing of the MEG is compared.

The results shown in Fig. 6 strongly suggest that the corro-
sion reaction of the metallic electrodes play an important role in
dictating the voltage and current performance of the DLWc-
Hgel-MEG. Similar to a primary battery, the Al, Cu, and Ag
electrodes in the correspondingly assembled MEG can be
corroded in the acidic environment of the PVA/PAA/PA hydrogel
active material to facilitate the high outputs of U,. and Js. In
contrast, the inert electrodes (Pt, Au and carbon) cannot be
corroded under the present testing condition, and therefore, it
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(a and b) Dependence of the open-circuit voltage U, and short-circuit current density Js. on the relative humidity for the DLWc-Hgel-

MEG devices assembled with different types of metallic electrodes. (c) After 48 h of power generation testing, the EDS mapped metallic elements
for the PVA/PAA/PA hydrogel active material in the MEG device assembled with different types of metallic electrodes. (d) SEM imaging for
revealing the surface morphology change of the metallic electrodes of the MEG devices before assembling (top row) and after (bottom row) 48 h

of power generation testing.
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(a) Cyclic voltammograms for different types of metallic electrodes in the solution of PVA/AA/PA (Hg/Hg,SO4 as the reference electrode

and Pt as the auxiliary electrode). (b) Tafel plots to show the corrosion behaviour of different types of metallic electrodes in the solution of PVA/
AA/PA. The arrows indicate the method for determining the corrosion potential (vs. Hg/Hg,SO4 reference electrode) and the corrosion current
density. (c) Correlation between the corrosion potential Ueo,r (vs. Hg/Hg,SO4 reference electrode) of the metallic electrodes against the open-
circuit voltage U for the correspondingly assembled MEG devices tested at different humidity levels. (d) Correlation between the corrosion
current density J.orr Of the metallic electrodes against the short-circuit current density Js. for the correspondingly assembled MEG devices tested

at different humidity levels.

leads to the correspondingly assembled MEG with relatively low
performance for electricity generation. To further corroborate
this point, we performed cyclic voltammetry and Tafel tests** to
examine the corrosion behavior of different types of metallic
electrodes in the solution of PVA/AA/PA. The cyclic voltammetry
testing results in a 3-electrode configuration (Hg/Hg,SO, as the
reference electrode and Pt as the counter electrode), as well as
a 2-electrode configuration (DLWc-processed carbon as the
counter electrode), as exhibited in Fig. 7a and S7,t respectively.
The redox peaks of the Cu and Ag electrodes can be clearly
identified in both cases, indicating the occurrence of Cu and Ag
oxidation in the correspondingly assembled DLWc-Hgel-MEG.
The correspondingly measured Tafel testing results (electrode
potential vs. Hg/Hg,SO, against the current density) are shown
in Fig. 7b, from which we can obtain, for each tested metallic
electrode, the corrosion potential U, as well as the corrosion
current density J.or determined by extrapolating the linear
portion of the anodic branch (oxidation of the metallic elec-
trode), as indicated in Fig. 7b. In Fig. 7c, we plot the corrosion
potential U, of the metallic electrodes against the open-circuit
voltage U, for the correspondingly assembled MEG tested at
different humidity levels. A strong correction between U, and
U,. can be evidently identified. The similar results for the

corrosion current density J.or and the short-circuit current
density Js. are shown in Fig. 7d. A positive correlation can also
be identified between these two quantities. The correlation
between U and U, as well as Jeorr and J. provide strong
evidence to show that the corrosion reaction at the metallic
electrodes is important for the enhanced voltage and current
performance of the DLWc-Hgel-MEG. Besides this critical
factor, certainly, the commonly advocated mechanism(s) for the
operation of MEG, namely, the contribution by the directional
migration of the charge carriers due to the concentration
gradient of ionic species within the active material as well as the
electric double-layer capacitance formed at the interface
between the porous top electrode and the hydrogel active
material may play a secondary role in controlling the perfor-
mance of MEG.

Load driving, application demonstration and long-term
stability of DLWc-Hgel-MEG

With the device assembled by using the PVA/PAA/PA hydrogel
prepared from the PVA/AA/PA solution aged for 0.5 day and
subjected to UV-exposure for 10 s without gel ageing treatment
as an example, we evaluated the power transfer capability to
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(a) Behaviour of the power output to a resistor load for the selected DLWc-Hgel-MEG device assembled from the PVA/AA/PA solution

aged for 0.5 day and subjected to UV-exposure for 10 s without gel ageing treatment tested in an ambient environment (temperature = 25 °C,
humidity = 55 4+ 3% RH). (b) Demonstration of the serial and parallel connections of multiple units of the DLWc-Hgel-MEG device for boosting
the output of /5. and Usc, and their use for lighting LEDs and powering the commercial hydrometer. (c) Long-term stability test in an ambient
environment for a selected DLWc-Hgel-MEG device (prepared with the PVA/AA/PA solution aged for 0.5 day and subjected to UV-exposure for

10 s without gel ageing treatment).
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a resistor load of the DLWc-Hgel-MEG in an ambient environ-
ment (temperature = 25 °C, humidity = 55 + 3% RH). Fig. SOt
shows the relationship between the load resistance and the
MEG current and voltage output to the resistor. Fig. 8a
summaries the correspondingly calculated power density for
the tested MEG. Under the resistance (9.8 kQ) matching
condition, it manifested a peak power density of 26 uW cm 2,
which is comparable to the best-performing MEG, as recently
reported in the literature, such as 35 yW cm > for the PVA/PA/
Gly-based MEG,* 32.6 uW cm 2 for the CS/SWNTs/PVA/CNF
aerogel-based MEG,* 8.5 uW cm 2 for the electrospun hierar-
chical porous carbon nanofiber (HPCNF)-based device®” and
10.8 uW cm ™2 for the silver electrode-based MEG.!

The relatively low power capability of a single unit is
a common issue for a MEG presently developed, which limits
their practical use to some extent. In order to solve this
problem, a common strategy is to integrate multiple units of
MEG in serial/parallel connections. As shown in Fig. 8b, the
current (voltage) output of the DLWc-Hgel-MEG can be pro-
portionally enhanced by parallel (serial) connections of
multiple units of DLWc-Hgel-MEG. With such an approach, in
the same figure, the practical use of the DLWc-Hgel-MEG for
lighting LEDs and for powering the commercial hydrometer has
been demonstrated. To test the long-term operation perfor-
mance of the DLWc-Hgel-MEG, we continuously monitored at
room temperature in an open-lab environment the output of I,
and U, of a selected MEG prepared with the PVA/AA/PA solu-
tion aged for 0.5 day and subjected to UV-exposure for 10 s
without gel ageing treatment. As shown in Fig. 8c, during the
period of half a month operation, this MEG is able to continu-
ously and stably deliver the required voltage and current output,
which indicates the good long-term stability of our DLWc-Hgel-
MEG. To date, the performance evaluation of the DLWc-Hgel-
MEG was carried out at room temperature. Beyond the room
temperature, we also tested a selected MEG prepared with the
PVA/AA/PA solution aged for 0.5 day and UV-exposure for 10 s
without gel ageing treatment at 85% =+ 5% RH in the temper-
ature range of 0-70 °C. The output of I;. and U,. with respect to
temperature is shown in Fig. S10.T As can be seen, the value of
I, increases from ~10 pA at 0 °C to more than 100 pA at 70 °C.
In contrast, the value of U,. shows only a minor decrease from
0.55 Vat 0 °C to 0.50 V at 70 °C. The dramatic increase in the
current output with temperature is attributed to the significant
mobility enhancement of the ionic charges, due to temperature-
induced viscosity drop of the PVA/PAA/PA hydrogel active
material.

Conclusions

By using the direct laser writing carbonization (DLWc¢) method,
in combination with the interpenetrating polymer network
(IPN) composed of poly(vinyl alcohol) (PVA) and poly(acrylic
acid) (PAA) as well as the ternary solvents of phytic acid (PA),
glycerol and water as hydrogel active materials, we demon-
strated a cost-effective and scalable method for fabricating
hydrogel-based MEGs. The DLWc-enabled PVA/PAA/PA
hydrogel-based MEG exhibited excellent voltage, current and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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power performance as well as long-term stability. Beyond the
fabrication and performance demonstration, we clarified two
outstanding issues on the hydrogel-based MEG: the ageing
treatment for the hydrogel active material plays an important
role in dictating its ionic conductivity and water uptake ability
as well as the power performance of the finally assembled MEG.
The corrosion reaction at the metallic electrode in a hydrogel-
based MEG is critical for enhancing the voltage and current
performance of a hydrogel-based MEG. This work is valuable for
the scalable manufacturing and performance optimization of
MEGs, which will be beneficial for the development of green
power sources in the future.

Experimental section

Materials

Polyvinyl alcohol (PVA, degree of hydrolysis: 99%, M, ~145
000 g mol 1), phytic acid (PA, 50 wt% in water), glycerol (99%,
extra pure) and diphenyl(2,4,6-trimethylbenzoyl)phosphine
oxide (TPO) were purchased from Shanghai Aladdin Biochem-
ical Technology Co. Ltd. Acrylic acid (AA, >97%, GC) was
purchased from Shanghai Macklin Biochemical Technology Co.
Ltd. Ammonium persulfate (APS, AR) was purchased from
Chinasun Specialty Products Co. Ltd. Nitric acid (concentration
of 68 wt%) was supplied by Sinopharm Chemical Reagent Co.
Ltd, China. A polyimide (PI) film (Kapton®) with a thickness of
125 pm was purchased from Dupont, USA. All chemicals were
used as received without further purification.

Preparation of porous carbon electrodes by the DLWc method

A laser engraving and cutting machine equipped with a CO, laser
of wavelength 10.6 um (SCE4030, Wuhan Sunic Photoelectricity
Equipment Manufacture Co. Ltd) was used to apply DLWc oper-
ation on a piece of PI film of size 10 mm x 10 mm X 125 pm,
which was placed on a stainless-steel plate. In the DLWc process,
a predefined lattice pattern (9 x 9 square lattice) was processed
by laser drilling with a laser power set at 5 W. At each lattice point,
the laser irradiation was maintained for 0.15 seconds. Subse-
quent to the DLWc process, the self-supported porous carbon
electrode was further treated in a 6 M HNO; solution at 95 °C for
2.5 hours for improving its water wettability.

Preparation of PVA/AA/PA solution and its use for making
hydrogel active materials and the assembly of DLWc-Hgel-
MEGs

The solution of PVA/AA/PA was first prepared, which was later
used for preparing the PVA/PAA/PA hydrogel active material in
a DLWc-Hgel-MEG by either photo-initiation or thermal-
initiation process. In brief, a solution of glycerol in water was
first prepared by mixing 0.9 g deionized water and 1.1 g glycerol.
To this solution, 0.1 g PVA were added and stirred at 95 °C until
the complete dissolution of PVA. Upon cooling down the
previously prepared PVA solution, 0.9 g AA and 1.9 g PA were
then added and the mixture was stirred at room temperature for
15 minutes to obtain a homogeneous solution of PVA/AA/PA in
a glycerol/water mixture.
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To prepare the hydrogel active material that is used for filling
the pores of the porous electrode, 5.5 mg APS was added to the
previously prepared PVA/AA/PA solution, an aliquot of which
was then dropped onto the DLWc-processed carbon electrode to
fill the pores via capillary action. Subsequently, the electrode
imbibed with the PVA/AA/PA solution was heated at 75 °C for
10 min to thermally initiate the polymerization of AA and
eventually result in the desired PVA/PAA/PA hydrogel active
material. A similar method was also used for preparing the
thermally initiated PVA/PAA/PA hydrogel samples for evaluating
their AC impedance and swelling behaviour.

To prepare the hydrogel active material that is sandwiched
between the top DLWc-processed porous carbon electrode and
the bottom normal metallic electrode, 5.5 mg TPO was added to
the previously prepared PVA/AA/PA solution. Before its use, this
solution was aged at 4 °C in a refrigerator for 0.5, 2.5 days or 120
days for investigating the effect of solution time-ageing on the
PVA/PAA/PA hydrogel active material. An aliquot of the aged
PVA/AA/PA solution was filled into a pre-assembled box-mold
with PMMA as the frame and the normal metallic electrode as
the bottom and subjected to UV exposure (365 nm light source,
H-CM-DGY, Howsuper Technology Co. Ltd) for 10 s/30 s/50 s/
70 s to initiate the polymerization of AA and eventually result in
the desired PVA/PAA/PA hydrogel active material. The thickness
of the hydrogel active material was controlled at 1.8 mm by
manipulating the amount of PVA/AA/PA solution filled in the
box-mold. Finally, such prepared PVA/PAA/PA hydrogel active
material was bonded with the previously prepared DLWc-
processed carbon electrode by gluing the PI support of the
electrode with the PMMA frame with epoxy adhesive to give
a single unit of the DLWc-Hgel-MEG. The selection of 1.8 mm
was based on an evaluation on the performance of the DLWc-
Hgel-MEG under fixed testing conditions but with varying
thickness of the hydrogel active material from 0.3 to 5.1 mm
(Fig. S81). A similar method was also used for preparing the
photo-initiated PVA/PAA/PA hydrogel samples for evaluating
their AC impedance and swelling behaviour.

Characterization and MEG performance evaluation

Optical microscopy (OM, MJ43, Microshot Technology Co. Ltd)
and scanning electron microscopy (SEM, S-4700, Hitachi) were
used for examining the morphology and structure of the DLWc-
processed carbon electrode as well as the morphology of the
normal metallic electrode before and after the assembly and
operation of the DLWc-Hgel-MEG. Energy-dispersive spectros-
copy (EDS, EVO18, Carl Zeiss AG) was performed to analyse the
contents of metallic elements in the PVA/PAA/PA hydrogel active
material after the operation of the DLWc-Hgel-MEG. The chem-
ical structures of the PVA/PAA/PA hydrogel and the DLWc-
processed carbon were characterized by Raman spectroscopy
(LabRAM Soleil, HORIBA, 50x objective, 532 nm excitation laser).
X-ray diffraction measurement was performed using an XRD
diffractometer (Bruker) to acquire the crystallization information
of PVA in the selected PVA/PAA/PA hydrogel samples.

An electrochemical workstation impedance analyzer
(RST5260F, Suzhou Risetest Electronic Co. Ltd) was used for
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performing the Tafel test by linear sweeping voltammetry (LSV)
at a rate of 1 mV s~ to examine the corrosion behavior of the
metallic electrode (copper, aluminium, silver, platinum, gold to
carbon) in the solution of PVA/AA/PAA. A three-electrode
configuration was used for this purpose, in which a Pt wire
and Hg/Hg,SO, were used as the counter and reference elec-
trodes, respectively. The same instrument was also applied to
acquire the AC impedance spectra in the frequency range of
0.01 Hz to 1 MHz for the PVA/PAA/PA hydrogel prepared under
different conditions for evaluating their ionic conductivity. A
pair of Ni blocking electrodes were used for such a test. With
a Pt wire and Hg/Hg,SO, as the counter and reference elec-
trodes, respectively, a three-electrode testing configuration was
used for performing the cyclic voltammetry test on the six
different types of electrodes in the PVA/AA/PA solution. With
DLWec-processed carbon as the counter electrode, the CV test
was also performed by using a two-electrode configuration for
the six different types of electrodes in the PVA/AA/PA solution.
In both cases, the scanning speed was set at 100 mV s~ . The
open-circuit voltage (Voc) and the short-circuit current (Isc) of
the DLWc-Hgel-MEG were evaluated using a Keithley 3706A
system switch/multimeter. During the measurement, the device
was set in a humidity-controlled testing chamber, the relative
humidity (RH) of which was controlled by using different types
of saturated salt solution. The RH value of the testing chamber
was monitored using a hygrometer (USB-TH, Shandong Renke
Control Technology Co., Ltd). All electrical tests were performed
at room temperature unless otherwise stated. For the selected
DLWc-Hgel-MEG, a programmable temperature and humidity
chamber (2 K-150 GB, Qinzhuo Environmental Testing Equip-
ment Co. Ltd) and a biochemical incubator (BPC-70F, Shanghai
Yiheng Scientific Instruments Co., Ltd) were used for evaluating
the temperature-dependent electricity generation performance.
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