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Cost effective solar-to-hydrogen production has attracted 
substantial research attention because it provides a path-
way to overcome the global reliance on fossil fuels. 

Photoelectrochemical (PEC) water splitting enables the produc-
tion of green hydrogen from abundant sunlight and water1. The 
rational design of durable PEC devices is necessary for practical 
hydrogen production because the fabrication cost and device life-
time influence the overall cost of the system2,3. However, ensur-
ing the long-term stability of PEC devices composed of low-cost 
and earth-abundant materials is challenging as the materials (for 
example, light-absorbing semiconductors and overlayers) may 
undergo photocorrosion4. Various protection strategies, includ-
ing TiO2 deposition by atomic layer deposition (ALD), have been 
employed to enhance the device stability by physically separating 
the semiconductors from the electrolyte5,6. However, these pro-
tective layers cannot be permanently incorporated; for example, 
surface-accumulated photoelectrons induce self-reduction and dis-
solution of TiO2, thereby gradually exposing the inner layer to the 
corrosive electrolyte7.

Moreover, the low structural stability of the co-catalyst in a PEC 
device limits the device lifetime. Although platinum (Pt) exhibits the 
highest activity towards the hydrogen evolution reaction (HER) and 
can enhance the photoelectrode performance in terms of the pho-
tocurrent and onset potential, instability may be induced owing to 
the low adhesion of co-catalysts8. The detachment of Pt co-catalysts 
from the TiO2 protective layer has been frequently observed9–11. In 
general, the performance of PEC devices can be partially recov-
ered after the re-deposition of fresh Pt catalysts; however, the 
recovered photocurrent density decreases when re-platinization is 
repeated11,12. Inserting a functional layer between the Pt catalyst and 
protective layer can enhance the interface quality and extend the 
lifetime of PEC devices to a certain extent7,13. Similarly, by replac-
ing the particulate Pt catalyst with an electrodeposited film-type 
catalyst (for example, RuOx and MoSx) that can robustly bind with 
the bottom layers, the stability of the PEC device can be enhanced 
compared with that of Pt-decorated counterparts14,15. However, the 

electrodeposition of a co-catalyst requires elaborate control of both 
the electrolyte and applied potential due to which the photocorro-
sion of the light-absorbing semiconductor may occur simultane-
ously. In addition, metal oxide overlayers or membranes, such as 
SiOx (ref. 16), Al2O3 (ref. 17) and TiO2 (ref. 18), have been used to 
encapsulate the as-deposited Pt catalyst to enhance the structural 
stability of the catalyst by preventing detachment and agglomera-
tion. However, encapsulating the catalyst with solid oxide overlayers 
typically blocks the catalytic active sites or limits the mass transfer 
of reactants and products, thereby deteriorating the performance 
factor. Furthermore, no versatile method has been reported thus 
far that can prevent both the photocorrosion and physical detach-
ment of the co-catalysts. Consequently, a permanent protection 
strategy must be formulated for realizing the practical operation of  
PEC devices19.

Inspired by photosynthetic marine plants20–22, we attempted 
to design a highly permeable and transparent protector for PEC 
devices. Cells in seaweed are covered by nanoporous hydrogel that 
can suppress the deformation and rupture of cells caused by physi-
cal forces by the aquatic environment23–25, exhibit a high light trans-
mittance26 and keep a high water content27. Thus, we hypothesized 
that coating the PEC device with hydrogel can help to enhance 
performance of the PEC device by ensuring the structural stabil-
ity. A recent study highlighted that the doctor-blade coating of a 
thin, porous and superaerophobic virus-based hydrogel on a Si 
photocathode can increase the photocurrent density by intensify-
ing the bubble detachment28. However, the effect of the hydrogel 
coating in enhancing the long-term stability of the PEC device  
remains unclear.

Herein, we report a facile protection approach using hydrogel to 
enhance the stability of PEC devices. Specifically, by employing a 
cost effective polyacrylamide (PAAM) hydrogel as a device-on-top 
protector, the lifetime of a reference Pt/TiO2/Sb2Se3 photocathode 
was substantially high (100 h), and it could maintain ~70% of the 
initial photocurrent. The hydrogel protector enhanced the struc-
tural stability of the Pt catalyst and suppressed the dissolution of 
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the TiO2 layer. The use of the hydrogel protector required the opti-
mization of its mechanical stability, which was controlled by bubble 
dynamics and physical properties of the hydrogel, such as thickness 
and concentration.

Fabrication of PAAM hydrogel protector
As the light absorber, we employed Sb2Se3, which is an emerging 
low-cost semiconductor for photovoltaic29–31 and PEC devices7,8. 
The TiO2 overlayer contributes to physical protection and p–n het-
erojunction formation, whereas the surface-decorated Pt nanopar-
ticles function as the HER catalyst with negligible overpotential7,8. In 
general, a device-on-top protector must be transparent to sunlight, 
chemically inert to the electrolyte and highly permeable to water. 
Prescreening tests were conducted for hydrogel candidates, and 
PAAM was selected as a protector owing to its high transmittance 
and chemical inertness without decomposition in a H2SO4 electro-
lyte (Supplementary Fig. 1). The volumetric water content of the 
PAAM hydrogel in our experimental condition was higher than 85% 
(Supplementary Fig. 2). Owing to the high water volume fraction, it 
is expected that the ion concentration in the gel would be similar to 
that in the electrolyte outside the hydrogel32. The PAAM hydrogel 
(monomer concentration = 10%) was applied to a reference Sb2Se3 
photocathode (that is, Pt/TiO2/Sb2Se3/Au/fluorine-doped tine oxide 
(FTO)/soda-lime glass; Fig. 1a) using the mould-casting technique 
(Fig. 1b)33. Polydimethylsiloxane (PDMS) moulds were used to reg-
ulate the thickness of PAAM on the surface-treated device.

PEC profiles
The PEC characteristics of photocathodes with and without the 
hydrogel protector (denoted as PAAM and No PAAM, respectively) 
are shown in Fig. 2. Typically, there exists a trade-off between the 

PEC device performance and use of the device-on-top protec-
tor, as it may block the catalytically active sites. However, when 
the hydrogel coating was applied, the photocurrent density (Jph) 
at 0 V versus reversible hydrogen electrode (VRHE) increased from  
16 mA cm−2 to 19 mA cm−2, whereas the onset potential did not 
exhibit any substantial variation (Fig. 2a). Compared with No 
PAAM, the light absorption of PAAM increased by only ~2% over 
the entire wavelength range (Supplementary Fig. 3). Thus, the 
increase of ~15% in Jph probably originated from the enhanced 
quantum efficiency rather than the optical effect. Considering the 
similar charge transport properties in both devices owing to the 
identical Pt/TiO2/Sb2Se3 structure, the enhanced Jph could be attrib-
uted to the higher surface charge transfer efficiency. According to 
an existing study on superaerophobic hydrogels28, hydrogel coatings 
enlarge the active sites during the PEC operation by suppressing 
the bubble growth along the device surface, rather than enhancing 
the catalytic activity (Supplementary Note 1). Moreover, the PAAM 
hydrogel is an aerophobic hydrogel owing to its high hydrophilicity, 
indicated by a low water contact angle of ~8.2° (refs. 34,35).

The incident photon-to-current conversion efficiency (IPCE) 
spectra indicated enhanced harvesting of long-wavelength photons 
for PAAM, and the integrated IPCE values for both the devices, 
based on the solar air mass (AM) 1.5 spectrum, matched the experi-
mentally measured Jph values (Fig. 2b). In the case of No PAAM, 
although surface bubbles blocked the photoelectrons generated 
near the surface through the absorption of short-wavelength pho-
tons (that is, high-energy photons), the photoelectrons still partici-
pated in the HER before surface recombination occurred because 
the diffusion length was sufficiently larger than the travelling dis-
tance. However, because the longer-wavelength photons generally 
penetrated deeper into the absorber layer, leading to an increased 
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travelling distance of the photoelectrons, the surface recombina-
tion became dominant if the active sites were blocked by the bub-
bles. In contrast, the notable IPCE enhancement of PAAM for the 
long-wavelength photons indicated that the large amount of photo-
electrons generated far from the surface could effectively participate 
in the HER, which is essential for the bottom electrode in tandem 
devices. The performance reproducibility of both photocathodes 
was confirmed by obtaining the linear sweep voltammetry (LSV) 
curves and IPCE values for ten devices; the average Jph at 0 VRHE was 
15.7 mA cm−2 and 18.9 mA cm−2 for No PAAM and PAAM, respec-
tively (Fig. 2c).

Stability of PEC devices
Interestingly, by employing the device-on-top hydrogel protector, 
the lifetime of the Sb2Se3 photocathode was extended remarkably, 
as shown in Fig. 2d. PAAM exhibited stable operation over 100 h, 
maintaining ~70% of the initial Jph (Jo), whereas No PAAM exhibited 
rapid photocurrent degradation and was completely damaged within 
5 h. This finding was in agreement with that observed in our pre-
vious study7. Before any abrupt photocurrent degradation (<1 h for 
No PAAM), our hydrogel-protected Sb2Se3 photocathode exhibited a 
100 times higher stability. The amounts of H2 and O2 gas produced 
during stable operation were quantified through a gas chromatog-
raphy analysis (Fig. 2e). The molar ratio of H2 and O2 was approxi-
mately 2:1, consistent with the theoretically calculated value, and the 
Faradaic efficiency ranged from 80% to 100%, implying that a reason-
able amount of hydrogen gas escaped from the hydrogel protector.  

The fluctuation of Jph, attributable to the repeated cycles of cur-
rent reduction through bubble generation and current recovery 
through bubble detachment, is discussed in Supplementary Note 2. 
Supplementary Fig. 4 shows the Jph/Jo value and Jph degradation rate 
as a function of the operation duration. In the case of No PAAM, 
the degradation rate increased rapidly up to 9 mA cm−2 h−1 (at 1.5 h), 
decreasing Jph to ~60% of Jo. In contrast, the degradation rate of PAAM 
was low (maximum 0.12 mA cm−2 h−1) and gradually decreased when 
the value nearly saturated at Jph ~12 mA cm−2 after 100 h.

The PEC performance and stability values of existing low-cost 
solution-processed thin film photocathodes, including Cu2O, Sb2Se3 
and Cu-kesterites, are summarized in Supplementary Table 1. Most 
photocathodes involving the Pt co-catalyst exhibit a relatively low 
stability (<10 h), probably because of the detachment. To the best of 
our knowledge, only one low-cost semiconductor-based photocath-
ode (that is, NiMo/TiO2/Ga2O3/Cu2O) of this type exhibits stable 
operation beyond 100 h; however, Jph is only ~6 mA cm−2, and the 
photocurrent degradation rate gradually increases after ~80 h (ref. 36).  
Furthermore, the state-of-the-art Si photocathodes with develop-
mental maturity exhibit a high photocurrent density and stability, 
and several researchers have reported stable operation for more 
than 1,000 h (Supplementary Table 2). However, Si wafer-based 
devices include either an expensive and complicated fabrication 
process for surface nanostructuring/doping, sophisticated device 
structure or high-temperature annealing, which are not generally 
applicable to low-cost solution-processed thin film photocath-
odes. Although catalyst-encapsulating strategies using ~10 nm thin 
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solid oxide overlayers (for example, SiOx membranes, Al2O3, or 
ALD-TiO2)16–18 have been formulated to enhance the device stabil-
ity, the diffusivity of reactants and products inside the solid severely 
decreases compared with that in the liquid, which deteriorates the 
performance factors. Therefore, thus far, only ‘thin’ oxide layers 
have been used as device-on-top protectors, although they cannot 
be applied to sophisticated nanostructured photoelectrodes because 
of non-uniformity and delamination issues. For example, when 
an ALD-TiO2 overlayer was applied to a nanostructured Pt/TiO2/
Sb2Se3 photocathode, the device lifetime could be extended to ~10 h 
(Jo = 13.8 mA cm−2, Jph/Jo < 20 %, Supplementary Fig. 5), although 
this enhancement was less than that achieved using the hydrogel 
protecting strategy. Notably, the proposed hydrogel protector is 
highly transparent and permeable, with a water content of ~90%. 
Therefore, this protector can be used as a device-on-top framework 
for PEC devices and can be easily applied to nanostructured sur-
faces without thickness limitations.

In most existing studies, the stability of PEC devices has been 
evaluated considering only the duration of stable operation or Jph/Jo 
after this duration. However, from a practical viewpoint, the final 
degradation rate must be considered to predict the expected real 
lifetime. When Jph begins to decrease, the degradation occurs more 
rapidly because detachment of the catalyst and severe photocorro-
sion of the semiconductor occur simultaneously37. Surprisingly, in 
our research, PAAM demonstrated a stability with a substantially 
high Jph among various low-cost thin film photocathodes, and the 
degradation rate of Jph gradually decreased. By simply extrapolating 
the Jph–time curve of PAAM using an exponential function (Fig. 2d), 
we obtained a saturated Jph of ~9 mA cm−2 over 1,000 h. This assump-
tion is reasonable when the structural stability of the Pt catalyst and 
TiO2 layer (that is, without the reductive dissolution) and mechanical 
stability of the device-on-top hydrogel protector have been ensured.

Structural stability of PEC devices
The surface scanning electron microscopy (SEM) images for No 
PAAM as a function of Jph/Jo during the PEC operation are shown 
in Supplementary Fig. 6a. The rod-shaped microstructure was 
maintained until Jph/Jo reached ~70%, whereas the diameters of 
individual rods decreased after Jph/Jo < 50%, owing to TiO2 dissolu-
tion, as observed in our previous study7. To investigate the struc-
tural variations of the Pt catalyst, before the severe dissolution of 
TiO2, transmission electron microscopy (TEM) was performed on 
the cross-sectioned samples of an as-prepared Sb2Se3 photocath-
ode, No PAAM and PAAM after PEC operation until Jph/Jo became 
~70% (Fig. 3a–f). Uniform Pt nanoparticles were observed on the 
TiO2 layer of the as-prepared Sb2Se3 photocathode. However, when 
Jph/Jo decreased to 70%, agglomeration and partial detachment of 
the Pt catalysts were clearly observed for No PAAM. According to 
previous studies, the mechanical stress induced by the hydrogen 
bubble growth on the Pt surface drives the migration and agglom-
eration of the Pt nanoparticles, which severely degrades the HER 
performance38. Notably, PAAM exhibited well-attached Pt catalysts 
without any severe agglomeration, even after ~100 h, although the 
thickness of the Pt nanoparticle layer slightly decreased, leading to a 
~30% decrease in the photocurrent. The enhanced structural stabil-
ity of the Pt catalyst could be attributed to the spatial confinement 
imposed by the nanoporous network of the PAAM hydrogel39,40 
(Fig. 3g and Supplementary Fig. 7). Although Jeon et al. observed 
that a microporous hydrogel network enables rapid bubble detach-
ment, the authors focused only on the Jph improvement under a 
highly negative potential region (−0.9 VRHE), achieved by preserv-
ing the active sites without considering the structural stability of the 
Pt catalyst28. Moreover, supplying the surfactant in an electrolyte 
allowed rapid bubble detachment and prevented the formation of 
large bubbles; however, this strategy barely enhanced the lifetime 
of No PAAM (Supplementary Fig. 8). In this context, the role of the 

hydrogel as a ‘protector’ that substantially extends the lifetime of the 
PEC device remains to be explored.

Owing to Pt agglomeration and detachment, some parts of the 
TiO2 layer are directly exposed to the electrolyte, where the sur-
face charge transfer rate towards the HER becomes sluggish. The 
accumulated photoelectrons then reduce the TiO2 surface instead 
of generating hydrogen, followed by dissolution into the surround-
ing electrolyte in the form of Ti3+ ions7. Although the surface mor-
phologies observed in the SEM images were similar until Jph/Jo 
~70%, dissolution of the TiO2 layer was observed in the scanning 
transmission electron microscopy (STEM) and energy-dispersive 
X-ray spectroscopy (EDS) analyses performed on the representative 
cross-sectioned samples (Fig. 4a and Supplementary Fig. 6b–e). In 
the case of No PAAM, the thickness of TiO2 decreased by ~5 nm 
when Jph/Jo was 70% after ~1 h (Fig. 4b). Interestingly, only ~1.2 nm 
of TiO2 dissolved even after ~100 h in the case of PAAM. The high 
degradation rate for No PAAM was attributable to the Pt agglom-
eration and immediate dissolution of the exposed region of TiO2 
(Supplementary Fig. 4). In contrast, the spatial confinement effect 
of the Pt catalyst by the hydrogel minimized the direct exposure of 
TiO2; thus, the degradation rate for PAAM was ~100 times smaller. 
Even though ~1.2 nm of the TiO2 layer of PAAM dissolved, any 
additional dissolution was suppressed, evidenced by the gradually 
decreasing degradation rate of Jph.

The diffusivity of the metal cations in the PAAM hydrogel (Dgel) 
has been noted to be 60–100% lower than that in the electrolyte 
solution (Dsolution) because of the steric and electrostatic interac-
tions between the hydrogel network and metal ions41. That is, 
although Pt is not completely confined and partial dissolution of 
TiO2 occurs (~1.2 nm), the dissolved Ti3+ ions can be temporarily 

Fig. 3 | Enhancement of catalyst stability by the device-on-top hydrogel 
protector. a–f, Surface SEM images (a–c) and cross-sectional TEM images 
(d–f) of the as-prepared Sb2Se3 photocathode (Jph/Jo ~100%) (a and d), 
No PAAM (Jph/Jo ~70%, ~1 h) (b and e) and PAAM (Jph/Jo ~70%, ~100 h) 
(c and f). The Pt nanoparticles are agglomerated and detached from the 
TiO2 surface only in the case of No PAAM. The scale bars for a–c and 
d–f represent 200 nm and 10 nm, respectively. g, Schematic of the Pt 
confinement effect by the device-on-top protector.
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stagnant inside the hydrogel network. Consequently, the dissolved 
Ti3+ concentration inside the hydrogel is expected to increase dur-
ing the PEC operation, thereby suppressing the additional dissolu-
tion of TiO2, according to Le Chatelier’s principle. To clarify this 
phenomenon, we theoretically calculated the TiO2 dissolution rate 
based on the corrosion model suggested by Schiner and Hellmich42 
(Supplementary Note 4). When the hydrogel protector was used, the 
accumulation of the photoelectrons that reduced the TiO2 surface 
was strongly inhibited (that is, a low normalized Ti3+ concentration 
was observed at the TiO2 surface before the dissolution); and the 
reduced relative diffusivity (Dgel/Dsolution) of the dissolved Ti3+ ions 
inside the hydrogel synergistically decreased the TiO2 dissolution 
rate (Fig. 4c). These observations were supported by the induc-
tively coupled plasma mass spectroscopy (ICP-MS) analysis, which 
helped clarify the dissolved metallic species in the used electrolyte 
as a function of the duration. When the PEC device was operated, 
the Ti concentration increased in the case of No PAAM, whereas 
almost no variation was observed for PAAM. Instead, ~30 times 
higher concentration of Ti was detected inside the mechanically 
detached hydrogel protector after ~100 h (Supplementary Fig. 9). 
Therefore, the device-on-top protector provided both physical and 
chemical barriers to maintain the structural integrity of the PEC 
device (Figs. 3g and 4d).

Mechanical stability of the hydrogel protector
In addition to the structural stability of the Pt catalyst and TiO2 
layer, the mechanical stability of the device-on-top hydrogel protec-
tor is critical for ensuring long-term operation of the PEC device. 

To determine the effect of the hydrogel monomer concentration 
on the device stability, we performed experiments in which the 
concentrations of hydrogel protectors with a constant thickness of 
400 μm were varied. For the 400 μm-thick hydrogel protector with 
a monomer concentration of 6% and 30% (denoted as 6% PAAM 
and 30% PAAM, respectively), Jph remained stable in the initial 4 h 
(Fig. 5a), indicating that the surface structure of the Pt catalyst was 
well maintained. However, after 4 h, the 6% and 30% PAAM exhib-
ited different degradation characteristics. First, Jph decreased, with 
Jph/Jo ~20% for 6% PAAM. Visualization of the bubble dynamics 
indicated that the sudden decrease in Jph for 6% PAAM was attrib-
utable to the bubbles trapped in the hydrogel, which expanded to 
cover the entire area of the PEC surface (Fig. 5b). However, the 
Pt/TiO2/Sb2Se3 microstructure of the photocathode was preserved 
even when Jph/Jo ~20% (Supplementary Fig. 10a,b). We observed 
the partial recovery of Jph by manually bursting the bubble cover-
ing the surface (Fig. 5a). The decrease in the photocurrent for 6% 
PAAM could be attributed to the bubbles hindering the PEC opera-
tion instead of the structural degradation of the Sb2Se3 photocath-
ode. In contrast, for 30% PAAM, Jph continuously decreased over 
tens of hours with a degradation rate higher than 10% PAAM (that 
is, Jph did not saturate). Although bubbles were clearly observed 
in the case of 6% and 10% PAAM (Fig. 5b,c), bubbles were not 
clearly observed (the bubbles were non-spherical) at Jph/Jo ~80% in 
the case of 30% PAAM, indicative of hydrogel fractures (Fig. 5d; 
magnified images are shown in Supplementary Fig. 11). According 
to the theoretical analysis, the fracture probability, defined as the 
ratio of the maximum pressure (Pmax) applied to the hydrogel by a 
bubble to the critical fracture pressure (Pf) (ref. 43), increased with 
the hydrogel volume fraction (Fig. 5e and Supplementary Note 5). 
According to the STEM-EDS analysis, extensive detachment of the 
Pt catalyst and dissolution of TiO2 occurred at Jph/Jo ~20% in the 
case of the 30% PAAM (Supplementary Fig. 10c). The results sug-
gest that the Jph degradation depends on the spatial confinement, 
which is influenced by the monomer concentration of the hydrogel 
in the PEC device.

Furthermore, we investigated the influence of the thickness of 
the hydrogel protector on the device stability by performing experi-
ments and computational simulations with hydrogels with differ-
ent thicknesses and a constant monomer concentration of 10%. 
Hydrogel protectors thinner and thicker than 400 μm were catego-
rized as ‘thin hydrogel protectors’ and ‘thick hydrogel protectors’, 
respectively. The Jph values of devices with thin hydrogel protectors 
(thickness of 50 μm, 100 μm and 200 μm) substantially decreased 
within a few hours, similar to No PAAM (Fig. 6a). The device life-
time of thick hydrogel protectors (thickness of 600 μm, 800 μm and 
1,200 μm) was substantially higher than that of the thin hydrogel 
protectors, and the photocurrent degradation rate increased with 
the hydrogel thickness (Fig. 6b). To clarify the mechanical behav-
iour of the hydrogel protector with an embedded growing bubble as 
a function of the hydrogel thickness, we conducted a computational 
analysis via finite element modelling (Supplementary Video 1).  
In the case of a thin hydrogel, the Von Mises stress generated inside 
the hydrogel during the bubble growth was higher than that for a 
thick hydrogel (Fig. 6c). Owing to the comparable dimension of 
the hydrogel relative to the bubble size, nearly the entire area of the 
hydrogel was subjected to mechanical stress. This result indicates 
that the protective role of the hydrogel, in providing spatial confine-
ment over the device surface, might be diminished in the case of 
the thin hydrogel protector. Local delamination of the thin hydrogel 
protector was observed at Jph/Jo ~80%, and the device surface exhib-
ited a dark ash colour at Jph/Jo ~20%, indicating structural degra-
dation of the Sb2Se3 photocathode with a thin hydrogel protector 
(Fig. 6d and Supplementary Fig. 12). The SEM image confirmed 
that the morphology of rod-shaped Sb2Se3 photocathodes with 
thin hydrogel protectors was substantially degraded at Jph/Jo ~20% 
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(Supplementary Fig. 13a). The microstructure of the Sb2Se3 pho-
tocathodes with the thick hydrogels remained intact even at Jph/Jo 
~20% (Supplementary Fig. 13b and 13c). This result suggests that 

the Jph degradation in the case of thick hydrogel protectors could 
be attributed to the altered bubble dynamics rather than structural 
degradation of the device.
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Notably, the bubble dynamics play a key role in Jph degradation 
by controlling the light scattering and electrolyte mass transfer. The 
scattering of light incident to the device surface can be limited by 
the bubbles. Jph may decrease owing to the reduced photoelectron 
generation because of the optical loss. Furthermore, if the electro-
lyte mass transfer is hindered by trapped bubbles, the HER at the 
Pt catalyst may become sluggish. Consequently, photoelectrons may 
accumulate at the device surface, inducing the reductive dissolution 
of TiO2. According to the results of 400 μm-thick 6% PAAM and 
800 μm-thick 10% PAAM, in which relatively large trapped bubbles 
were observed (Figs. 5b and 6e), Jph decreased without TiO2 dissolu-
tion. This finding implies that the Jph degradation was attributable to 
the variation in the bubble dynamics with the thickness values and 
concentrations of the hydrogel protector.

Bubble dynamics in the hydrogel protector
To clarify the bubble dynamics, we monitored the nucleation, growth 
and escape of bubbles in situ for the 400 μm-thick 10% PAAM  

protector during PEC operation by using a high-speed camera. 
Bubbles nucleated inside the hydrogel and expanded in an ellip-
tical shape while being displaced towards the hydrogel surface, 
as observed at <8 s in Fig. 7a and Supplementary Video 2. The 
mechanical stress generated locally near the expanding bubbles 
probably led to the deformation of the hydrogel structure including 
the pores. When bubbles reached the top surface of the hydrogel, 
they probably escaped through the enlarged pores, as observed at 
8.16 s in Fig. 7a. At the tip of the tunnel, the bubbles became spheri-
cal upon escaping. The escaped bubbles detached within 250 μs 
(Fig. 7b). Newly produced bubbles appeared to escape following 
the same trajectory periodically, indicating that a microscale tunnel 
formed for bubble transfer inside the hydrogel.

As the thickness of the hydrogel increased, the strain energy 
required for a bubble to escape from the hydrogel increased, and 
bubbles tended to be trapped. Large bubbles could be formed 
through the expansion or coalescence of trapped bubbles, as 
observed in 10% PAAM with a thick protector (Fig. 6e). Owing to 
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the poroelastic property of the hydrogel44, chemical properties such 
as the water content, the microstructure, mechanical properties and 
the thickness of the hydrogel protector considerably influenced the 
photocurrent degradation by regulating the bubble dynamics. The 
lifetime of PEC devices could likely be enhanced by engineering 
chemical and mechanical properties of the hydrogel protector.

Our results indicate that the produced hydrogen gas molecules 
in the device-on-top protector exhibited more regulated dynam-
ics when they were nucleated and escaped through the gas tunnel, 
compared with the irregular movement of bubbles observed at the 
device surface without the protector. In the case of No PAAM, the 
bubbles grew and translated upward, resulting in shear stress on the 
surface of the photocathode, which decreased the structural stabil-
ity of the Pt catalyst (Supplementary Fig. 14 and Supplementary 
Video 3). In the case of PAAM, the hydrogel protector confined the 
lateral displacement of the bubbles, thereby preventing shear stress 

generation on the surface, which can help maintain the structural 
stability of Pt catalysts, as observed in Fig. 3.

Versatility of the hydrogel protector
The versatility of the device-on-top hydrogel protector was evalu-
ated under a wide pH window of the electrolyte and by using a 
low-cost thin film SnS photocathode and a BiVO4 photoanode  
(Fig. 8). The PAAM device could be operated in neutral (pH 7, 
potassium phosphate buffer (KPi)) and basic (pH 9, potassium 
borate buffer (KBi)) conditions for over 50 h (Fig. 8a,b), although 
the initial Jph was reduced compared with No PAAM, and Jph fluc-
tuation was frequently observed during PEC operation. The PAAM 
(400 μm)/Pt/TiO2/CdS/SnS photocathode operated for a period 
more than 50 times larger than that of the unprotected counterpart 
under an acidic electrolyte (pH 1, H2SO4) without notable Jph fluc-
tuation (Fig. 8c). Because Jph fluctuation was observed when bubbles 
trapped inside the hydrogel expanded/contracted, we speculated 
that the dissolved metal cations (for example, Na+ and K+) in buff-
ered electrolytes probably interacted with the hydrogel networks 
during PEC operation, inhibiting effective bubble escape from 
the hydrogel. The low value of initial Jph for PAAM-protected PEC 
devices, which might be also influenced by metal cations, may lead 
to the less degradation rate of the photocurrent. Nevertheless, the 
surface microstructure of these photocathodes was well maintained 
even after the stability test (Supplementary Fig. 15), demonstrating 
the protection role of hydrogel during PEC operation.

Typically, state-of-the-art Si photocathodes exhibit relatively 
longer lifetimes than the solution-processed thin film-type photo-
cathodes (Supplementary Table 2). Excluding the high-level strate-
gies that are applicable only on Si wafer, a reference TiO2(3 nm)/
Pt/TiO2/p-Si photocathode showed rapid photocurrent degrada-
tion within 10 h (Jph/Jph,max ~10% after the test). We also prepared 
a hydrogel-protected Si photocathode counterpart, which operated 
over 120 h with a mitigated photocurrent degradation rate (Jph/Jph,max 
~40% after the test), implying the structural stability of Pt and 
TiO2 was partially maintained (Supplementary Fig. 16). The stabil-
ity improvement for the Si wafer-based photocathode was limited, 
requiring further development on both device and hydrogel pro-
tector. Because the adhesion of as-formed gas bubbles on the flat 
surface increases compared with the nanostructured surface45,46, 
we speculate that the bubble detachment from the flat Si surface is 
difficult, leading to large bubble-induced shear stress on the device 
surface, which deteriorates the structure stability of Pt catalyst.

Notably, the proposed device-on-top protector can be applied to 
not only photocathodes but also photoanodes. When the NiFeOx/
BiVO4 photoanode was protected with 800 μm-thick 10% PAAM, 
the lifetime was dramatically enhanced, and continuous operation 
could be realized for more than 500 h (Fig. 8d; Supplementary Fig. 17 
shows the thickness variation). Jph fluctuation in the range ~70% to 
100% of the Jph,max in the first ~200 h was attributable to the repeated 
cycles of Jph reduction by bubble generation and Jph recovery by bub-
ble detachment. Jph gradually decreased (200–220 h) as the O2 gas 
bubbles formed inside the hydrogel protector merged and gradually 
expanded to a large trapped bubble. When this large bubble escaped, 
Jph recovery was observed (350–400 h). The structural stability of 
the NiFeOx/BiVO4 photoanode was maintained even after 500 h 
(Jph/Jo ~50%) when the hydrogel protector was used (Supplementary  
Fig. 18). Typically, the instability of BiVO4 is associated with the dis-
solution of V5+ ions, which accelerates the photocurrent degrada-
tion. This phenomenon can be partially prevented by adding V5+ 
species to the electrolyte47. However, this electrolyte-tuning strat-
egy can be used only when the metal ion precursor is soluble in the 
electrolyte and all the elements composing the light absorber must 
be considered. For example, the addition of V5+ can suppress only 
the dissolution of V5+ and not Bi3+, according to Le Chatelier’s prin-
ciple. In contrast, the proposed device-on-top hydrogel protection 
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strategy is material independent because the protector stabilizes the 
dissolving ions in situ; therefore, this approach can be generically 
and readily adapted to various PEC devices.

Conclusions
In this study, we report a hydrogel protection strategy that can 
remarkably enhance the lifetime of PEC devices. Using the 
device-on-top design of a PAAM hydrogel protector, the lifetime of 
the Sb2Se3 photocathode could be dramatically increased from 1 h 
to 100 h while maintaining ~70% of initial photocurrent. Moreover, 
the photocurrent degradation rate gradually decreased and became 
nearly saturated after 100 h. We demonstrated that a well-designed 
hydrogel protector could impart structural stability of the Pt cata-
lyst, preventing its agglomeration and detachment by the confine-
ment effect, and suppress the photocorrosion of TiO2 by stabilizing 
the dissolved Ti3+ ions inside the hydrogel via Le Chatelier’s prin-
ciple. In addition, the effective bubble escape via a micro gas tunnel 
produced in the hydrogel protector helped ensure its mechani-
cal stability. Because the PAAM hydrogel is commonly available, 
easily processable and potentially applicable to photocathodes 
and photoanodes regardless of the electrolyte pH, the proposed 
hydrogel-based protection technology may provide a platform for 
designing stable PEC devices. Moreover, optimizing the engineer-
ing aspects of hydrogel protector, for instance, by using 3D printing 
and chemical functionalization48,49, could facilitate the realization of 
a semi-permanent green hydrogen production system.

Methods
Materials for hydrogel coating. In this study, 1 N NaOH (98%; UN1823), 
acrylamide (AAM, 98%; A503181), calcium chloride (CaCl2; 1098), and ethyl alcohol 
(99.9%; UN1170) were obtained from Duksan. Glutaraldehyde (50%; 4133-1405) 
and methyl alcohol (99.8%; 5558-4105) were purchased from DaeJung. Ammonium 
persulfate (AP, ≥ 98%; 248614), (3-aminopropyl)triethoxysilane (APTES, ≥ 98%; 
A3648), N,N’-methylenebisacrylamide (Bis-acrylamide, BAAM, 99%; 146072), 
N,N,N’,N’–tetramethylethylenediamine (TEMED, 99%; T9281), agarose (A9045), 
gelatin from bovine skin (type B) (G9391), sodium alginate (W201502), Dulbecco’s 
phosphate buffered saline (1× PBS; D8662), 10× PBS (59331 C), poly(ethylene 
glycol) diacrylate (PEGDA; molecular weight of 575; 437441) and fluorescein 
isothiocyanate–dextran (FITC–dextran; molecular weight of 20 kDa; FD20S) were 
purchased from Sigma-Aldrich. Gelatin methacrylate (GelMA) was purchased 
from Allevi, collagen I (354236) was purchased from Corning and 2-hydroxy-4’-
(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) was purchased from 
BASF Schweiz. A commercial water-repelling coating agent (Rain-X original water 
repellent, Illinois Tool Works) was purchased from a local mart.

Fabrication of Sb2Se3 photocathodes. Sb2Se3 photocathodes were fabricated on 
a 70 nm-thick Au-coated fluorine-doped tin oxide (FTO) glass through a spin 
coating and annealing process. A 0.258 g sample of SbCl3 salt was dissolved in 
12.19 ml 2-methoxyethanol (2ME), and 0.385 g of Se powder was dissolved in a 
co-solvent system of 0.45 ml thioglycolic acid (TGA) and 7.37 ml ethanolamine 
(EA). Two solutions were magnetically stirred at 80 °C overnight before use. Spin 
coating was conducted at 2,000 r.p.m. for 30 s, followed by a sequential two-step 
drying process at 180 °C and 300 °C for 3 min each. This cycle was repeated ten 
times, and subsequently, the sample was annealed at 350 °C for 20 min. Spin 
coating and annealing were conducted in an N2-filled glovebox to prevent the 
formation of unnecessary oxide phases. Finally, post-annealing was performed 
at 200 °C for 30 min in air (Supplementary Note 6 presents the physical and 
chemical properties of as-prepared Sb2Se3 nanostructured film). The TiO2 layer 
was immediately deposited onto the Sb2Se3 film through ALD (NCS Inc.), using 
tetrakis(dimethylamido)titanium (TDMAT) and H2O as Ti and O sources, 
respectively. The evaporation and deposition temperatures were 75 °C and 150 °C, 
respectively. A total of 600 ALD cycles were implemented, with each cycle involving 
a TDMAT pulse (0.3 s) followed by 15 s of N2 purging and an H2O pulse of 0.2 s 
followed by 15 s of N2 purging. The growth rate of TiO2 was approximately 0.58 Å 
per cycle. The Pt co-catalyst was sputtered onto the TiO2/Sb2Se3 electrode by using 
an auto sputter coater (Ted Pella) under an applied current of 10 mA for 120 s.

Surface treatment of Pt/TiO2/Sb2Se3 photocathode. The surface of the Pt/TiO2/
Sb2Se3 photocathode was treated with NaOH, APTES and glutaraldehyde to ensure 
chemical bonding between the polyacrylamide hydrogel and PEC device. The 
1 N NaOH and 50% glutaraldehyde solutions were diluted with deionized (DI) 
water to prepare 0.1 N NaOH and 0.5% glutaraldehyde solutions, respectively. The 
APTES solution was diluted with ethyl alcohol to prepare a 0.5% APTES solution. 

The prepared Pt/TiO2/Sb2Se3 photocathode was dipped in a 0.1 N NaOH solution 
for 5 min. After retrieving the photocathode from the NaOH solution, the 0.5% 
APTES solution was poured onto the photocathode for 5 min. The photocathode 
was washed with an ethyl alcohol solution for six cycles after removing the APTES 
solution. Subsequently, the 0.5% glutaraldehyde solution was poured onto the 
photocathode for 30 min. After removing the glutaraldehyde solution from the 
photocathode, the photocathode was washed with DI water for six cycles and dried 
in an oven at 60 °C for 30 min.

Deposition of PAAM hydrogel on the photocathode. PDMS moulds were 
prepared by cutting a silicon rubber thin film (Elastosil 2030, Wacker) using a 
cutting plotter (CE6000-120, Graphtec). After cleaning the PDMS moulds with 
70% ethyl alcohol and removing the dust on the moulds by using a double-sided 
tape, the PDMS mould was placed on the surface-treated photocathodes.

A 100% weight per volume (w/v) AAM solution was prepared by dissolving 
1 g acrylamide powder in 1 ml DI water. Bis-acrylamide (2% w/v) was prepared by 
dissolving 20 mg bis-acrylamide powder in 1 ml DI water. The 10% AP solution 
was prepared by dissolving the AP powder (10 mg) in 100 μl of DI water. The 
pre-gel solution was prepared by mixing the acrylamide solution, bis-acrylamide 
solution and DI water, according to the given chart (Supplementary Table 3), with 
gentle pipetting and by degassing for more than 1 h. The monomer-crosslinker 
concentration ratio (AAM: BAAM) was 80:1.

Gelation was initiated by adding the AP and TEMED solutions to the pre-gel 
solution. The final concentrations of AP and TEMED were 0.05 wt.% and 0.1 wt.%, 
respectively. A mixture of the pre-gel solution with the AP and TEMED solutions 
was introduced over the photocathode surface, which was covered with the cover 
glass. The cover glass was immersed in a water-repellant agent (Rain-X) for 3 min 
before initiating gelatin to detach the solidified hydrogel from the glass. After 
gelation for 30 min, the cover glass and PDMS mould were carefully removed. 
Thereafter, the surface of the photocathode on which the hydrogel was not coated 
was covered with epoxy resin.

Fabrication of PEC devices for the versatility test. The solution-processed 
SnS photocathode was fabricated by spin coating a seed ink followed by a 
growth ink. The SnS seed ink was prepared by dissolving 3 mmol of SnCl2·2H2O 
(Sigma-Aldrich, 98%) and 3 mmol of S powder (Sigma-Aldrich, 99.98%) in 
2 ml 2-mercaptoethanol (Sigma-Aldrich, 99%) and 8 ml ethylenediamine 
(Sigma-Aldrich, 99.5%). The SnS growth ink was prepared by dissolving 
15 mmol of SnCl2·2H2O and 10 mmol of thiourea (Sigma-Aldrich, 98%) in 10 ml 
2ME (Sigma-Aldrich, 99%). The SnS seed ink was spin coated onto the Au/
FTO substrates at 500 r.p.m. for 5 s and 3,500 r.p.m. for 25 s, followed by instant 
annealing on a hot plate at 180 °C and 300 °C for 3 min in a N2-filled glovebox. 
After sufficient cooling, the spin coating of SnS growth ink was conducted three 
times following an identical cycle as that of seed ink. Subsequently, as-prepared SnS 
samples were treated in a bath solution mixed of CdSO4 (Sigma-Aldrich, 99.99%), 
thiourea, NH4OH (Duksan, 28 wt.%) and DI water at 55 °C for 3 min to deposit an 
n-type CdS overlayer. After the CdS deposition, TiO2 layer was deposited via ALD, 
and Pt co-catalyst was sputtered identically as the Sb2Se3 photocathode.

For Si photocathodes, the p-Si wafers (Boron doping, 10–30 Ω·cm, single-side 
polished) were cut into 2 × 1 cm pieces, which were then cleaned through 
ultrasonication for 10 min each in acetone, soapy water (Deconex), DI water and 
ethanol. This was followed by 10 min of ultrasonication in a H2O/H2O2/NH4OH 
(5:1:1) solution, 10 min of that in a H2O/H2O2/HCl 5:1:1 solution, and 1 min of that 
in a 2% HF solution. Samples were then rinsed with water, dried in a N2 stream and 
immediately used for the next step. The TiO2 layer was deposited with the same 
ALD recipe as mentioned above but using 920 cycles, which yielded ~ 55 nm of 
thickness. After sputtering the Pt catalyst for 120 s, another TiO2 overlayer (ALD 50 
cycle, ~3 nm) was deposited to enhance the Pt adhesion.

To prepare the BiVO4 photoanode, first, SnO2 bottom layer was deposited on 
FTO substrate via the sol–gel method. A 50 mmol SnCl2·2H2O (Sigma-Aldrich, 
98%) was dissolved in 5 ml isopropyl alcohol, which was spin coated on FTO 
at 2,000 r.p.m. for 30 s and annealed at 500 °C for 1 h under ambient air. For 
the BiVO4 molecular ink, 1 M Bi(NO3)3·5H2O (Sigma-Aldrich, 98%) in acetic 
acid (Duksan Pure Chemicals) and 0.15 M VO(acac)2 (Sigma-Aldrich, 98%) in 
methanol (Duksan Pure Chemicals) were mixed with a Bi:V stoichiometric ratio 
of 1:1. The BiVO4 ink was spin coated on the SnO2/FTO substrate at 1,500 r.p.m. 
for 20 s, followed by annealing on a hot plate at 400 °C for 7 min under ambient air. 
The spin coating and annealing processes were performed seven times, followed 
by the final annealing at 480 °C for 30 min in a box furnace (ramping rate = 10 °C 
per min). For the NiFeOx co-catalyst, 60 mg Fe(SO4)2⋅7H2O (Sigma-Aldrich, 99%) 
and 20 mg Ni(SO4)2⋅6H2O (Sigma-Aldrich, 99%) were dissolved in 200 ml of 0.5 M 
KHCO3 (Ar purging for 30 min before use) solution. For the deposition, LSV 
from −0.3 to 0.5 VAg/AgCl was performed 18 times under illumination (AM 1.5 G, 
100 mW cm−2) with a 5 s pretreatment at −0.3 VAg/AgCl for each sweep. After the 
deposition, the NiFeOx/BiVO4 photoanode was washed with DI water and dried at 
80 °C for 30 min.

These photoelectrodes were used as reference devices without the hydrogel 
protector. To fabricate the 10% PAAM device-on-top protector, surface treatment 
and gelation process were conducted as in the case of the Sb2Se3 photocathodes. 
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Finally, the surface of the photoelectrodes on which the hydrogel was not coated 
was covered with epoxy resin. The neutral (pH 7) and basic (pH 9) electrolytes 
were 0.5 M potassium phosphate (KPi) buffer with 0.5 M Na2SO3 and 1.0 M 
potassium borate (KBi) buffer, respectively.

PEC characterization. The characterizations of the photoelectrode, including LSV 
and chronoamperometry analyses, were conducted using a typical three-electrode 
system with a Ag/AgCl/KCl (saturated) reference electrode and Pt counter electrode. 
The three electrodes were submerged in a 0.1 M aqueous H2SO4 (pH ~1) solution, 
and the simulated solar-light illumination (AM 1.5 G, Newport Corporation) 
was used for all the measurements. The calibration of the one-sun level was 
performed using a 2 × 2 cm (ref. 2) calibrated solar cell made of monocrystalline 
silicon (Newport Corporation). The IPCE measurement was conducted using an 
electrochemical workstation (Zennium, Zahner) and a potentiostat (PP211, Zahner) 
under monochromatic light irradiation at 0 V versus RHE.

Material characterization. The optical transmittance and reflectance spectra 
were recorded at room temperature by using a UV–vis spectrophotometer (V-670, 
JASCO) equipped with an integrating sphere. The surface morphology evolution of 
the Sb2Se3 photocathodes was analysed through FE-SEM (JSM 7001 F, JEOL Ltd.). 
The focused ion beam technique was used to prepare electron-transparent foils 
from the selected Sb2Se3 photocathodes, and their microstructures were analysed 
using TEM-EDS (Talos F200X, FEI) at an acceleration voltage of 200 kV.

Time-lapse and high-speed imaging of the bubbles generated on a PEC device. 
Time-lapse imaging and high-speed imaging of the bubbles were performed 
using a digital single-lens reflex (DSLR) camera (D5300, Nikon) and high-speed 
camera (C320, Vision Research), respectively. The DSLR and high-speed cameras 
were equipped with a 2× teleconverter (TELEPLUS MC7 AF 2× DGX, Kenko) 
and 105 mm F2.8 macro lens (Nikon). Images were captured based on the light 
illumination for the PEC operation without any additional light source.

Characterization of the physical properties of the hydrogel. The volume fraction 
of the hydrogel was evaluated using a gravimetric method. The hydrogel samples 
were dried for 3 d in a dry oven at 60 °C. The weights of the samples before and 
after drying were measured using a precision balance (MS104S, Mettler Toledo). 
The volume fraction of the hydrogel, φ, was calculated as

φ =

mpvp
mpvp+

(

mh − mp
)

vw

where mp, mh, vp and vw represent the masses of dried and hydrated hydrogels 
and specific volumes of a polymer (0.7 cm3 g−1) and DI water (1.0 cm3 g−1), 
respectively32,50. The volumetric water content φp was calculated as

φp = 1 − φ

The apparent pore size of the hydrogel rp was calculated as

rp =

rs
1−

√

1
1−φ

K

where K and rs represent the partition coefficient and radius, respectively, of the 
solute in the hydrogel. In particular, 20 kDa FITC–dextran with a radius of 3 nm 
(ref. 51) was used as a solute to analyse the apparent pore size of the hydrogel. 
Assuming that the fluorescence intensity of the FITC–dextran was linearly 
proportional to the concentration of the FITC–dextran in the solution, the 
partition coefficient K could be calculated as

K =

cgel
csol =

Igel
Isolwhere cgel, csol, Igel and Igel are the concentrations of the FITC–

dextran in the hydrogel and solution and intensities of the FITC–dextran in 
the hydrogel and solution, respectively32. The fluorescence intensity of the 
FITC–dextran was measured using the fluorescent image obtained using an 
epifluorescence microscope (Ni-U, Nikon) with a charge-coupled device (CCD) 
camera (DS-Q1Mc, Nikon). Fluorescent images of the 20 kDa FITC–dextran in 
the hydrogel were obtained after immersing the hydrogel samples in a 1.0 mg ml−1 
FITC–dextran solution for 24 h.

The chemical inertness of the hydrogel samples against the acidic environment 
was investigated by comparing the shape of the hydrogel after gelation and 
immersion in a 0.1 M sulfuric acid solution for 24 h. Two 1.2 mm-thick PDMS 
spacers were placed on the slide glass and the water repellent-coated glass substrate 
was placed on the PDMS spacers. The hydrogel solution samples were injected 
between the slide glass and water repellent-coated glass substrate. After gelation, 
the cover glass was detached, and the 1.2 mm-thick hydrogel samples were cut 
using a 4 mm-diameter biopsy punch. The prepared hydrogel samples were 
immersed in a 0.1 M sulfuric acid solution for 24 h. Thereafter, photographs of the 
hydrogel samples were captured using a stereomicroscope (SMZ 745 T, Nikon) and 
CCD camera (DS-Qi1Mc, Nikon). Agarose, alginate, collagen, gelatin, GelMA and 
PEGDA hydrogel samples were prepared considering the specifications listed in 
Supplementary Tables 4–8.

A custom-made indenter composed of a load cell (GS0-10, Transducer 
Techniques), motor stage (SM2-0803-3S and SZ-0604-3S, Science town) and 
microscope (AM4113, AnMo Electronics Corporation)52 were used to estimate 
the mechanical properties of PAAM. Cylindrical PAAM hydrogel samples with 
a thickness of 1.2 mm and diameter in the range of 2.5–3.5 mm were used in 
the indentation test. Indentations were performed using a cylindrical stainless 
steel tip with a diameter of 5 mm. The depth and speed of the indentation of 
the samples were 75 µm and 2.5 µm s−1, respectively. The indentation stress was 
estimated by dividing the applied force by the cross-sectional area of the hydrogel 
sample. The indentation strain was estimated as the ratio of the decrease in the 
sample height during indentation to the original height. The Young’s modulus of 
a sample was calculated from the slope of the stress–strain curve assuming the 
following linear relationship:

E =
σ
ϵ
, where E is the Young’s modulus, σ is the applied stress and ϵ is  

the strain53.

Simulation of bubble expansion in a hydrogel layer. To investigate the 
stress distribution in the hydrogel layer by bubble expansion, we developed a 
computational model based on the finite element method and using Abaqus FEA 
software (Dassault Systèmes). The three-dimensional axisymmetric computational 
model included a hydrogel layer and hemispherical cavity of the bubble. The 
bubble expansion was simulated by the displacement of the nodes of the 
hemispherical cavity. The bubble was expanded from a radius of 0.1 R to R, where 
R denotes the final radius of the expanded bubble. To investigate the effect of the 
hydrogel thickness on the stress distribution inside the hydrogel layer, the thickness 
of the hydrogel h was set as R, 2 R, and 10 R. The radius of the axisymmetric model 
was 10 R. The Young’s modulus of the hydrogel in the model was 10 kPa, similar 
to that of 10% PAAM. The mesh of the model was established using four-node 
bilinear quadrilateral reduced elements (CAX4R).

Data availability
The authors declare that all data supporting the findings of this study are available 
within the paper and its Supplementary Information. Source data are provided with 
this paper.
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