
ll
OPEN ACCESS
iScience

Article
Porous gold with three-level structural hierarchy
Yujun Shi, Ying

Zhang, Bin Yu,

Kuibo Yin, Jingyu

Qin, Zhonghua

Zhang

zh_zhang@sdu.edu.cn

Highlights
N3PG with three-level

structural hierarchy was

fabricated based on VPD

and ECD

The ligament distribution

of N3PG covers

nanometer, submicron

and micron scales

The structure superiority

of N3PG is manifested by

its faster charge transfer

rate

The strategy is of great

potential to fabricate

other hierarchically

porous metals

Shi et al., iScience 25, 105113
October 21, 2022 ª 2022 The
Author(s).

https://doi.org/10.1016/

j.isci.2022.105113

mailto:zh_zhang@sdu.edu.cn
https://doi.org/10.1016/j.isci.2022.105113
https://doi.org/10.1016/j.isci.2022.105113
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.105113&domain=pdf


iScience

Article

Porous gold with three-level structural hierarchy

Yujun Shi,1 Ying Zhang,1 Bin Yu,1 Kuibo Yin,2 Jingyu Qin,1 and Zhonghua Zhang1,3,*

SUMMARY

Facilitating the mass transfer and enlarging the active surface area are two mutu-
ally exclusive demands in porous materials, while structural hierarchy could settle
this issue by constructing continuous channels with different length scales. How-
ever, it is a great challenge to fabricate porous metallic materials with three or
more geometrically similar hierarchy levels. Herein, a novel strategy combining
vapor phase dealloying with electrochemical dealloying is proposed to achieve
nanoporous gold (NPG) with three-level nested hierarchy (N3PG), in which the
length scale covers micron (5866.8 G 1445.5 nm), submicron (509.9 G
106.0 nm), and nanometer (20.1G 3.0 nm) for each level. Notably, the structural
superiority of such material is manifested by its faster charge transfer behaviors,
as benchmarked with unimodal and bimodal NPG (N1PG and N2PG). The present
strategy is of great potential to fabricate other hierarchically porous metals with
enhanced functional and structural properties.

INTRODUCTION

Structural hierarchy is popular in nature, such as lotus leaves, conches, snail shells, and so forth, and is also an

important structural characteristic of both structural and functional materials (Aziz et al., 2021; Ding and Erle-

bacher, 2003; Hartmann and Schwieger, 2016; Yilmaz et al., 2015). Special physicochemical properties of mate-

rials are associatedwith their structural hierarchy, suchas the super-hydrophobic natureof lotus leaves andstruc-

tural color of butterfly wings (Song et al., 2018; Yang et al., 2017). In recent years, great advances have been

achieved in design, fabrication, and application of hierarchically structured materials (Juarez et al., 2017;

Kong et al., 2013; Nyce et al., 2007; Parlett et al., 2013; Qiu et al., 2015; Shi et al., 2017; Sun et al., 2016; Zhang

et al., 2019). For example, Zhanget al. (2015) fabricated the hierarchically orderedporous goldmembranes con-

sisting of close-packed arrays of nanohole channels (responsible for strong Raman-active sites) and uniformly

distributed mesopores (providing efficient binding sites), which exhibit enhanced Raman intensity by a factor

of up to30-foldcomparedwith thecommercialKlarite substrate. Thehierarchicallyorganizedherringbonestruc-

ture of the eutectic high-entropy alloy could allow reconciliation of crack tolerance and high uniform elongation

(An, 2021; Shi et al., 2021a). Moreover, the hierarchical electrodes could minimize the Li dendrite issue and vol-

ume change in Li metal batteries (Liu et al., 2019; Xue et al., 2018).

Specially, the regulation and control on the structural hierarchy are of central importance for functional ap-

plications of porous materials. Homogeneous non-hierarchical porosity has been demonstrated in nano-

porous metals formed by dealloying (Erlebacher et al., 2001; Qian and Chen, 2007), and the smaller

pore size promotes the specific surface area and active sites, which however restricts the mass transfer

and signal response (Falcucci et al., 2016; Kucernak and Jiang, 2003; Zhang and Li, 2012; Zhang et al.,

2011). Combining porosity in different length scales, the structural hierarchy seemingly solves mutually

exclusive demands in nanoporous metals (Wada et al., 2018; Wang et al., 2021; Xing et al., 2012; Zhang

et al., 2019). Qi et al. (Qi and Weissmüller, 2013) have proved that the nested-network nanoporous gold

(NPG) with two different length scales shows a faster charge transport rate than regular NPG. In addition,

the structural hierarchy offers new avenue for designing light-weight and high-strength materials. Most

recently, Shi et al. (2021b) have unveiled that the stiffness and strength of NPG with two different hierarchy

levels are effectively improved compared to the material with a homogeneous structure owing to mitiga-

tion in connectivity losing. Furthermore, they have predicted that better mechanical properties could be

achieved in NPG with three length scales. However, fabrication of nanoporous metals with three or

more geometrically similar hierarchy levels is still a great challenge.

Herein, a novel strategy combining vapor phase dealloying (VPD) with electrochemical dealloying (ECD) is

proposed to modulate the structural hierarchy (up to three levels) of porous materials. Taking NPG as an
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example, besides unimodal (one-level, N1PG) and bimodal (two-level, N2PG), a trimodal NPG (three-level,

N3PG) with self-similarity was successfully fabricated, which covers micron, submicron, and nanometer

scales of porous structures in one material. The structural hierarchy-related charge transfer behaviors of

NPG were further manifested by chronoamperometry measurements, and the charge transfer rate in-

creases with increasing structural hierarchy. Additionally, the solar steam generation (SSG) performance

of NPG exhibits no visible dependence with the structural hierarchy increasing.

RESULTS AND DISCUSSION

As illustrated in Figure 1, the proposed strategy combines vapor phase alloying (VPA)-VPD with two-step

ECD. Firstly, a dilute solid solution Ag95Au5 alloy was subject to VPA-VPD with Zn as the medium to pro-

duce vapor (Shi et al., 2020) and transformed to a microporous structure with unchangeable composition,

and the 1st-level hierarchy was well expressed (here, designated as MP-Ag95Au5). During the 1st ECD, Ag

was partially dissolved away through control over the applied potential, and a fine nanoporous structure

(length scale: � 15 nm) was created in the micron-sized ligaments to form a porous Ag-Au alloy (NP-

Ag68Au32) with the two-level hierarchy. After further annealing, the nanosized ligaments were coarsened

to hundreds of nanometers and the obtained alloy was designated as SP-Ag68Au32. Subsequently, the

SP-Ag68Au32 alloy was treated by the 2nd potential-regulated ECD, where most of Ag was removed and

the 3rd-level nanopores were produced in the coarsened ligaments. Finally, the N3PG with the three-level

hierarchy was fabricated.

Figures 2A–2D show the macro-morphology variation during the fabrication process of NP-Ag68Au32. The

pristine Ag95Au5 foil has a smooth and silvery gray surface with metallic luster (Figure 2A), and the X-ray

diffraction (XRD) and energy dispersive X-ray (EDX) results show that the alloy precursor has a homoge-

neous elemental distribution and can be indexed as a face-centered cubic (fcc) Ag (PDF # 65–2871) to

form an Ag(Au) solid solution (Figure S1). After VPA with Zn at 550�C for 4 h, an intermetallic compound

with a bright silvery surface forms owing to the vapor-induced diffusion and reaction (Figure 2B). Accord-

ingly, the diffraction peak positions and elemental ratio exhibit great similarities with those of the AgZn

phase (PDF # 29–1155) in Figures 2E and S2, demonstrating the formation of (Ag95Au5)Zn. A silvery white

appearance can be observed on the foil surface after VPD at 650�C for 1 h (Figure 2C). The scanning elec-

tron microscopy (SEM) and EDX results (Figures 2F and S3) reveal the formation of micron-scale porosity

(several to around 15 microns) running across the whole section of MP-Ag95Au5 without changing the

atomic ratio of Ag:Au, indicating the successful fabrication of the 1st-level hierarchy. The above results

demonstrate that owing to the equilibrium vapor pressure difference between pure Zn and Ag-Au alloy,

Zn in the (Ag95Au5)Zn was selectively evaporated and the remaining Ag and Au atoms diffused and rear-

ranged to form the microporous structure (Lu et al., 2018). Notably, the average ligament size of the 1st

Figure 1. Schematic illustration showing the fabrication strategy of N3PG
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hierarchy level is smaller than the length scale of pores, which could be associated with the diffusion-limited

transport kinetics (Lu et al., 2021). Afterward, a moderate potential of 0.65 V (vs. Ag/AgCl) was applied on

the MP-Ag95Au5 alloy to partially dissolve Ag during the 1st ECD in 1 mol L�1 HClO4, leading to an absolute

black appearance of the as-dealloyed sample (Figure 2D). The stepwise-enlarged SEM images of NP-

Ag68Au32 in Figures 2G–2J and S4A manifest that a three-dimensional bicontinuous interpenetrating liga-

ment-channel structure is located in the micro-sized 1st-level ligaments with the Ag content of 68.2 at.%

Figure 2. The microstructure characterization of MP-Ag95Au5 and NP-Ag68Au32
The optical photographs of (A) pristine Ag95Au5, (B) (Ag95Au5)Zn after VPA at 550�C for 4 h, (C) MP-Ag95Au5 after VPD of (Ag95Au5)Zn at 650�C for 1 h, and (D)

NP-Ag68Au32 after 1
st ECD of MP-Ag95Au5 at 0.65 V (vs. Ag/AgCl) in 1 mol L�1 HClO4.

(E) XRD pattern of (Ag95Au5)Zn.

(F) SEM image of MP-Ag95Au5.

(G–J) The low- and high-magnification SEM images of NP-Ag68Au32.

(K and L) TEM images, (M) HRTEM image, and (N) SAED pattern of NP-Ag68Au32. The inset in (M) is the corresponding fast Fourier transform pattern. See also

Figures S1–S5.
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(Figure S4B) well above the parting limit (55.0 at.% Ag) in Ag-Au for dealloying (Artymowicz et al., 2009;

Sieradzki et al., 2002). Different from VPD, the 1st ECD was driven by the standard electrode potential dif-

ference between Ag and Au, during which partial Ag atoms were dissolved fromMP-Ag95Au5 under a mod-

erate potential and the remaining Au and Ag atoms at the low-coordination sites diffused and aggregated

to form the nanoporous structure (Qi et al., 2015; Qi and Weissmüller, 2013). The scenario of bimodal NP-

Ag68Au32 lays the foundation for the 2nd ECD to induce the formation of the 3rd-level porous structure.

Transmission electron microscopy (TEM) was performed to further characterize the microstructure of NP-

Ag68Au32 (Figures 2K–2N and S4C–S4E). The dark skeletons and bright voids in Figures 2K, 2L, and S4C

reveal the formation of the typical interconnected ligament-channel structure. The lattice fringes in the

high-resolution TEM (HRTEM) image (Figure 2M and inset) are in good agreement with the (111) crystal

plane of Ag(Au) solid solution. The SEM and TEM results jointly demonstrate the formation of the two-level

porous hierarchy in NP-Ag68Au32. The average ligament size is 15.0 G 2.0 nm (Figure S4F) in the 2nd-level

hierarchy of NP-Ag68Au32. Specially, the selected-area electron diffraction (SAED) pattern in Figure 2N

shows obvious diffraction rings that correspond well with the (111), (200), (220), and (311) reflections of

Ag(Au), confirming the nanocrystalline nature of NP-Ag68Au32. Additionally, through adjusting the time

of VPA (550�C for 9 h) to form (Ag95Au5)Zn3 (Figures S5A and S5B), the bimodal NP-Ag71Au29 alloy with

a different porous microstructure after VPD-1st ECD can be obtained (Figures S5C–S5F), demonstrating

the microstructure adjustability of the 1st-level porosity. The above results illustrate that VPD and ECD

cooperate well in fabricating the bimodal structure with the two-level hierarchy (micro- and nanosized

pores).

Further processing composed of annealing and 2nd ECD was conducted to obtain N3PG with three distinct

length scales. After annealing at 500�C for 2 h, the nanosized ligaments coarsened to submicron scale

(511.9 G 88.7 nm) throughout the whole section of SP-Ag68Au32 with the silvery appearance and bimodal

structure lacking of porosity in nanoscale (Figures 3A, 3B, and S6). The coarsening process is driven by the

reduction of the interfacial energy in the form of constant diffusion of Ag and Au atoms (Chen-Wiegart

et al., 2012). Subsequently, the 2nd ECD at 1 V (vs. Ag/AgCl) was employed in 1 mol L�1 HClO4 to remove

most of Ag in SP-Ag68Au32. As expected, the 3rd-level nanoporous structure was further created in the sub-

micron ligaments, and the level-by-level SEM images in Figures 3C–3E distinctly show nested porosities of

three well-defined length scales in N3PG. The porosity with the nanoscale runs across the whole ligaments

of the 2nd-level hierarchy (Figures 3E, 3F, S7A, and S7B) with only 2.0 at.% Ag residual (Figure S7C) and is

dominated by the similar formation mechanism (selective dissolution of Ag and diffusion of Au) with the

2nd-level porosity during the ECD process. TEM characterization further manifests the hierarchically porous

structure (2nd-level and 3rd-level) of N3PG (Figures 3G–3J and S8). The interconnected ligament-channel

structure in the 3rd-level can be well identified from the fracture surface and smooth margin of the up-

per-level ligaments (highlighted by ellipses in Figures 3G and 3H), indicating the successful fabrication

of N3PG. Additionally, the average ligament sizes of three different hierarchy levels are determined as

5866.8 G 1445.5, 509.9 G 106.0, and 20.1 G 3.0 nm, respectively, one order of magnitude larger than their

neighboring lower hierarchy levels. The lattice fringes in the HRTEM image and the diffraction rings in the

SAED pattern (Figures S8B and S8C) well confirm the formation of the fcc Au in N3PG. Noticeably, the for-

mation of nanosized ligaments/crystals is related to the broadening of diffraction peaks belonging to NP-

Ag68Au32 and N3PG in the XRD patterns (Figure S9).

For comparison, we also fabricated N1PG and N2PG by respectively dissolving most of Ag in Ag95Au5 and

MP-Ag95Au5 via ECD at 1 V (vs. Ag/AgCl) in 1 mol L�1 HClO4. As shown in Figures 4A, 4B, and S10A, the as-

obtained N1PG exhibits a compact section at lowmagnifications (Figures 4A and S10A), but shows a typical

bicontinuous ligament-channel structure at a higher magnification (Figure 4B) and only possesses one-level

nanoporosity with a ligament size of 15.4 G 2.0 nm. N2PG shows similar morphologies with NP-Ag68Au32
because of the up-front VPA-VPD. Two-level hierarchy networks run through the whole section, including

the micron-scale (4870.8G 909.3 nm) and nanometer-scale (23.3G 3.5 nm) ligaments (Figures 4C, 4D, and

S10B). The EDX results (Figures S10C and S10D) demonstrate that most Ag atoms were dissolved away and

the residual Ag is less than 10 at.% in N1PG and N2PG. The TEM images in Figures 4E and 4F further reveal

the typical bicontinuous ligament-channel structure of the 2nd-level hierarchy in N2PG. The HRTEM image

(Figure 4G) distinctly shows lattice fringes with a spacing of 2.35 Å, corresponding to the (111) plane of fcc

Au. The nanocrystalline nature of the selected area in N2PG is verified by the corresponding SAED pattern

(Figure 4H). Figure 4I compares the ligament size distributions of N1PG, N2PG, and N3PG. Apparently, the
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N3PG exhibits a wide-ranged and multi-level distribution of ligaments that are located in nanometer, sub-

micron, and micron scales, respectively, much superior to the monotonic distribution of N1PG (only the

nanometer scale) and the bimodal distribution of N2PG (nanometer and micron scales). The above results

vigorously demonstrate that combining VPD with ECD could effectively regulate the hierarchy levels of

porous metallic materials.

To undertake a comprehensive evaluation on the influence of structural hierarchy levels on the mass-trans-

fer and electrochemical active surface area (ECSA), step potential measurements and cyclic voltammetry

(CV) scans were performed on N1PG, N2PG, and N3PG in 1 mol L�1 HClO4. As shown in Figures 5A–5C

(step potentials: 0.1, 0.3, 0.5, 0.8, and 1.0 V (vs. Ag/AgCl)), the currents of N3PG under each potential decay

fastest as benchmarked with N1PG and N2PG after potential steps. Specially, it takes about 0.07 s for the

N3PG to decay to half of its initial value at the potential 0.5 V (vs. Ag/AgCl), which is around 1/4 and 1/10 of

that for N2PG (0.27 s) and N1PG (0.67 s) to reach the same level (Figure 5D). In addition, the total transferred

charge of N2PG and N3PG is much larger than that of N1PG at each potential, and the charge difference

increases with increasing applied potential (Figure 5E). Moreover, the N3PG could transfer more charges

than N2PG at higher potentials of 0.8 and 1.0 V (vs. Ag/AgCl), despite their similar transferred charges at

lower potentials. The double-layer capacitance (Cdl) was measured to assess the ECSA of N1PG, N2PG,

and N3PG based on the CV curves in the non-Faradaic region (Figure S11). Figure 5F reveals that the Cdl

Figure 3. The microstructure characterization of SP-Ag68Au32 and N3PG

(A and B) The low- and high-magnification SEM images of SP-Ag68Au32 after annealing at 500�C for 2 h.

(C–F) SEM images showing three different hierarchy levels of N3PG after the 2nd ECD at 1 V (vs. Ag/AgCl) in 1 mol L�1 HClO4.

(G–J) The low- and high-magnification TEM images of N3PG. See also Figures S6–S9.
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of N3PG is 108.2 mF cm�2, a little smaller but still comparable to N1PG (140.5 mF cm�2) and N2PG (121.2 mF

cm�2) because the micron-scale and submicron-scale pores contribute less to the ECSA than nanopores.

Figure 5G schematically summarizes the charge transfer behaviors in the three NPG samples. Because of

the unimodal nanoporosity, the movement of charges is severely blocked in N1PG. In contrast, for the NPG

with hierarchically porous structure (especially N3PG), the interpenetrating pores with the micron- and sub-

micron-scale jointly provide multi-level channels for faster charge transfer, while the nanoscale pores can

guarantee the ECSA, demonstrating the functional superiority of N3PG.

Eventually, we preliminarily evaluated the functional properties of the NPG foils taking the SSG perfor-

mance as an example, Figures 6, S12, and S13. Figure 6A shows that the mass changes of the three NPG

samples increase linearly with time prolonging at the constant light intensity of 1 kW m�2, and no obvious

difference can be observed. The water evaporation rate was calculated based on the mass changes over

time (Figure 6B). Apparently, the evaporation rate increases rapidly at the beginning and keeps at a stable

level within 10 min (average rate: 1.43, 1.50, and 1.51 kg m�2 h�1 for N1PG, N2PG, and N3PG, respectively).

Additionally, the photothermal conversion efficiency (h) can be calculated as the following equation (Gha-

semi et al., 2014),

h = _mhLV=I

where _m is the evaporation rate, hLV is the total enthalpy of sensible heat and liquid-vapor phase change

(2.26 kJ g�1), and I is the average power intensity of incident light. As shown in Figure 6C, the conversion

Figure 4. The structural hierarchy level comparison of N1PG, N2PG, and N3PG

(A and B) The low- and high-magnification SEM images of N1PG after ECD of pristine Ag95Au5 at 1 V (vs. Ag/AgCl) in 1 mol L�1 HClO4.

(C and D) The low- and high-magnification SEM images of N2PG after ECD of MP-Ag95Au5 at 1 V (vs. Ag/AgCl) in 1 mol L�1 HClO4.

(E and F) TEM images, (G) HRTEM image, and (H) SAED pattern of N2PG.

(I) The ligament size distributions of N1PG, N2PG, and N3PG. See also Figure S10.
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efficiencies of three NPG foils are comparable (94.8%, 94.0%, and 90.2% for N3PG, N2PG, and N1PG,

respectively). The infrared images in Figures 6D, S12, and S13 vividly show the quick photothermal

response and temperature evolution of N1PG, N2PG, andN3PG. Generally, strong light absorption/conver-

sion ability, sufficient water transport paths, and minimal heat loss are three main factors influencing the

SSG performance (Zhang et al., 2022). In our work, the slightly better performance of N3PG and N2PG

than N1PG could be attributed to the scenario that the hierarchically porous structure can provide sufficient

water transfer paths and efficient broadband light absorption (Wang et al., 2014; Zhu et al., 2019). The pre-

sent results suggest potential applications of hierarchically porous materials including NPG in SSG.

Conclusion

In summary, the combination of different processes (VPA, VPD, annealing, ECD, etc.) could well regulate

the structural hierarchy of porous metals. The NPG with three-level hierarchy and self-similar ligament-

channel structure was successfully fabricated for the first time. The length scale of nested ligaments in

N3PG covers the micron, submicron, and nanometer scale, and differs in one order of magnitude with

the adjacent. It is worth emphasizing that further optimization of pore sizes at different hierarchy levels

Figure 5. The charge transfer behaviors of N1PG, N2PG, and N3PG

(A–C) The current density-time curves of (A) N1PG, (B) N2PG, and (C) N3PG at different step potentials (0.1, 0.3, 0.5, 0.8, and 1.0 V (vs. Ag/AgCl)).

(D) The current transients of three materials after potential jumping from 0 to 0.5 V (vs. Ag/AgCl).

(E) The transferred charges at different potentials in 0.1 s of N1PG, N2PG, and N3PG.

(F) Cdl estimated from the plots of the current density vs. scan rate at 0.35 V (vs. Ag/AgCl).

(G) Schematic diagram showing the charge transfer in N1PG, N2PG, and N3PG. See also Figure S11.

ll
OPEN ACCESS

iScience 25, 105113, October 21, 2022 7

iScience
Article



is feasible by modulating the process parameters such as the VPA time, dealloying potential, and temper-

ature. The structural superiority of N3PG has been manifested by its faster charge transfer behaviors as

benchmarked with N1PG and N2PG. Viewed from improving the functionality and practicability of NPG,

three different hierarchy levels could not only better meet the demands of high specific surface area and

multi-level channels for mass transfer but also offer opportunities to achieve light-weight and high-strength

materials. In addition, the present strategy shows flexibility and universality to prepare other porous metals

with multi-level hierarchy.

Limitations of the study

Our strategy successfully fabricated nanoporous gold with three different hierarchy levels. The control over

the morphology, size, and homogeneity of the 1st-level hierarchy should be improved. In the follow-up

research, an important step could be to further improve the controllability of the structure morphology

and investigate the mechanical properties of this material.
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(A–C) Comparison of (A) mass change, (B) evaporation rate, and (C) photothermal conversion efficiency of N1PG, N2PG, and N3PG under the light intensity of

1 kW m�2.

(D) Infrared images of N3PG under the light intensity of 1 kW m�2. See also Figures S12 and S13.
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Materials availability
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Data and code availability
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d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This work did not need any unique experimental model.

METHOD DETAILS

Sample preparation

The Ag95Au5 alloy was prepared by induction melting from Ag (purity: 99.99 wt %) and Au (purity: 99.99

wt %) under vacuum and homogenized at 850�C for 48 h. Then the alloy ingot was further cold-rolled

repeatedly until reaching a thickness of 100 mm and annealed at 500�C in vacuum for 5 h to remove the re-

sidual stress. To fabricate the Ag-Au-Zn alloy, the Zn powder (99.9 wt.%) of 1 g was first put into the bottom

of a quartz tube, then the Ag95Au5 alloy foil was cut into the disk with a diameter of 16 mm and fixed at the

middle of the quartz tube to avoid direct touching with Zn powder. After that, the quartz tube was purged

by Ar and pumped to vacuum repeatedly for at least 5 times to eliminate the influence of oxygen. Eventu-

ally, the quartz tube was sealed by hydrogen flame and heated in a resistance furnace at 550�C for different

times to conduct VPA.

The unimodal MP-Ag95Au5 was prepared by VPD of Ag-Au-Zn alloy in a high-temperature tube furnace at

650�C for 1 h after being washed by Ar for at least 5 times. Noticeably, in order to avoid oxidation, the high-

temperature tube furnace was also checked the air tightness and the surface of precursor alloy was

polished to remove the oxide layer in advance. The pressure of VPA and VPD was 50 Pa. Then the MP-

Ag95Au5 was electrochemically dealloyed in a standard three-electrode cell filled with 1 mol L�1 HClO4

as the electrolyte on a CHI660E potentiostat at room temperature to fabricate the bimodal nanoporous

AgAu alloy (NP-AgAu). The Ag/AgCl electrode, graphite rod and MP-Ag95Au5 served as the reference

electrode, counter electrode and working electrode, respectively. The dealloying was performed at a con-

stant potential of 0.65 V (vs. Ag/AgCl) until the current dropped to 50 mA. To fabricate the 3rd hierarchy level

porosity and obtain the N3PG, the bimodal NP-AgAu alloy was first annealed at 500�C for 2 h in vacuum to

coarsen the ligaments and pores to the submicron scale, then the as-fabricated sample was

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Au Zhongnuo Advanced Material (Beijing) Technology Co., Ltd. CAS: 7440-57-5

Ag Zhongnuo Advanced Material (Beijing) Technology Co., Ltd CAS: 7740-22-4

Zn Zhongnuo Advanced Material (Beijing) Technology Co., Ltd CAS: 7440-66-6

Perchlorate acid Sinopharm Chemical Reagent Co. Ltd 10015161

CAS: 7601-90-3
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electrochemically dealloyed at 1 V (vs. Ag/AgCl) in 1 mol L�1 HClO4 to remove most of Ag. The N1PG and

N2PG were obtained by directly ECD of the pristine Ag95Au5 alloy foil and MP-Ag95Au5 at 1 V (vs. Ag/AgCl)

in 1 mol L�1 HClO4.

Microstructural characterization

XRD patterns of all samples were recorded on an XD-3 diffractometer (Beijing Purkinje General Instrument

Co., Ltd, China) with Cu Ka radiation. SEM (ZEISS SIGMA 300) equipped with an EDX analyzer and TEM (FEI

Titan 80-300) were performed to probe themicrostructures and chemical compositions of intermediate and

final samples with different hierarchy levels. In addition, the ligament sizes of samples were evaluated using

the Nanomeasure software by manually measuring at least 200 ligaments in the SEM and TEM images.

Electrochemical measurements and SSG tests

Electrochemical measurements were carried out in a traditional three-electrode system at room tempera-

ture in 1 mol L�1 HClO4. To assess the Cdl, CVs were recorded in the non-Faradaic region (0.3–0.4 V (vs. Ag/

AgCl)) at different scan rates. The Cdl was calculated by the following equation:

Cdl = Dj

�
v

whereDj (Dj= (ja-jc)/2) and v represented the current density (mA cm�2) at 0.35 V (vs. Ag/AgCl) and scan rate

(mV s�1), respectively. The charge transfer kinetics of NPG with different hierarchy levels were measured by

multi-potential steps. The transients of current, I, versus time, t, followed potential steps from starting elec-

trode potential E0 = 0 V (vs. Ag/AgCl) for 10 s to final potentials (Ef = 0.1, 0.3, 0.5, 0.8, 1.0 V (vs. Ag/AgCl))

for 30 s.

For the SSG tests, the as-fabricated NPG foils were adhered to the microporous substrate as the plasmonic

absorber. The polystyrene foam and cotton were used as the thermal insulator and one-dimensional

pathway for water transportation respectively, which could diminish the thermal loss and ensure a contin-

uous water supply. The SSG tests were measured using the xenon lamp (PLS-SXE300+, Beijing Perfectlight

Technology Co., Ltd., China) with an AM 1.5G filter and a uniform light modulator (PLSLA320A, Beijing

Perfectlight Technology Co., Ltd., China) as a solar simulator. The illumination intensity was calibrated

to 1 kWm�2 by an optical power meter (PL-MW2000). The real-time mass change of water during the evap-

oration process was evaluated by an electronic balance (BSA124S-CW, Sartorius, Germany) connected to a

computer. The evaporation rate was calculated after 60 min of testing.

QUANTIFICATION AND STATISTICAL ANALYSIS

The ligament size is measured by the Nanomeasure software. And the figures shown in the main text are

produced by Origin from the raw data.

ADDITIONAL RESOURCES

Our study has not generated or contributed to a new website/forum or not been a part of a clinical trial.
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