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Supplementary Section 1. Design and construction of HPGP
[image: ]
[bookmark: OLE_LINK14][bookmark: OLE_LINK50][bookmark: OLE_LINK146][bookmark: OLE_LINK49][bookmark: OLE_LINK43]Fig.1 GO interlayers and pectin were prepared separately. Following the assembly of the GO interlayers, pectin was uniformly coated on the surface to ensure a complete hetero-laminated structure. Glycerol immersion then replaced all water molecules during the preparation of the HPGP.
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[bookmark: OLE_LINK7][bookmark: OLE_LINK96][bookmark: OLE_LINK148][bookmark: OLE_LINK147]Fig.2 i. Smooth surface image of blank GO interlayers. ii. Wrinkled surface image of GO interlayers. iii. TEM image of blank GO interlayers. iv. TEM image of GO interlayers. 






[bookmark: OLE_LINK30][image: ]Fig.3 Solvent displacement of external glycerin and internal water results in a tightly structured HPGP.
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Fig.4 The surface wrinkles of the completed HPGP build do not change.
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[bookmark: OLE_LINK151]Fig.5 Elemental mappings of EDS for HPGP surface maps.
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[bookmark: OLE_LINK34]Fig.6 Elemental mappings of the energy dispersive spectrometer for HPGP cross sections.









[bookmark: OLE_LINK127]Note 1: Comparative deconvolution analysis of the O1s spectra between non-cross-linked and cross-linked pectin reveals two distinct absorption peaks in the non-cross-linked pectin at 530.5 eV (C=O) and 513.8 eV (C-O). In contrast, the cross-linked pectin spectrum exhibits an additional peak at 532.7 eV, attributed to Zn-O-C bonds. The distribution of these peaks further substantiates the formation of coordination bonds between Zn2+ and the carbonyl groups, as well as the establishment of a cross-linked network within the pectin. 
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[bookmark: OLE_LINK28]Fig.7 Contact angle testing for Blank GO interlayers, GO interlayers, and HPGP.







Supplementary Section 2. Mechanism for continuous and high-capacity moisture sorption of the HPGP
[image: ]
[bookmark: OLE_LINK33][bookmark: OLE_LINK13][bookmark: _Hlk174950544][bookmark: _Hlk174950247][bookmark: _Hlk174950268]Fig.8 Comparison of gas-liquid conversion capacity of different material surfaces. a) Pectin exhibits water droplets within 11 minutes. b) Sodium alginate (SA) exhibits water droplets within 50 minutes. c) Polyvinyl alcohol (PVA) does not form a film after being soaked in glycerin. d) Konjac glucomannan (KGM) does not form a film after being soaked in glycerin.
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Fig.9 i. The moisture sorption process begins simultaneously from both ends of the humidification modules, and eventually, water molecules enter the internal storage module. ii. The water desorption process involves the internal desorption module absorbing heat, and the heat diffusing layer-by-layer from the inside to the outside to complete desorption.
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[bookmark: OLE_LINK134]Fig.10 The transport pathways of water molecules within heterogeneous structure were investigated using molecular dynamics simulations over a 1000 ps timescale.
[image: ]
[bookmark: OLE_LINK152]Fig.11 The transport pathways of water molecules within homogeneous structure were investigated using molecular dynamics simulations over a 1000 ps timescale.



Supplementary Section 3. Sorption capacity of HPGP
[image: ]
[bookmark: OLE_LINK81][bookmark: OLE_LINK41][bookmark: OLE_LINK106]Fig.12 Comparison of sorption of glycerol, pectin, GO interlayers, GO interlayers-Pectin, and HPGP under the same experimental conditions.
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[bookmark: OLE_LINK95]Fig.13 Effect of different layers of GO interlayers on water sorption capacity.







[bookmark: OLE_LINK5]Note 2: The reason for designing the GO interlayers is to be four layers: As the number of GO interlayers increases, surface wrinkles decrease, whereas the drying time required for each additional layer increases significantly. From 75 minutes at four layers, it rises to 150 minutes at six layers, and further to 240 minutes at eight layers, leading to an increasing demand for energy. This results in a wastage of energy and time, while the increase in the number of layers does not significantly enhance the water sorption capacity.
[bookmark: OLE_LINK75][bookmark: OLE_LINK150][bookmark: OLE_LINK24]The decrease in water sorption with an increase in the number of layers can be attributed to the continuous reduction in wrinkles. The sorption rate is influenced by the decreasing wrinkles. While the hetero-laminated design theoretically allows for an increase in water storage capacity with more layers, accessing the interior of the GO interlayers layer by layer requires a continuous accumulation of time. Within a three-day sorption period, the enhanced sorption effect from increasing the number of layers does not match the effect of wrinkle reduction. Additionally, as the sorption time lengthens, the time for infiltration to pass through the hetero-laminated structure significantly increases, resulting in a scenario where increasing the number of layers within a fixed time frame does not yield a better moisture sorption effect. 
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[bookmark: OLE_LINK37]Fig.14 The impact of wrinkles on moisture sorption performance of HPGP.
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[bookmark: OLE_LINK39][bookmark: OLE_LINK250][bookmark: OLE_LINK9]Fig.15 The weight ratio of glycerin exchanged into the HPGP (W) and the weight of the HPGP (W0). The glycerol weight was 3.4, 3, 2.6, 2.3, and 2 times the weight of HPGP when the pectin thickness varied from 10 μm to 50 μm, respectively.
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[bookmark: _Hlk169427643]Fig.16 The calculated Dms values of HPGP and HPG at 30%, 60%, and 90% RH, respectively.











[bookmark: OLE_LINK111]Table.1 The linear fitting of the moisture sorption diffusion coefficient (Dms) values at various RHs based on Fick’s second law.
	RH (%)
	Fitting equation
	R2

	30%
	Heterogeneous
	y=0.00311x-0.2842
	0.99943

	
	Homogeneous
	[bookmark: OLE_LINK2]y=0.00289x-0.26081
	0.99917

	60%
	Heterogeneous
	y=0.00313x-0.29229
	0.99725

	
	Homogeneous
	y=0.00289x-0.25938
	0.9961

	90%
	Heterogeneous
	y=0.00365x-0.27489
	0.99727

	
	Homogeneous
	[bookmark: OLE_LINK8]y=0.0026x-0.16977
	0.99705













[bookmark: OLE_LINK42][image: ]Fig.17 Water sorption capacity of HPGP at different relative humidity conditions ranging from 30% to 90%.
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Fig.18 Long-term moisture sorption of HPGP at 90% RH results in significant swelling, as evidenced by the inserted images showing the initial and post-sorption HPGP samples.

















[bookmark: _Hlk162206645]Table.2 Comparison of water sorption capacity of different sorbent materials.
	Sorbent materials
	Sorption water capacity (RH)
	Reference

	[bookmark: _Hlk157501703][bookmark: _Hlk162186893][bookmark: _Hlk162186870]RFMP
	2.15–2.68–3.1 g g−1(RH70–80–90%)
	1

	SMCA
	0.5–1–2.5 g g−1 (RH30–60–90%)
	2

	ILCA
	[bookmark: OLE_LINK1]0.5–1.15–1.5 g g−1 (RH30–60–90%)
	3

	POG
	0.5–2.6–6 g g−1 (RH30–60–90%)
	4

	CNTs-CILs@cotton rod
	[bookmark: OLE_LINK3]0.75–1.2 g g−1 (RH 60–90%)
	5

	PDA@PP-Cl Hydrogel
	[bookmark: OLE_LINK6]0.68–1.61–2.76 g g−1 (RH30–60–90%)
	6

	[bookmark: OLE_LINK15]PAM–CS–MXene–LiCl aerogel
	0.78–2.32–5 g g−1 (RH30–60–90%)
	7

	PGF
	0.64–3.3 g g−1 (RH60–95%)
	8

	BHNC
	[bookmark: OLE_LINK10]1.6–2.5–6.2 g g−1 (RH30–60–90%)
	9

	Bilayer scaffold-1.5
	[bookmark: OLE_LINK11]0.73–1.32–1.65 g g−1 (RH57–70-95%)
	10

	[bookmark: _Hlk194331700]Agar /GG/PAM hydrogel
	1.623-4.601 g g−1 (RH60–90%)
	11

	TCP-Li
	0.90-1.93-3.91 g g−1 (RH30–60-88%)
	12

	HPGP (This work)
	[bookmark: OLE_LINK22]0.83–2.97–6.57 g g−1(RH30–60–90%)
	

















Supplementary Section 4. Solar-driven water desorption performance 
[image: ]
Fig.19 Infrared thermal imaging pictures of the overall temperature changes of GO interlayers, pectin, and HPGP over time.
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Fig.20 Temperature changes of HPGP under different solar illuminations.
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Fig.21 (a) Desorption process of HPGP under different solar irradiation intensities, where HPGP was saturated with sorption at 25°C and 90% RH. (b) The desorption rate changes of HPGP under different solar irradiation intensities. 
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Fig.22 The heterogeneous structure has a broader steam diffusion space and additional escape routes for water molecules compared to the homogeneous structure.
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Fig.23 Influence of wrinkles on the surface temperature of HPGP.
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Fig.24 HPGP can achieve faster average mass changes than Pectin-blank GO interlayers-Pectin.
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[bookmark: OLE_LINK23][bookmark: OLE_LINK149]Fig.25 (a) Desorption process of homogeneous structure under different solar irradiation intensities, where homogeneous structure was saturated with sorption at 25°C and 90% RH. (b) The desorption rate changes of homogeneous structure under different solar illumination. 



[image: ]
Fig.26 (a) Desorption process of heterogeneous structure and homogeneous structure under 1.0 solar irradiation. (b)The desorption rate changes of heterogeneous structure and homogeneous structure under 1.0 sun illumination. 


[image: ]
[bookmark: OLE_LINK153]Fig.27 Normalized desorption ratios (Xt-Xe)/(X0-Xe) were plotted against the function of t1/2.


[bookmark: _Hlk175995340]Table.3 The linear fitting for the Dwd values of HPGP and HPG under different solar illuminations based on Fick’s second law.
	Solar illumination (sun)
	Fitting equation
	R2

	0.7 sun
	[bookmark: OLE_LINK12]Heterogeneous
	y=-9.43365×10-4e(x/6.79996)-4353.54171e(x/1248333.2784)+4354.51003
	0.9992

	
	Homogeneous
	y=-0.01832x+1.12609
	0.99902

	[bookmark: _Hlk175995311]1.0 sun
	Heterogeneous
	y=-0.05665e(x/19.94196)-0.07207e(x/19.94165)+1.20014
	0.99725

	
	Homogeneous
	y=-0.01838x+1.08449
	0.99963

	1.3 sun
	Heterogeneous
	y=-0.01543e(x/12.16866)-0.024363e(x/12.16836)+0.96942
	0.99815

	
	Homogeneous
	y=-0.02477x+1.1831
	0.99967

	1.6 sun
	Heterogeneous
	y=-0.10991e(x/20.71098)-4353.54171e(x/1248333.2784)+1.26193
	0.99815

	
	Homogeneous
	y=-0.03474x+1.34326
	0.98527


[image: ]
[bookmark: OLE_LINK90]Fig.28 Summary of water desorption kinetics performance of reported sorbent materials in the first 50 min under 1.0 sun illumination.
















Table.4 Comparison of evaporation rates with different sorbent materials under 1.0 sun illumination.
	Sorbent materials
	Evaporation rates (kg m-2 h-1)
	Reference

	CNTs@SiO2
	1.5
	13

	SMCA
	1.391
	2

	ILCA
	1.5
	3

	POG
	1.77
	4

	CNTs-CILs@cotton rod
	2.0
	5

	PDA@PP-Cl Hydrogel
	1.42
	6

	RFMP
	1.75
	1

	Bilayer scaffold-1.5
	1.46
	10

	MoCx nanocrystals
	1.59
	14

	PPy-COF@Trilayer-LiCl
	1.43
	15

	HPGP (This work)
	2.06
	


















[bookmark: OLE_LINK20]Table.5 Summary of water desorption kinetics performance of reported sorbent materials in the first 50 min under 1.0 sun illumination.
	[bookmark: OLE_LINK32]Sorbent materials
	Water desorption ratio (%)
	[bookmark: OLE_LINK48]Reference

	PVA-PAM-LiCl
	84
	16

	HEMHs
	71
	17

	LiCl/PMS/CNTs
	80
	18

	TCP-Li
	98
	12

	[bookmark: OLE_LINK17]PVF-PPy-MnC
	70
	19

	Agar/GG/PAM
	67
	11

	HIPG
	89
	20

	CPPY@LiCl
	79
	21

	HPGP (This work)
	94
	






















Supplementary Section 5. Demonstration of the outdoor water-harvesting tests 
[image: ]
Fig.29 Sorption/desorption performance in the complete atmospheric water collection process of HPGP.
[image: ]Fig.30 Comparison of sampling rates between laboratory conditions and outdoor conditions.










[bookmark: OLE_LINK140][bookmark: OLE_LINK76]Note 3: After conducting multiple experiments under laboratory conditions of 25 °C and 60% relative humidity, the efficiency of the collected sample was calculated to be 97% using the ratio of the sorbed mass (1.171g) to the desorbed mass (1.136g). During outdoor testing, with temperature ranging from 23.2 °C to 31.5 °C and relative humidity ranging from 82.6% to 72%, the efficiency of the collected sample was calculated to be 86% using the ratio of the average sorbed mass (1.451g) to the desorbed mass (1.247g) obtained from a single sample. The decrease in collection efficiency can be attributed to (1) evaporated water vapor covering the transparent hood, resulting in reduced solar energy sorption by the HPGP; (2) retention of residual moisture within the HPGP; and (3) variations in external environmental factors such as solar intensity and temperature.
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[bookmark: OLE_LINK77]Fig. 31 FTIR spectroscopy of evaporated water compared to standard glycerol and deionised water.
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[bookmark: OLE_LINK67]Fig.32 HPGP can be disassembled in layers by external force.
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[bookmark: OLE_LINK38]Fig.33 The pectin layer can be broken down naturally by placing it in the soil.













Table.6 Comparison of water harvesting effect of different adsorbent materials under outdoor conditions.
	Sorbent materials
	Water productivity (Lwater-1kgsorbent-1d-1)
	Reference

	BHNC
	2.82
	9

	Agar /GG/PAM hydrogel
	2.57
	11

	PAMPS-CNT-LiCl hydrogel
	2.41
	22

	LiCl@rGO–SA
	2.12
	23

	LCP
	2.10
	24

	PAM–CS–MXene–LiCl aerogel
	1.92
	7

	PCLG
	0.90
	25

	PDMAPS/CNT/LiCl
	0.69
	26

	PAM-CNT-CaCl2
	0.57
	27

	HPGP (This work)
	2.86
	












Supplementary Section 6. Experimental section
[bookmark: OLE_LINK4][image: ]
[image: ]
Fig.34 Surface wrinkling evolution in GO interlayers.
[image: ]
[bookmark: OLE_LINK154]Fig.35 The surface wrinkles of GO interlayers diminish with increasing layer numbers.









Note 4: Figure 35 shows the variation of surface wrinkles in GO interlayers with increasing layer numbers. Before reaching four layers, the number of wrinkles increases with each additional layer. At the fourth layer, wave-like diverging wrinkles can be observed on the surface of GO interlayers. As the number of layers exceeds four, the wrinkles begin to show a slow decrease. This may be attributed to the uneven distribution of the GO solution on the surface caused by the protrusions of the wrinkles, with depressions between the prominent wrinkles allowing for more GO solution to accumulate. This gradual accumulation leads to the smoothing of the wrinkles with an increase in the number of layers (Fig.36).
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[bookmark: OLE_LINK155]Fig.36 Comparison diagram of homogeneous structure and heterogeneous structure samples.
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