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Supplementary Figure 1. 
Screening of different hydrogel candidates prior to their application for PEC device protection. 
(a) Optical transmittance of hydrogels in a wavelength range of 300–1000 nm. All hydrogels are 5 
coated on a slide glass with a thickness of 400 μm. UV-visible spectroscopy is performed as soon as 
the sample is retrieved from a water bath. (b) Average optical transmittance of the hydrogels at 400–
600 nm estimated from the data shown in (a). Agarose and GelMA exhibit low transmittance in the 
short-wavelength region. The transmittance of PEGDA decreases as a function of the monomer 
concentration, which renders it unsuitable for optimization. (c) Optical microscopic images of the 10 
hydrogels after gelation and immersion in a 0.1 M H2SO4 solution for 24 h. Red and green dotted 
lines represent the boundaries of the hydrogel after gelation and immersion in 0.1 M H2SO4 for 24 h, 
respectively. Gelatin is completely decomposed in H2SO4. Among various hydrogel candidates, 
PAAM exhibits the most desirable transmittance and chemical inertness.  
  15 
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Supplementary Figure 2.  
Volumetric water content of PAAM hydrogel at different monomer concentrations. Data are 
presented as mean ± standard deviation (n = 4 for each). The number of samples is four for each data 
point. 5 
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Supplementary Figure 3. 
Optical effect of the hydrogel coating on the Sb2Se3 photocathode. Actual light absorption of the 
Sb2Se3 photocathodes, measured by subtracting the diffuse reflectance and transmittance from unity 5 
(no bubble condition). The increase in the light absorption over the entire wavelength range is ~2%.  
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Supplementary Figure 4. 
Degradation rate (DR) during the stability test of No PAAM and PAAM. The Jph/Jo values and 
Jph DR as a function of duration for (a) No PAAM and (b) PAAM. Representative examples of linear 5 
fitting to obtain the DR for (c) No PAAM and (d) PAAM. 
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Supplementary Figure 5. 
Photocurrent density–time curve of ALD-TiO2/Pt/TiO2/Sb2Se3 photocathodes as a function of 
the overlayer thickness (measured at 0 VRHE in a pH 1 electrolyte). Although the stability is 
slightly enhanced when the ALD-TiO2 overlayer is used compared to that without the overlayer, the 5 
initial photocurrent density decreases with the increase in the overlayer thickness. This observation 
suggests that coating the catalyst with a thin oxide overlayer slightly increases the stability compared 
to that of the non-protected counterpart. However, this strategy does not extent the device lifetime as 
much as the hydrogel protecting strategy (> 100 h). 
   10 
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Supplementary Figure 6. 
Morphological analysis of Sb2Se3 photocathodes. (a) Microstructural variations of No PAAM as a 
function of Jph/Jo during the PEC operation. The scale bars represent 500 nm. High-angle annular 5 
dark-field imaging (HAADF) and STEM-EDS elemental mapping images of the cross-sections of the 
(b) as-prepared Sb2Se3 photocathode (i.e., No PAAM when Jph/Jo is approximately 100%), (c) No 
PAAM when Jph/Jo is approximately 70%, (d) No PAAM after full degradation, and (e) PAAM when 
Jph/Jo is approximately 70% after ~100 h. The mapping images in (c) have been extracted from our 
previous study7. The scale bars represent 50 nm.  10 
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Supplementary Figure 7.  
Schematic of the spatial confinement of Pt nanoparticles imposed by the microscale and 
nanoscale porous structures.  5 
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Supplementary Figure 8. 
Stability test of Pt/TiO2/Sb2Se3 (No PAAM) with and without a surfactant in the electrolyte. (a) 5 
Photocurrent–time curve and (b) photographs of No PAAM with and without the surfactant. The 
introduction of the surfactant in the electrolyte facilitates rapid bubble detachment and prevents the 
formation of large bubbles; however, this strategy does not enhance the device lifetime. 
 
 10 
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Supplementary Figure 9. 
ICP-MS analysis of the electrolyte (0.1 M H2SO4) collected during the stability test. Change in 
the concentration of Ti as a function of time for (a) No PAAM and (b) PAAM. The Ti concentration 
increases for No PAAM, whereas the concentration for PAAM remains nearly unchanged. The Ti 5 
concentration for the mechanically detached hydrogel protector is ~30 times higher than that for the 
electrolyte counterpart after ~100 h. The concentrations of other elements (such as Pt, Sb, and Se) 
were below their detection limit. Data of ‘PAAM from hydrogel’ were presented as mean ± standard 
deviation (n = 1 for ‘No PAAM (electrolyte)’ and ‘PAAM (electrolyte)’, and n = 3 for ‘PAAM from 
hydrogel’).  10 
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Supplementary Figure 10. 
Morphological analysis of Sb2Se3 photocathodes in 6% and 30% PAAM with different 
monomer concentrations. (a) Variations in the surface morphologies of Sb2Se3 photocathodes. The 5 
hydrogel protector was mechanically pilled-off after operation. SEM images of the corresponding 
photocathodes were captured, with relative photocurrent ratios (Jph/Jo) of 100%, 70%, 50%, and 20%. 
The scale bars represent 500 nm. Morphological analysis of the Sb2Se3 photocathodes with (b) 6% 
and (c) 30% PAAM. HAADF and STEM-EDS elemental mapping images of the cross-sections of 6% 
and 30% PAAM, captured when Jph/Jo is approximately 20%. The scale bar represents 50 nm. 10 
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Supplementary Figure 11. 
Magnified timelapse images and cross-sectional schematic of the fractured region of the 
hydrogel protector in 30% PAAM. The nonspherical bubble formed in the hydrogel indicates the 
fracture of the hydrogel49,50. The scale bars represent 100 μm. 5 
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Supplementary Figure 12. 
Representative photographs of No PAAM and PAAM with thicknesses of 100, 200 400, 600, and 
800 μm during PEC operation. The photographs in Figures 5c, 6d, and 5e correspond to the 400-, 
100-, and 800-μm-thick 10% hydrogel protectors, respectively. The scale bars represent 1 mm.  5 
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Supplementary Figure 13. 
Morphological analysis of Sb2Se3 photocathodes with hydrogel protectors with different 
thicknesses. (a) Surface morphologies of Sb2Se3 photocathodes with thin PAAM hydrogel protectors 5 
(thicknesses of 50, 100, and 200 μm). (b) Surface morphologies of Sb2Se3 photocathodes with thick 
PAAM hydrogel protectors (thicknesses of 600, 800, and 1200 μm). The hydrogel protector is 
mechanically pilled-off after operation. SEM images correspond to the photocathodes when the 
relative photocurrent ratio (Jph/Jo) is 20%. The scale bars represent 500 nm. The monomer 
concentration of the hydrogels is 10%. (c) HAADF and STEM-EDS elemental mapping images of 10 
the cross-sections of 800-μm-thick PAAM, captured when Jph/Jo ~20%. The scale bars represent 50 
nm. The monomer concentration of the hydrogels is 10%. 
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Supplementary Figure 14. 
Nucleation, growth, and detachment of hydrogen bubbles for No PAAM. The dotted circles 
represent the bubbles at each time point. The bubble size immediately before the actual detachment 
(pink) is used for the statistics. The scale bar represents 100 μm. 5 
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Supplementary Figure 15. 
Morphological analysis of Sb2Se3 and SnS photocathodes for the electrolyte versatility test. 
Surface microstructures of the Sb2Se3 photocathodes after ~50 h of stability testing in (a) KPi 5 
electrolyte (pH 7) and (b) KBi electrolyte (pH 9). Surface microstructures of the (c) as-prepared SnS 
photocathodes (d) after ~50 h of stability testing in H2SO4 electrolyte (pH 1). The scale bars represent 
500 nm. 
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Supplementary Figure 16. 
The stability of TiO2(3nm)/Pt/TiO2/p-Si with and without the hydrogel protector. 
Chronoamperometry was characterized at 0 VRHE under acidic electrolyte (pH 1, H2SO4). 
  5 
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Supplementary Figure 17. 
Stability testing of NiFeOx/BiVO4 photoanodes with 100-μm- and 400-μm-thick PAAM 
hydrogel protectors. The decrease in the initial Jph to ~50% of the maximum Jph in the first 30 h can 
be attributed to the trapping of bubbles inside the hydrogel protector. In the case of the 400-μm-thick 5 
PAAM, the photocurrent fluctuation for every light on/off results from the trapped bubbles inside the 
hydrogel. The trapped bubbles expand/contract when the production rate of O2 gas is higher/lower 
than the rate of bubble escape. When the light is turned off, the O2 production rate decreases and the 
trapped bubbles contract. When the light is turned on, because of the increased light absorption area, 
a temporally large current flows, followed by a decrease in the current magnitude as the trapped 10 
bubble expands again. 
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Supplementary Figure 18. 
Morphological analysis of the BiVO4 photoanodes. Surface microstructure variations of the 
NiFeOx/BiVO4 photoanode; (a) as-prepared state, (b) during PEC operation (Jph/Jo ~50%), and (c) 
after almost full degradation (Jph/Jo < 10%). (d) Surface microstructure of PAAM/NiFeOx/BiVO4 5 
photoanode after 500 h (Jph/Jo ~50%). The scale bars represent 1 μm. HAADF and STEM-EDS 
elemental mapping images of the cross-sections of the (e) NiFeOx/BiVO4 photoanode, and (f) 
PAAM/NiFeOx/BiVO4 photoanode after 500 h (Jph/Jo ~50%). The scale bars represent 50 nm. The 
morphology of the NiFeOx/BiVO4 photoanode without the protector is significantly changed with 
photocurrent degradation, likely because of the dissolution of the constituent materials. In contrast, 10 
when the hydrogel protector is used, the surface morphology is nearly unchanged compared to that 
of the as-prepared NiFeOx/BiVO4 photoanode even after stability testing for 500 h. 
 
 
 15 
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Supplementary Note 1. Surface bubble size with and without hydrogel coating. 

In the case of a superaerophobic hydrogel1, the hydrogel coating enlarges the active sites 

during the PEC operation by suppressing the bubble growth along the device surface, rather than 

enhancing the catalytic activity. The active site density screened by bubbles grown along the device 

surface and dimension of the bubbles at detachment can affect the PEC efficiency (Supplementary 5 

Fig. 19). 

 

 
 
Supplementary Figure 19. 10 
Size of escaped bubbles in No PAAM and PAAM. Data are presented as mean ± standard deviation 
(n = 10 for each). For statistics, the bubble size immediately before the actual detachment is 
considered for PAAM (Fig. 7) and No PAAM (Supplementary Fig. 14). The error bars represent the 
standard deviation. 
 15 
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Supplementary Note 2. Photocurrent fluctuation during stable operation of PAAM. 
 
The current fluctuation is attributed to the repeated cycles of current reduction by bubble generation 

and current recovery by bubble detachment. We speculate three scenarios for the discontinuity 

points of the current, marked with black arrows in Supplementary Fig. 20.  5 

1. (Scenario 1 for discontinuity point A) When relatively large bubbles are formed and detached 

at the edge of the devices, the decrease and recovery of photocurrent occur owing to light 

scattering by the bubbles. 

2. (Scenario 2 for discontinuity point B) When the microsized gas bubbles formed inside the 

hydrogel protector merge and expand, the photocurrent suddenly decreases without an 10 

immediate current recovery.  

3. (Scenario 3 for discontinuity point C) When the merged or expanded large bubble suddenly 

escapes, the photocurrent increases. This phenomenon is not directly influenced by the light 

chopping because a time delay of ~15 min exists after the light off/on.  

 15 

 
Supplementary Figure 20. 
Locally magnified view of Figure 2d showing photocurrent fluctuations. 
 

Despite the excellent protective role of the hydrogel, future work must be focused on 20 

achieving a semi-permanent device lifetime (e.g., > 1000 h) through the engineering/functionalization 

of the hydrogel protector to allow more effective bubble escape without discontinuous behavior. 

 
 

25 
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Supplementary Note 3. Image-based characterization of the thickness of TiO2 layer. 
 

The thickness of TiO2 layer in Figure 4b was characterized by an image-based analysis 

(Supplementary Fig. 21a) using a software Fiji2 (National Institutes of Health, Bethesda, MD, USA). 

First, the mapping data of Se and Ti layer were overlaid and the overlapping region between two layer 5 

was removed from the Ti mapping data. Then, the processed mapping data of Ti layer were 

straightened along the line drawn along the outer surface of Ti layer and then binarized. The thickness 

of Ti layer at each data point along the outer surface of Ti layer was measured from the straightened 

and binarized Ti mapping data (Supplementary Fig. 21b). The thickness of TiO2 layer of As-prepared, 

No PAAM, and PAAM in Figure 4b was obtained from the STEM-EDS data in Supplementary Figure 10 

6b, 6c, and 6e, respectively. The mean value of As-prepared, No PAAM, and PAAM in the graph of 

Supplementary 21b was presented as a bar graph in Figure 4b. 

 
Supplementary Figure 21. 
Image-based characterization of the thickness of TiO2 layer. (a) Process of image-based analysis 15 
of TiO2 layer from STEM-EDS mapping data. (b) Height profile along the line on the outer surface 
of Ti in the mapping data from Supplementary Fig. 6. 
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Supplementary Note 4. Theoretical analysis of TiO2 dissolution rate with the device-on-top 
hydrogel protector. 
 

The amount of Ti(OH)3 on the TiO2 surface does not significantly increase even during the 
continuous photoreduction of TiO2

3
. This phenomenon indicates that the TiO2 surface photoreduces 5 

into the Ti(OH)3 species followed by its dissolution into the electrolyte, instead of remaining on the 
surface. We assume that all the Ti(OH)3 species are dissolved into the electrolyte in the form of Ti3+ 
ions to simplify the calculation for mass conservation law (Supplementary Fig. 22a). We hypothesize 
that the device-on-top protector can decrease the surface dissolution rate of TiO2 by controlling the 
1) the boundary concentration of Ti3+ ions (cboundary) and 2) diffusivity of Ti3+ ions inside the hydrogel 10 
(Dgel).  

 
1-1. Factors affecting the boundary concentration 

According to a theoretical study conducted by Scheiner and Hellmich4, cboundary is saturated 
when the surface corrosion rate is an order of magnitude larger than the diffusion rate of the metal 15 
ions in the electrolyte. In this case, a thin salt film composed of metal ions appears at the solid surface, 
at which the saturation concentration of the dissolved metal ions (csaturation) is temporally and spatially 
constant. For convenience, we define the relative boundary concentration as crelative = cboundary/
csaturation . crelative = 0  indicates that the surface corrosion is prevented, whereas crelative = 1  is 
suggestive of rapid surface corrosion. 20 

With hydrogel protection, the boundary concentration can be decreased if the Pt agglomeration 
and detachment are prevented. For the theoretical calculations, crelative is varied from 0.0 to 1.0. 

 
1-2. Factors affecting the diffusivity of the Ti3+ ions inside the hydrogel 

The diffusivity of the solute inside the hydrogel, Dgel, is lower than that in the solution, Dsolution, 25 
because of steric and electrostatic interactions between the hydrogel network and solutes.5-7 The 
relative diffusivity (Drelative = Dgel/Dsolution) of a metal ion in a typical polyacrylamide hydrogel is in 
the range 0.6–1.0,6 which can be decreased owing to the small pore size and high electrostatic 
interaction between the solute and hydrogel7. In our calculations, the Drelative parameter varies from 
0.0 to 1.0. 30 
 
1-3. Theoretical calculation of the TiO2 overlayer corrosion rate by using the mass conservation law 

Considering the inertness of the Pt catalyst toward photocorrosion, the total mass change of the 
Ti3+ ions inside solid TiO2 and the surrounding hydrogel domain is 

 35 

 
dMgel

dt
+

dMTiO2

dt
 = 0 (1) 

   
where dMgel

dt
  and 

dMTiO2
dt

 are the mass-change rates of Ti3+ in the hydrogel and TiO2 domains, 
respectively.  

The mass flux of the TiO2 domain varies only through the TiO2–hydrogel interface, whose 
thickness changes with respect to time because of the TiO2 dissolution; therefore, the mass-change 
rate in the TiO2 domain is  40 

 

 
dMT𝑖𝑖𝑂𝑂2 

dt
 = -� M� cTiv(x,t)∙n(x,t)da

 

Λ(t)
 (2) 
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where M� , Λ(t), cTi, x, v(x,t), and n(x,t) represent the average molar mass of the TiO2, TiO2–hydrogel 
interface, Ti concentration in the TiO2 domain, position and velocity vectors of the TiO2–hydrogel 
interface, and normal vector, respectively. The equation of the mass-change rate in the TiO2 domain 
is depicted in orange in Supplementary Fig. 22b. 

As shown in Supplementary Fig. 22b, the mass change in the hydrogel domain includes the 1) 5 
mass change resulting from the concentration variation in the hydrogel domain (equation in white), 
2) mass transport through the hydrogel–electrolyte interface (blue), and 3) mass transport through the 
TiO2–hydrogel interface and mass change in the hydrogel domain caused by the movement of the 
TiO2–hydrogel interface during the reductive dissolution of TiO2 (magenta). Hence, the mass change 
rate in the hydrogel domain is  10 

 
 

dMgel

dt
 = � M�

 

Ωgel

∂c(x,t)
∂t

dΩ + � M�J(x,t)∙n(x)da
 

Γgel

 

+� M�J(x,t)∙n(x,t)da
 

Λ(t)
+� M�cboundaryv(x,t)∙n(x,t)da

 

Λ(t)
 

(3) 

   
where Ωgel, Γgel, and J(x,t) represent the hydrogel domain, hydrogel-electrolyte interface, and mass 
flux through the interface, respectively. 
 

Because ∫ J∙nda 
Γ  = ∫ ∇∙JdΩ 

Ω , according to Gauss' divergence theorem, Eq. 1 combined with 
Eqs. 2 and 3 can be expressed as 15 

 
 ∫ ( ∂c(x,t)

∂t
+∇∙J(x,t))dΩ 

Ωgel
+∫ {J(x,t)-(cTi-cboundary)v(x,t)}∙n(x,t)da 

Λ(t) = 0  (4) 
   

Because Eq. 4 holds for any domain and boundary,  
 
 in Ωsolution: ∂c(x,t)

∂t
+∇∙J(x,t) = ∂c(x,t)

∂t
-∇∙(Dgel∇c(x,t))= 0 (5) 

   

 
on Λ(t): �J(x,t)-�cTi-cboundary�v(x,t)�∙n(x,t)=�-Dgel∇c(x,t)-�cTi-

cboundary�v(x,t)�∙n(x,t) = 0 
(6) 

   
where Dgel denotes the diffusivity of the solute in the hydrogel.  
 20 
For the initial and boundary conditions  
 
 in Ωsolution (t=0): c = 0 (7-1) 
   
 on Γgel : c = 0 (7-2) 
   
 on Λ(t≥0): c = cboundary (7-3) 
   

the solution for the one-dimensional case is  
 

 xd(t)=2ξd�Dgelt (8) 

   
where xd(t) is the time-dependent position of the TiO2–hydrogel interface, and ξd is a dimensionless 25 
parameter that can be obtained by solving  
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cboundary

cTi-cboundary
e-ξd

2
=√πξderf(ξd) (9) 

   
cTi is obtained by multiplying the concentration of TiO2 (3900 kg/m3)8 and 0.6 (i.e., mass fraction of 
Ti in TiO2). The diffusivity of a Ti3+ ion (Dsolution) is set equal to the diffusivity of a Mn2+ ion 
(1.25×10-5cm2/s)9 owing to their similar sizes. The saturation concentration (csaturation) is 0.21 mol/L, 
which is the solubility of titanium hydroxides in a strongly acidic environment.10 5 

 
The TiO2 overlayer corrosion rate (R) is a function of Dgel and cboundary. 

 R(Drelative, crelative) =2ξd�Dgel=2ξd�DrelativeDsolution (10) 

 
 

To demonstrate the variation in the TiO2 overlayer corrosion rate as a function of the relative 10 
diffusivity and relative boundary concentration, the relative TiO2 overlayer corrosion rate (Rrelative) 
shown in Fig. 4c is calculated as 

 Rrelative(Drelative, crelative) =
 R(Drelative, crelative)

R(Drelative=1, crelative=1)
  (11) 

   
where R(Drelative=1, crelative=1) can be considered as the corrosion rate for No PAAM.  
 
  15 
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Supplementary Figure 22. 
Theoretical analysis of the effect of the hydrogel protector on the TiO2 surface corrosion. (a) 
Schematic of the mechanism of TiO2 surface degradation on the PEC device. (b) Schematic of the 
mass conservation of the system with solid TiO2 and hydrogel coated on the TiO2 surface.  5 
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Supplementary Note 5. Theoretical analysis of the hydrogel fracture based on bubble growth. 
 
Bubbles allow hydrogels to expand/contract in a reversible manner until irreversible deformation 

from hydrogel fracture occurs depending on the mechanical properties of the hydrogel11,12. Spherical 
or ellipsoidal bubbles are observed in the absence of hydrogel fractures, whereas nonspherical 5 
bubbles appear when the hydrogel is fractured11,13. In this study, we observe spherical or ellipsoidal 
bubbles in the cases of 6% and 10% PAAM, whereas small spherical bubbles and large nonspherical 
bubbles are observed in the case of 30% PAAM.  

To understand the fracture mechanism in accordance with the bubble expansion, we perform 
further analysis using the theory developed by Kundu and Crosby11. The apparent pore size of the 10 
hydrogel is a few nanometers (Supplementary Fig. 23), considerably smaller than the bubble size 
ranging from a few micrometers to a few millimeters. Therefore, the hydrogel may act as a nonporous 
material for bubble expansion, and the deformation and fracture of the hydrogel from the bubble 
expansion can be analyzed based on continuum mechanics11.  

The pressure applied to the hydrogel during the bubble expansion is expected to increase and 15 
maximize in the early stage of bubble expansion. Thereafter, the pressure decreases when the bubble 
expands further. The maximum pressure applied to the hydrogel through bubble expansion (Pmax) 
can be predicted as 

 Pmax=
5
6

E+
2γ
rs

 (12) 

where rs , E, and γ represent the radius of the initial defect, elastic modulus, and surface energy 
(=0.072 J/m2)11 of the hydrogel, respectively.  20 
 The critical pressure required for hydrogel fracture (Pf) can be predicted as 

 Pf= �
πEGc

3
�

0.5

�
1
rs
�

0.5

 (13) 

where Gc is the critical energy-release rate of the hydrogel. When the pressure applied to the hydrogel 
exceeds the critical pressure, the bubble expansion results in hydrogel fracture.  

Because E~ϕ2.3 and Gc~ϕ0.208, 11 where ϕ denotes the polymer volume fraction, Pmax and Pf are 
proportional to ϕ2.3 and ϕ1.25, respectively, assuming that the hydrogel elasticity dominates the bubble 25 
expansion. Therefore, the ratio Pmax/Pf increases with increase in ϕ of the hydrogel, which indicates 
that the hydrogel fracture is facilitated. 

Because the initially nucleated bubble is considered as the initial defect, as reported in previous 
studies14 the radius of the nucleated bubble is considered the radius of the initial defect. Moreover, 
the radius of the nucleated bubble is characterized as the radius of the circular and bright objects first 30 
observed at the site at which a large bubble is created (Supplementary Fig. 24a). The radii of the 
nucleated bubbles are approximately 30 μm (Supplementary Fig. 24b). Using these initial bubble radii 
and obtained polymer volume fraction of 6%, 10%, and 30% PAAM (Supplementary Fig. 23), Pmax, 
Pf  (Supplementary Fig. 24c–f), and Pmax/Pf  (Fig. 6d) can be calculated. Only 30% PAAM 
corresponded to the region with Pmax

Pf
 > 1. 35 
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Supplementary Figure 23. 
Effect of monomer concentration on the physical properties of the PAAM hydrogel. (a) Apparent 
pore size, (b) polymer volume fraction, and (c) elastic modulus of the PAAM hydrogel. Data are 
presented as mean ± standard deviation (n = 4 for each in (a) and (b), and n = 5 for each in (c)). With 5 
the increasing monomer concentration from 6% to 30%, the pore size and porosity decrease, whereas 
the polymer volume fraction and elastic modulus increase. 
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Supplementary Figure 24. 
Theoretical analysis of hydrogel fracture induced by bubble expansion. (a, b) Image-based 
characterization of the initial bubble size. (a) Sequential images before, after, and during the bubble 
nucleation in the cases of 6%, 10%, and 30% PAAM. The scale bars represent 50 μm. (b) Radius of 5 
the nucleated bubble in 6%, 10%, and 30% PAAM devices. A bottom, centre, and top bound of the 
box represent the 25th, 50th and 75th percentiles, respectively (n = 4 for each). Whiskers of box 
represent the minima and maxima. (c–f) Theoretical analysis of the mechanics of the PAAM hydrogel, 
in which the bubble expands. (c) Elastic modulus (E) and (d) critical energy-release rate (Gc) of the 
hydrogel as a function of the polymer volume fraction (ϕ). (e) Maximum pressure applied on the 10 
hydrogel by the bubble (Pmax) and (f) critical pressure to fracture the hydrogel (Pf) as a function of 
the polymer volume fraction and initial bubble radius. Pmax and Pf are proportional to ϕ2.3 and ϕ1.25, 
respectively. The initial bubble radius does not significantly influence the magnitude of Pmax. 
 

15 
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Supplementary Note 6. Effect of post-annealing during the fabrication of Sb2Se3 

nanostructured films. 

 

The Sb2Se3 nanostructured film is fabricated via molecular ink-based spin coating and 
annealing process. Details of the fabrication procedure, including the optimized conditions of the 5 
Sb2Se3 molecular ink and relevant solution chemistry, as well as the general properties of the as-
prepared Sb2Se3 nanostructured films have been presented in our previous report15. According to 
experimental observations, the post-annealing process at 200 °C for 30 min in air is important to 
ensure the PEC performance of the Sb2Se3 photocathodes (Supplementary Fig. 25). Without post-
annealing, the Jph and fill factor are significantly lower than those with annealing.  10 

 

 
 
Supplementary Figure 25. 
PEC characteristics of the Sb2Se3 photocathodes with and without the post-annealing process 15 
after spin coating. 

 
The crystallinity and orientation of Sb2Se3 are maintained regardless of the post-annealing 

process, and no secondary phases are observed (Supplementary Fig. 26a). To clarify the effect of post 
annealing, we perform X-ray photoelectron spectroscopy (XPS) analysis of the Sb2Se3 film before 20 
and after the post-annealing (Supplementary Fig. 26b–d). All the XPS spectra are calibrated using the 
C 1s peak, which has a binding energy of 284.6 eV, and the background is fitted using the Shirley 
method. All the fitting curves are determined using a Gaussian peak function. After annealing, the 
Sb2O3 peak is dominantly observed in Sb 3d XPS spectra, whereas this peak is clearly reduced after 
surface etching for 100 s (Ar 500 eV; ~5 nm). 25 
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Supplementary Figure 26. 
Surface properties of the as-prepared Sb2Se3 film before and after the post-annealing process. 
(a) X-ray diffraction (XRD) spectra of Sb2Se3 films before and after post-annealing. (b–d) XPS 
spectra of Sb 3d (a) before post-annealing, (b) after post-annealing, and (c) after post-annealing with 5 
surface etching for 100 s (Ar 500 eV, ~5 nm).  
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Supplementary Table 1. Summary of previously reported low-cost thin-film photocathodes  
 

Device configuration 

(catalysts are boldfaced) 
Jo [mA cm−2] 

Stability 

duration 

J/J0 after 

the stability 

duration 

pH of 

electrolyte 
Ref. 

PAAM/Pt/TiO2/Sb2Se3 19 100 h 70% 1 
Present 

study 

Pt/TiO2/Sb2Se3 2 1 h 25% 1 16 

Pt/TiO2/Sb2Se3 12.5 2 h 60% 1 15 

Pt/TiO2/CdS/Sb2Se3 8.6 10 h 85% 6.5 17  

Pt/C60/TiO2/Sb2Se3 17 10 h 95% 1 3 

Pt/C60/TiO2/PABA/Sb2Se3 14 5 h 100% 1 18 

RuOx/TiO2/Sb2Se3 10 2 h 100% 1 19  

MoSx/Sb2Se3 16 10 h <10% 0 20 

RuOx/TiO2/CdS/Sb2Se3 20 35 60% 6.25 21 

Pt/TiO2/AZO/Cu2O 7.6 20 min 33% 5 22  

Pt/TiO2/AZO/Cu2O 4.5 10 h 62% 5 23 

Pt/TiO2/AZO/Cu2O 6 20 h 90% 5 24 

Pt/TiO2/Ga2O3/Cu2O 2.95 2 h 60% 4.3 25 

MoS2/TiO2/AZO/Cu2O 5.7 5 h 33%* 1 26 

RuO2/TiO2/AZO/Cu2O 5 8 h 94% 5 27 

RuOx/TiO2/AZO/Cu2O 5.5 52 h 90% 5 24 
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RuOx/TiO2/Cu2O 7 55 h 70% 5 28 

RuOx/TiO2/AZO/Cu2O/CuO:NiO 5.2 5 h 100%* 5 29 

NiMo/TiO2/Ga2O3/Cu2O 6.3  100 h ~85%* 5 30 

Pt/TiO2/CdS/CZTS ~12* 1 h 75% 6.85 31 

Pt/TiO2/CdS/CBTSSe 12 10 h 100% 4.3 32 

Pt/TiO2/CdS/CBTSSe 4 4 h 67% 4.5 33 

Pt–HfO2/CdS/HfO2/CZTS 14.6 24 h 100% 6.5 34 

MoS2/ITO/ZnO/CdS/CZTSe/ 

MoSe2/Mo 
10 2 h 100% 2 35 

MoSx/CdS/CZTS 5 10 h 100% 6.5 36 

Pt/TiO2/CdS/CuO 1.68 30 min 100% 7 37 

RuOx/TiO2/CdS/Cu2S 6 3.3 h 90% 5 38 

Pt/TiO2/CdS/SnS 19 2 h 100% 1 39 

* The values were not specified in the relevant study and estimated from figures. 
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Supplementary Table 2. Summary of state-of-the-art Si photocathodes with matured development 
and record device stability. 
 

Device configuration Jo [mA cm−2] 
Stability 

duration 

J/J0 after 

the stability 

duration 

pH of 

electrolyte 
Ref. 

SiOx/Pt/SiO2/p-Si 10 12 h 100% 1 40 

Ir/TiO2/F:SnO2/Ti/pn+-Si 35 24 h <10% 14 41 

Pt/TiO2/pn+-Si (c) 20 72 h 100% 0 42 

Pt/Al2O3/pn+ mc-Si (a) 
27  

(-0.8 VRHE) 
100 h 100% 1 43 

TiO2/Pt/n+p-Si (c) 10 168 h 100% 0 44 

TiO2/Pt/n+np+-Si (c) ~25 168 h ~95%* 0 45 

GaN nanowire/GaN/pn-Si (a) 35 100 h 100% 1 46 

MoS2/MoxO/MoxSi/SiO2/pn-Si (c) 11 60 d 100% 1 47 

Pt/TiO2/nc-Si:P/SiOx/c-Si (b,c) 18 41 d 100% 1 48 

p+-InGaN/p++-InGaN/n++-

InGaN/n+-InGaN/pn-Si (a,b) 
8 100 h  100% 1 49 

*(a) = expensive and complicated fabrication process for surface nanostructuring/doping 
*(b) = sophisticated device structure 5 
*(c) = high temperature annealing  
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Supplementary Table 3. Monomer concentrations of 6%, 10%, and 30% PAAM.  
 

Volume (μL) 
Monomer concentration (%) 

6% 10% 30% 

DI water 888 817.4 464 

100% AAm 65.2 108.6 326 
2% Bis-acrylamide 40.8 68 204 

10% AP 5 5 5 
TEMED 1 1 1 

Total 1000 1000 1000 
  
Supplementary Table 4. Compositions of agarose and gelatin hydrogels. 
 5 

 2% Agarose 10% Gelatin 
Power (agarose or gelatin) 20 mg 100 mg 

DI water 1000 μL 1000 μL 
Total 1000 μL 1000 μL 

Gelation Incubation at 4 ℃ 
 
Supplementary Table 5. Compositions of 4%, 10%, 50%, and 70% PEGDA hydrogels. 
 

  4% PEGDA with 
0.05% Irgacure  

70% PEGDA with 
0.05% Irgacure 

10% PEGDA with 
0.1% Irgacure 

50% PEGDA with 
0.1% Irgacure  

PEGDA solution 
(MW 575) 40 μL 700 μL 100 μL 500 μL 

10% Irgacure 
2959 solution 

(100 mg in 1 ml 
methanol) 

5 μL 5 μL 10 μL 10 μL 

DI water 955 μL 295 μL 890 μL 490 μL 
Total 1000 μL 1000 μL 1000 μL 1000 μL 

Gelation  UV illumination 

 
  10 
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Supplementary Table 6. Composition of alginate hydrogels. 
 

 6% Alginate with 0.2 M CaCl2 
10% Alginate solution (100 mg in 1 mL DI water) 600 μL 

1 M CaCl2 (1.47 g in 10 mL DI water) 200 μL 

DI water 200 μL 
Total 1000 μL 

Gelation The alginate solution is mixed with the 
CaCl2 solution 

 
Supplementary Table 7. Composition of collagen hydrogels. 
 5 

 1 mg/mL collagen 
Collagen I (3.52 mg/mL) 284 μL 

10x PBS 100 μL 
1 N NaOH 6.5 μL 
DI water 609.5 μL 

Total 1000 μL 
Gelation Incubation at 37 °C for 30 min 

 
Supplementary Table 8. Composition of GelMA hydrogel. 
  

 10% GelMA with 0.1% Irgacure 

10% GelMA solution (100 mg in 1 mL 1x PBS) 990 μL 

10% Irgacure 2959 solution (100 mg in 1 mL 
methanol) 10 μL 

Total 1000 μL 

Gelation UV illumination 
 
 10 
 
 
 
 

15 
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