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Abstract: The unique bicontinuous porous structure and superior electrical conductivity of nanoporous
gold (NPG) make it a highly promising material for energy storage and conversion. Although the
number of articles on the study of NPG-based materials in energy fields has increased significantly
in recent years, the collation and review of these articles are still lacking. Herein, we address this
gap by reviewing recent research activities on dealloyed NPG for energy storage and conversion
applications. Firstly, the typical dealloying process for forming NPG is introduced. Subsequently,
NPG-based composite catalysts used to catalyze water splitting and fuel cells electrode reactions are
presented. Afterward, the applications of NPG for different types of electrodes of supercapacitors
(SCs) and batteries are discussed. Finally, the studies on NPG for catalyzing CO2 reduction reaction
(CO2RR) are reviewed. In a word, the recent research progress of NPG-based materials is reviewed
and the future research directions are outlined, laying the cornerstone for the preparation of more
advanced energy storage and conversion devices in the future.
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1. Introduction

Nanoporous gold (NPG) is a gold-based reticulated porous body, usually made by
selective dissolution of non-gold components in Au alloys, that is, dealloying [1,2]. By
controlling the preparation process of dealloying, NPG with adjustable ligament size can
be obtained. The continuous porous mesh structure of NPG endows it with a high specific
surface area and a large number of positive and negative bending curvatures, thus possessing
a large number of highly active sites. In addition, NPG has a stable structure and good
electrical conductivity, making it an ideal substrate for the fabrication of high-performance
composites. Based on the above advantages, NPG presents a wide range of applications,
covering catalysis [3–7], energy storage and conversion [8–12], sensing [13–15], etc.

In recent years, the number of research articles in the field of energy storage and
conversion has increased significantly, and the corresponding review studies have also
increased, involving semiconductor materials such as Si [16], Ge [17], Sn [18], transition
metals (Fe, Co, Ni, Mn, etc.) oxides [19–21] and other precious metals Pd, Ir [22], etc.
Regarding NPG, the published review articles mostly study the preparation methods of
NPG and their applications in catalysis and sensing fields [23–26]. Although the number of
articles on the application of NPG to the energy storage field is also high, the corresponding
review articles are scarce, some of which are of an earlier vintage and some of which are
not comprehensive enough [10,27–30]. Therefore, it is necessary for us to summarize and
reflect on the latest research results and point out the current challenges to inspire future
research efforts.

In this review, we mainly discuss the characterizations and energy storage applications
of dealloyed NPG and its composites. Firstly, we introduce the typical dealloying process
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for preparing NPG. Secondly, we review the applications of NPG in water splitting and fuel
cells, starting from the relevant half-reactions. Water splitting includes hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER), and fuel cell electrode reaction
consists of fuel oxidation and oxygen reduction reaction (ORR). Finally, the applications of
NPG in supercapacitors (SCs), batteries and CO2 reduction reaction (CO2RR) are reviewed.
In summary, this review aims to provide readers with a comprehensive understanding of
the characterizations and energy storage applications of dealloyed NPG and its composites.
Furthermore, we hope that the review can contribute to the development and optimization
of energy storage and conversion technologies.

2. Formation of NPG by Dealloying

Dealloying is a corrosion process that selectively removes less noble metals from the
precursor alloy through nanoscale galvanic corrosion mechanisms. This can be achieved
either by free etching or electrochemical dealloying, depending on the proximity of the
constituent metals in the galvanic series [31]. Through experiments and simulation cal-
culations, Jonah Erlebacher et al. [32] proposed a continuum model for the evolution of
pores during dealloying. The evolution process of NPG pores begins with the selective
dissolution of less noble metal atoms, creating vacancies and exposing high-energy surface
sites. The vacancies act as diffusion paths for more noble metal atoms, which migrate and
accumulate at the edges, forming islands and clusters. As the dissolution continues, the
islands undergo undercutting, leading to the development of interconnected pores and a
highly porous structure.

Figure 1a,b [33] presents the Au thin film sampled before and after dealloying. The
color change of the sample, from silvery white to rose gold, can be clearly seen. Figure 1c [34]
shows the three-dimensional model of a series of two-dimensional projection images. The
model exhibits the internal pores network clearly. It shows that NPG has a bicontinuous
3D structure and most of the gold ligaments have curved surfaces. A typical scanning
electron microscope (SEM) image of dealloyed NPG is shown in Figure 1d [35]. This fine
microstructure consisting of pores and ligaments is formed by the dissolution of inert
elements in the precursors and the diffusion of gold adatoms along the solid/electrolyte
interface. Figure 1e [36] shows a transmission electron microscope (TEM) image of NPG
at low magnification, where it can be observed that the gold ligaments and nanopores
are continuous and smooth. However, revealed by high-resolution transmission electron
microscopy (HRTEM), we can see that the curved surfaces of NPG are not completely
smooth. There are a large number of atomic steps and kinks (Figure 1f), and these surface
defects are one of the reasons for the remarkable catalytic activity of NPG [37]. Brunauer–
Emmett–Teller (BET) method is commonly used to detect the specific surface area of the
dealloyed nanoporous materials. In the future, BET tests can be carried out toward samples
taken at different dealloying reaction times to better understand the transformation of
porous structure and the kinetics of the dealloying process.

Gold nanoparticles (Au NPs) typically exhibit regular shapes and concave-convex
surface curvatures, whereas NPG possesses complex 3D nanostructures with positive,
negative, and saddle point curvatures [38]. The unique structure of NPG results in a
high density of surface defects, such as steps and kinks, which serve as ideal sites for
catalytic reactions. The undercoordinated surface atoms at step edges and kink corners
play a crucial role in electrochemical CO2RR, while the high-coordinating atoms serve as
excellent catalytic sites for other reactions. This makes NPG highly effective in catalyzing
CO2RR and enhances its activity and selectivity. Moreover, the surface defects of NPG
exhibit greater kinetic stability compared to nanoparticle surface defects. Despite the
higher thermodynamic surface energy caused by the presence of non-coordinating surface
atoms, the overall system of NPG with its hyperbolic metallic ligament shape remains in a
low-energy state compared to gold nanoparticles of the same size, indicating its remarkable
thermal stability.
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Figure 1. Characteristics of dealloyed NPG. Optical images of white-gold leaf (a) before and (b) after 
dealloying (reproduced from [33], with permission from Wiley, 2023.); (c) 3D tomographic recon-
struction by x-ray nanotomography (reproduced from [34], with permission from AIP Publishing, 
2023.); (d) SEM (reproduced from [35], with permission from Elsevier, 2023.), (e) TEM (reproduced 
from [36], with permission from Elsevier, 2023.) and (f) HAADF-STEM (reproduced from [37], with 
permission from American Chemical Society, 2023.) images of NPG. 
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direction. Over the last decade, there have been many reports about transition metal dihal-
ide semiconductors and metal oxide semiconductors as ideal alternatives to Pt. Studies 
have shown that the edge sites of nanosheets are catalytic active sites for HER, so design-
ing reasonable structures to expose more edge active sites is an effective way to improve 
HER efficiency. Due to the widespread problem of low electrical conductivity in semicon-
ductors, they are often combined with other materials to improve electrical conductivity. 
NPG is a good choice for this purpose. 

Figure 2a [39] shows the SEM image of the monolayer MoS2@NPG composite with a pore 
size of ~100 nm. Monolayer MoS2 was grown on the inner surface of the highly curved NPG, 
naturally inheriting the three-dimensional curvature of the NPG. In contrast to the previous 
belief that the electrocatalytic activity of MoS2 comes from the edge sites of 2H sulfide com-
pounds, the catalytic active sites of this material are induced by the strain of the curved MoS2 
lattice. The conductive NPG provides a short path for fast charge transfer and transport. Ge et 
al. [40] prepared NPG-based amorphous molybdenum sulfide composites (MoS2.7@NPG). 
HRTEM image (Figure 2b) shows that the MoS2.7 layer is well combined with the NPG sub-
strate. Moreover, no crystal lattice can be found in the molybdenum sulfide layer, which indi-
cates that the molybdenum sulfide has amorphous structure after plating. Fast Fourier trans-
form (FFT) patterns obtained from the plated layer (inset of Figure 2b) further confirm the 

Figure 1. Characteristics of dealloyed NPG. Optical images of white-gold leaf (a) before and (b) after
dealloying (reproduced from [33], with permission from Wiley, 2023.); (c) 3D tomographic reconstruc-
tion by x-ray nanotomography (reproduced from [34], with permission from AIP Publishing, 2023.);
(d) SEM (reproduced from [35], with permission from Elsevier, 2023.), (e) TEM (reproduced from [36],
with permission from Elsevier, 2023.) and (f) HAADF-STEM (reproduced from [37], with permission
from American Chemical Society, 2023.) images of NPG.

3. Application in Energy Storage and Conversion
3.1. Water Splitting

With the advantages of high energy density and environmentally friendly production,
hydrogen presents a promising application in the green energy economy. Hydrogen
production by water splitting as a key technology for obtaining hydrogen fuel has been
closely followed by scientists.

3.1.1. HER

The key step in hydrogen production by water splitting is HER. However, due to the
high thermodynamic overpotential of HER, appropriate catalysts are needed to reduce
the overpotential and increase the reaction rate. Pt and its alloy are considered to be
the best catalyst for HER. However, Pt has defects of low natural abundance and high
cost. Therefore, looking for the replacement of the Pt catalyst has become an important
research direction. Over the last decade, there have been many reports about transition
metal dihalide semiconductors and metal oxide semiconductors as ideal alternatives to
Pt. Studies have shown that the edge sites of nanosheets are catalytic active sites for HER,
so designing reasonable structures to expose more edge active sites is an effective way to
improve HER efficiency. Due to the widespread problem of low electrical conductivity
in semiconductors, they are often combined with other materials to improve electrical
conductivity. NPG is a good choice for this purpose.

Figure 2a [39] shows the SEM image of the monolayer MoS2@NPG composite with a
pore size of ~100 nm. Monolayer MoS2 was grown on the inner surface of the highly curved
NPG, naturally inheriting the three-dimensional curvature of the NPG. In contrast to the
previous belief that the electrocatalytic activity of MoS2 comes from the edge sites of 2H
sulfide compounds, the catalytic active sites of this material are induced by the strain of the
curved MoS2 lattice. The conductive NPG provides a short path for fast charge transfer and
transport. Ge et al. [40] prepared NPG-based amorphous molybdenum sulfide composites
(MoS2.7@NPG). HRTEM image (Figure 2b) shows that the MoS2.7 layer is well combined
with the NPG substrate. Moreover, no crystal lattice can be found in the molybdenum
sulfide layer, which indicates that the molybdenum sulfide has amorphous structure after
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plating. Fast Fourier transform (FFT) patterns obtained from the plated layer (inset of
Figure 2b) further confirm the amorphous characteristics of MoS2.7. Amorphous molybde-
num sulfide has not only edge sites, but also intrinsic defect sites, which can improve HER
catalytic activity in a wide range of pH (acidic and neutral media). Bak et al. [41] demon-
strated that α-Fe2O3/NPG structures have fast electron transfer channels and can reduce
electron and hole recombination. The maximum photocurrent density of the composite is
1.6 mA cm−2, which is two times higher than that of the unmodified α-Fe2O3. Nanosheets
grown uniformly along the vertical orientation on the substrate can expose more edge sites
for HER catalytic. Meanwhile, Jin et al. found that the phase transition of MoS2 from 2H to
1T is another way that can effectively improve HER efficiency. Combining the two points,
Huan et al. [42] prepared 1T-TaS2 nanosheets grown on NPG substrate with an average
thickness of ~30 nm and an average diagonal length of ~5 µm. Based on the nanoporous
structure of NPG, it can provide more nucleation sites for TaS2 growth and promote chemi-
cal vapor deposition (CVD) growth process for rapid sulfurization. More importantly, the
curved surface of NPG is a key factor for the growth of TaS2 nanosheets along the vertical
orientation. In addition, the researchers discussed the effect of phase state on the catalytic
activity of HER by combining theoretical calculations and experimental results.
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Figure 2. Dealloyed NPG-based materials for HER. (a) SEM image of the monolayer MoS2@NPG
(reproduced from [39], with permission from Wiley, 2023.); (b) HRTEM image of MoS2.7@NPG. (inset:
FFT pattern taken from the labeled square area) (reproduced from [40], with permission from Wiley,
2023); HAADF-STEM images of (c) monolayer MoS2@NPG, (d) multilayer MoS2@NPG (marked by
square in (c)); (e) I-t curves with light on and off every 20 s at the bias of −200 mV; (f) Band diagram
and mechanism of interfacial hot electrons transfer process (reproduced from [43], with permission
from Elsevier, 2023).

In recent years, plasma meta-enhanced electrochemical hydrogen production has
attracted interest. Zhang et al. [43] combined the plasma material NPG with the HER
catalyst MoS2 to prepare MoS2@NPG for HER under visible light, which is expected to
further enhance kinetics of the HER process. The results show that the photocatalytic
activity of the monolayer MoS2@NPG hybrid structure for HER is higher under visible light
irradiation with an onset potential of −70 mV vs. RHE and a Tafel slope of 38 mV dec−1. As
shown in Figure 2c,d, both monolayer and multilayer MoS2 were coated on the ligament of
NPG. However, the distance between NPG and MoS2 monolayer is much slower than the
multilayer, indicating the beneficial influence of direct contact. Further photoresponsivity
was shown in Figure 2e, illustrating the photocurrent response of monolayer MoS2@NPG is
higher than multilayer MoS2@NPG. In addition, the schematic diagram of the underlying
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mechanism of hot electron capture reveals the excellent ability which can transfer the
electron to the catalytically active sites between NPG and monolayer MoS2, contributing
to the enhanced HER catalytic activity, as shown in Figure 2f. In addition, Lu et al. [44]
investigated the effect of SnOx-modified NPG on the catalytic activity and durability of HER
in neutral media, which provides guidance for the future design of high-performance HER
catalysts in more environmentally friendly neutral media. The application of dealloyed
NPG-based materials for HER is summarized in Table 1.

Table 1. Dealloyed NPG-based materials for HER.

Catalyst Solution
Onset Over-

potential
(mV)

Onset HER
Potentials

(mV vs.
RHE)

Current
Densities

(mA/cm2, vs.
RHE)

Tafel Slope
(mV/Decade)

Function of
NPG Ref.

1L MoS2
@NPG

0.5 M H2SO4

118 - 0.52 at 0.25 V 46

High
conductivity

and large
surface area

[39]2L MoS2
@NPG 128 - - 52

3L MoS2
@NPG 132 - - 55

NPG - −145 −0.2 at −0.2 V 95

[40]
MoS2.7
@GCE - −143 −0.9 -

MoS2.7
@NPG - −125 −5.7 41

α-
Fe2O3/NPG 1 M NaOH - - 1.6 at 1.5 V -

Current
collector and

efficient
pathways for
charge trans-

portation

[41]

1T-TaS2 - - - 0.06761 67–82

Inducing
growth of
1T-TaS2

nanosheets
along vertical

orientation

[42]

MoS2 @NPG 0.5 M H2SO4 - −70 - 38 Form strong
LSPR [43]

NPG-SnOx 0.2 M PBS 38 - 10 79
Build

metal/oxide
interfaces

[44]

3.1.2. OER

The OER occurs at the anode of the water splitting reaction and is limited by the slow
reaction kinetics and high overpotential. Therefore, it is essential to find catalysts with
enhanced intrinsic activity and reasonable geometric structure to accelerate the reaction
process and reduce the overpotential. In acidic media, precious metals have higher catalytic
activity in OER reaction, especially Ru, Ir, and their oxides. Wang et al. [45] prepared
NPG@Pt/Ir composites. It was shown that the large specific surface area of NPG is
beneficial to enhance the catalytic activity of OER, while there is a synergistic catalytic effect
between NPG and Pt/Ir, which has better catalytic activity than Pt/Ir alone. However, the
scarcity of precious metals still prevents the NPG@Pt/Ir electrodes from wider applications.
At the same time, the study of non-precious metal catalysts to enhance the catalytic activity
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of OER in alkaline medium has made some achievements, which opens new ideas for
finding alternatives to precious metal catalysts.

Considering the positive effect of chromium doping, NPG-supported Cr-doped NiFe
oxyhydroxides (noted by NP Au/Cr-NiFe) were prepared via Sun et al. [46]. The precursor
Au/Cr-NiFe hydroxide was shown in Figure 3a. Noticeably, the layered (oxy)hydroxide
nanosheet was quasi-vertically grown on the NPG skeleton, leading to abundant active
edge sites and optimized electron transfer pathway (Figure 3b), which are better than
layered nanostructures (Figure 3c). Subsequent characterizations and density functional
theory plus Hubbard U calculations further highlight the significance of the doped Cr
which not only increases the intrinsic catalytic activity but lowers the overpotential of the
hybrid electrode, as shown in Figure 3d,e.
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Figure 3. Dealloyed NPG-based materials for OER. (a) TEM image for NP Au/Cr-NiFe hydrox-
ide hybrid electrode; Schematic diagrams of layered nanocatalysts (b) deposited on Au ligaments
in a quasi-vertical orientation, (c) randomly stacked on conductive materials; (d) Comparison of
the intrinsic catalytic activity of NP Au/Cr-NiFe hydroxide electrodes with other electrodes at an
overpotential of 0.340 V; (e) Theoretical overpotentials of *O and *OH adsorption Gibbs energy
difference functions at different sites (reproduced from [46], with permission from Royal Society
of Chemistry, 2023.); (f) SEM image of NP Au/CoMoNx; (g) Comparison of current densities for
different electrocatalysts (inset: The onset overpotentials of OER); (h) HRTEM image of CoMoNx

nanosheets in the NP Au/CoMoNx electrode after durability measurement for 50 h; (i) Comparison of
the OER polarization curves for the initial and reconstructed NP Au/CoMoNx (reproduced from [47],
with permission from Wiley, 2023.).

Toward higher activity and more robust electrocatalysts than commercial ones, the
cobalt-molybdenum nitride nanosheets integrated on nanoporous gold were reported by
Yao et al. [47], which synthesized through hydrothermal method together with annealing
treatment. The as-prepared NP Au/CoMoNx (Figure 3f) showed a more outstanding
catalytic ability than any other combination of the constituent elements (Figure 3g), empha-
sizing the importance of both Mo and NPG. It has been found that, with the proceeding
of catalytic reaction, the NP Au/CoMoNx gradually keeps the CoMoOx surface layer,
as shown in Figure 3h, which is the precursor of the as-prepared catalysts. Hence, a
facile recycling method has been proposed and the catalytic activity of reconstructed NP
Au/CoMoNx electrode is comparable to the initial one, as shown in Figure 3i, uncovering
its excellent recyclability.

Recently, NPG-based plasmon-enhanced water splitting has been demonstrated by
Graf et al. [48] The current response of NPG under a broad wavelength range satisfies the
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basic requirements of photocatalytic. In addition, to achieve in-situ characterization of the
photochemical reaction products, a second laser is focused on the same spot to trigger the
photochemical reaction while acquiring the spectrum, denoted by 2L-SERS. The 2L-SER
spectra prove that the formation of additional Au-OH species was caused by illumination.
Further density functional theory (DFT) calculation and transfer mechanism indicate an
additional energetic state that affects the photon absorption. The application of dealloyed
NPG-based materials for OER is shown in Table 2.

Table 2. Dealloyed NPG-based materials for OER.

Catalyst Solution Overpotential Tafel Slope
(mV/Decade) Function of NPG Ref.

NPG/Cr-NiFe 0.1 M KOH 323 mV at
10 mA/cm2 33

Provides electrolyte
and electron pathways

along nanopore
channels and
Au ligaments

[46]

NPG/CoMoNx 1 M KOH 370 mV at
1156 mA/cm2 46

Facilitate electron
transfer and

mass transport

[47]

NPG@Pt

0.1 M HClO4

−300 mV 225

[45]
flat Pt - 195
NPG 0 276

NPG@Ir −370 mV 62
flat Ir - 59

3.2. Fuel Cells

Fuel cells are devices that convert the stored chemical energy in redox reactions into
electrical energy through an external circuit, generating an electric current. They have
received considerable attention in research over the past few decades, particularly in
the development of highly active and low-cost electrocatalysts to drive electrochemical
reactions. Among the many catalysts, Pt nanoparticles have obvious advantages, but their
high-cost issues cannot be ignored. Meanwhile, Pt nanoparticles are often deactivated
by particle agglomeration and have poor stability. To avoid Pt agglomeration as much as
possible, an excessive loading (usually carbon) is often used to disperse Pt nanoparticles, but
this forms a thick catalyst layer, which impedes the transport of substances and increases the
internal resistance. However, NPG-based alloy catalysts designed based on the structural
advantages of NPG itself and its good adaptability with Pt are expected to solve the
above problems.

3.2.1. Fuel Oxidation

Numerous studies have shown the excellent catalytic performance of Pt modified
NPG in fuel oxidation, and these catalysts can work in a range of fuels, for example,
hydrogen [49], methanol [50] and formic acid [51]. In addition, other NPG-based alloys,
such as NP AuPd alloys, are usually employed as the catalysts of ethanol oxidation [52].
Moreover, owing to the substantial specific surface area and distinctive electronic properties
of graphene, NPG/RGO has also been used in methanol electro-oxidation [53].

Wang et al. [54] have emphasized the importance of surface structure in enhancing
catalytic performance. They modified the initial dealloyed NPG (i-NPG) (Figure 4a) with
different CV scan rates to construct {111}-rich NPG (l-NPG) and {100}-rich NPG (h-NPG).
The different facets percentage of these NPG is presented in Figure 4b. Further CV curves
(Figure 4c) and chronoamperometric results (Figure 4d) of ethanol oxidation indicate that
with the growing share of {111} facet, to a lesser extent, {100} facet, the catalytic activities
of NPG are gradually increasing, which directly confirmed the result that the catalytic
activities of these three facets of Au catalysts in alkaline ethanol oxidation reaction obey
the order: {111} > {100} > {110}.
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Wang et al. [55] investigated the impact of localized surface plasmon resonance
(LSPR) excitation on alcohol molecules by constructing a series of NPG with different
ligament/nanopore sizes. In Figure 4e, it can be seen that with the rising of the liga-
ment/nanopore size, the peak current density as well as energetic hole yield gradually
decrease. Hence, 18.3 nm NPG with best LSPR extinction was selected to enhance catalytic
activity and evaluated their catalytic ability of different alcohol molecules such as ethanol
and isopropanol (Figure 4f) together with ethylene glycol (Figure 4g). Additionally, in
order to further explore the performance of plasmonic enhanced NPG, {111}-rich NPG were
synthesized via surfactant modified dealloying method, and their catalytic activities were
shown in Figure 4h, which draw the same conclusion mentioned above.

A nanoporous ternary Au-Cu-Pt alloy thin films fabricated via co-electrodeposition
as well as Cu partial selective removal was reported by Xie et al. [56]. The SEM image
shows a refined ligament/pore size compared to conventional NPG, attributed to the lower
diffusivity of Pt which impedes the diffusion of Au. The CV curves of 2.6% Pt-loaded NP
Au-Cu-Pt at 93 mC and 43.5 mC total deposition charge, respectively, corresponding to
two films at thicknesses of 70 nm and 33 nm. The cyclic test results suggest that the 70 nm
thicker film exhibits better catalytic durability, which may be due to the fact that under
the same test conditions, the thicker NP Au-Cu-Pt contains a larger total amount of Pt.
In addition, no obvious CO oxidation peak is observed in these curves, indicating that
samples possess good resistance to CO poisoning. The synergistic effect among Au, Cu,
and Pt is one of the reasons for the high catalytic activity of NP Au-Cu-Pt. The application
of dealloyed NPG-based materials for fuel oxidation is revealed in Table 3.
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Table 3. Dealloyed NPG-based materials for fuel oxidation.

Catalyst Mass Activity
(vs. Pt/C)

Onset
Potentials (V
vs. Ag-AgCl)

Current
Densities
(mA/cm2)

Function of NPG Application Ref.

NP PtAu 70 at 0.6 V vs.
RHE - - Synergistic

catalysis with Pt
formic acid

electro-
oxidation

[51]
Pt/C 1 - - -

NP-Pd75Au25 - −0.58 6.95

Enhance catalytic
activity and

selectivity as well
as the resistance to

poisoning
ethanol elec-
trooxidation

[52]

NP-Pd - −0.52 2.65 -
NP-Au - −0.1 0.69 -
Pt/C - −0.58 3.02 -

{111}-rich
l-NPG - −0.33 5.5

Catalyst
ethanol

oxidation
[54]{100}-rich

h-NPG - −0.26 3.5

{110}-rich
i-NPG - −0.24 2.2

NP Au-Cu-Pt 250 at
0.0 V/MSE - - formic acid

oxidation [56]

3.2.2. Oxygen Reduction Reaction (ORR)

Fuel cells rely on the oxidation reaction of fuel and the reduction reaction of oxygen to
generate electricity. However, the kinetics of ORR in fuel cells are much slower than fuel
oxidation. Furthermore, existing ORR catalysts have poor durability problems that need to
be solved urgently. As a result, the improvement of the catalyst activity and durability is
the primary focus of current studies in this field.

Li et al. [57] reported a core-shell structure NPG-Pd-Pt electrode fabricated via Cu
underpotential deposition (UPD) that exhibits higher activity and better stability than
commercial Pt/C electrodes. In brief, the fresh NPG-Pd-Pt electrode demonstrates 4 times
and 12 times higher specific and mass activities than the fresh Pt/C electrode, respectively.
In addition, the study shows that the improvement of specific activities and stability of
long-term cycling may be related to the stable and uniform Pt-Pd-Au trimetallic shell.

Similar methodology was used in the catalyst reported by Yu et al. [36] and Zhang et al. [58]
Through controlling the number of copper UPD and Pt galvanic replacement cycles, Yu et al.
synthesized NPG-Pt with monolayer Pt (NPG-Pt1) and two-layer Pt (NPG-Pt2). The atomic
structure of the NPG-Pt2 surface region, where the Pt layer is in a single-crystalline region
with NPG substrate, is shown in Figure 5a,b. Compared to other Pt loading catalysts shown
in Figure 5c,d, NPG-Pt2 has the best stability performance. The reason why NPG-Pt2 is
more stable than NPG-Pt1 is that it has a thicker Pt atomic layer, so Au atoms are less likely
to diffuse to the surface. However, the increase in the number of Pt atomic layers leads to a
decrease in the specific surface area of Pt, which reduces the catalytic activity. Therefore,
achieving a balance between catalytic efficiency and stability requires a reasonable design
of Pt atomic layers.

Another major factor affecting ORR activity is lattice strain. Zhang et al. [58] obtained
ORR catalysts with enhanced catalytic activity and cycling durability by designing the
surface strain of NPG-Pt, which provides a novel research direction. Figure 5e shows the
accelerated ORR process occurring on the compressively strained Pt layer. Figure 5f shows
the ORR polarization curves of NPG-Pt samples compared with commercial Pt/C. The
diffusion-limiting current densities are close to the theoretical value of 6 mA cm−2. Among
the prepared NPG substrates with compressive strain of 0.1%, 1.6% and 1.8%, respectively,
NPG-1.8%-Pt shows the best apparent ORR activity with a half-wave potential of 0.91 V.
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From the NPG1.8%-Pt and Pt/C cycling durability test results (Figure 5g), it can be seen that
after 10 thousand cycles, the half-wave potential of NPG1.8%-Pt was relatively unchanged
and exhibited higher durability than that of Pt/C. The application of dealloyed NPG-based
materials for ORR is presented in Table 4.
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Figure 5. Dealloyed NPG-based materials for ORR. (a) HAADF, and (b) EDS mapping image of
NPG-Pt with two-layer Pt shell (NPG-Pt2); (c) Specific, and (d) mass activities of NPG-Pt and Pt/C
catalysts before and after the stability tests (reproduced from [36], with permission from Elsevier,
2023); (e) Illustration of the compressive strain of the monolayer Pt on NPG; (f) ORR polarization
curves of NPG-Pt and Pt/C; (g) ORR polarization curves of the NPG1.8%-Pt and Pt/C before and
after the ADT test (reproduced from [58], with permission from American Chemical Society, 2023).

Table 4. Dealloyed NPG-based materials for ORR.

Catalyst
Mass Activity

(A/mgPt at
0.9V)

Onset
Overpotential

(V at
0.1 mA/cm2)

Current
Densities
(mA/cm2)

Tafel Slope
(mV/Decade) Ref.

NPG-Pt1 2.16 0.98 - -
[36]NPG-Pt2 1.16 1 - -

NPG-Ptp 0.46 1.04 - -
NPG-Pd-Pt 1.14 - 0.58 -

[57]
NPG-Pt - - 0.287 -
NPG-Pd-
Pt30,000

1.471 - - -

Pt/C 0.17 - 0.138 69.5
NPG-0.1%-Pt 1.15 - - 70

[58]NPG1.6%-Pt 1.97 - - 69.4
NPG1.8%-Pt 3.04 - - 68.8

3.3. Supercapacitors

In 2011, Lang and co-workers applied dealloying and electroplating techniques to
fabricate NPG/MnO2 composite films (100 nm thick) as active charge storage electrodes for
simple supercapacitor devices [59]. Subsequent electrochemical studies, including a 2 M
Li2SO4 aqueous solution as the electrolyte, led to a specific capacitance of the constituent
MnO2 of ~1145 F g−1, which is close to the theoretical value. This result illustrated the
excellent electronic transport of MnO2 at the abundant Au/MnO2 interfaces provided
by the NPG. Similar electrochemical deposition strategy was also used in the fabrication
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of nonaqueous supercapacitors electrodes. To achieve high electrochemical stability and
electrical conductivity, the MnO2@NPG composites with several electrolytes (including
one organic electrolyte and two ionic liquids) were assembled into a nonaqueous superca-
pacitor [60]. The result of HRTEM analysis indicates that MnO2 is epitaxially grown on the
surface of gold ligaments to form a chemically bound metal/oxide interface. The highest
specific capacitance of the MnO2@NPG supercapacitor reached ~160 F g−1 at a discharge
current density of 8 A g−1 in EMI-DCA (1-ethyl-3-methylimidazolium dicyanamide) and
maintain ~130 F g−1 at the high current density of 52 A g−1. In order to further increase the
MnO2 loading amount and film thickness, Kang et al. [61] designed a novel sandwich elec-
trode. The MnO2/NPG/MnO2 sandwich electrode was prepared by controlling the time of
electrochemical deposition, leading the nanostructured MnO2 sprouts from the nanopore
channels and symmetrically grows on the two outer surfaces of NPG sheet. The porous
structure ensures efficient electrolyte transport throughout the electrode, maximizing the
capacitance of MnO2. Recently, Prabhin et al. [62] synthesized a hybrid electrode through
simultaneously electrodepositing cobalt oxide and manganese oxide nanoparticles on NPG
substrate. Different from multi-layered electrode, the hybrid electrode apparently showed
a mesoporous nature with shallow and deep traps, which are vital in increasing the kinetics
of the process of charge transfer. Without surprisingly, the hybrid electrode exhibits a high
capacitance of 1334 F g−1 at 5 mV s−1. Other metal oxides, such as RuO2 [63], were also
used in NPG-based supercapacitor electrodes. In addition, conducting polymers have been
used to modify the electrodes of NPG-based supercapacitors. Lang et al. [64] prepared
NPG/PANI thin films. The resulting supercapacitors based on NPG/PANI demonstrated
exceptional volumetric capacitance (~1500 F cm−3) and energy density (~0.078 Wh cm−3),
surpassing electrolytic capacitors of the same power density by seven and four orders of
magnitude, respectively.

After that, asymmetric metal hydroxide supercapacitors, such as RuO2-NPG//Co(OH)2-
NPG asymmetric pseudocapacitor reported by Chen et al. [65], and NP Au/VA Ni(OH)2
electrode reported by Hou et al. [66], reached a specific capacitance of 1800 F g−1 and
~2416 F g−1, respectively. Kim et al. [67] developed a hydrothermal deposition method
to deposit Ni(OH)2 directly on the NPG electrode. In Figure 6a, Ni(OH)2 active materials
were observed to be deposited on both region A (top of the NPG electrode) and the region
B (inner surface of the NPG electrode). Compared to other studies, the thickness of region
A and region B were balanced, aiming to achieve the best capacitance value. However, it
is worth noting that samples with higher thickness exhibited good volumetric capacity
but poor kinetic properties and uncontrolled deposition after exceeding 30 min, thus
limiting their overall performance. Therefore, considering comprehensively, the thickness
of Ni(OH)2 and NPG were chosen to be 270 nm and 870 nm, respectively. As shown in
Figure 6b,c, the capacitance of the optimized Ni(OH)2/NPG (270 nm/870 nm) electrode
reached 3168 F g−1 at 5 A g−1, retained 70% capacitance even at 500 A g−1, and maintained
90% capacitance after 30,000 cycles at 200 A g−1.

In order to enhance the flexibility and reduce the weight of the device, polymers such
as polypyrrole [68,69] have been used in the supercapacitor electrodes. Additionally, RGO
was also combined with polypyrrole, as reported by Purkait et al. [70] and Yang et al. [71].
These supercapacitor devices exhibited excellent cycling stability with retention of 85.9%
and 91% compared to the initial capacitance after 10,000 and 2000 galvanostatic charge–
discharge cycles, respectively. Other polymers such as polyaniline (PANI) and graphitic
carbon nitride (g-C3N4) were also applied in supercapacitors. Lee et al. [72] developed a
PANI/NPG electrode via coating PANI on dealloyed Au20Mg80 alloy. Taking advantage of
perchloric acid instead of sulfuric acid in electro-polymerization made a more stable PANI
layer on NPG. To distinguish the PANI layer from epoxy layer, a thin chromium layer of
approximately 40 nm was coated on the PANI/NPG electrode. Subsequent electrochemical
studies confirmed these optimizations, i.e., the usage of perchloric acid in electrodeposition
can increase the stability of the PANI/NPG electrode. Chen et al. [73] reported on the
construction of NPG/g-C3N4 heterostructures, as shown in Figure 6d, a layer of 2D g-
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C3N4 nanosheets was covered on the surface of 3D-NPG, and the TEM result (Figure 6e)
showed that g-C3N4 was uniformly coated covering the pores and walls of NPG with a
thickness of about 10 nm. The authors also investigated the effect of bending angle on the
performance of supercapacitor devices, as depicted in Figure 6f. It is noteworthy that both
the volumetric and mass specific capacitance illustrate a spectacular increase, as shown
in Figure 6g, reaching 2031 F cm−3 and 2295 F g−1 at 90◦ bending angle, respectively.
These values are much higher than the initial capacitance (440 F g−1 without bending).
The striking improvement of capacitance was attributed to the exposure of active sites
resulting from bending deformation, which provides a novel strategy for optimizing the
performance of supercapacitance. The application of dealloyed NPG-based materials for
supercapacitor is shown in Table 5.

In general, NPG is mainly used as a support and a current collector in supercapacitors.
Metal oxides and conductive polymers are coated on the surface of NPG to form a stable
interface structure. With the help of the structural advantages of NPG itself, the efficient
transmission of electrons, ions, and electrolytes is ensured, thereby improving capacitance
and electrode stability.
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separate regions of NPG; (b) Kinetic property, and (c) Cycle stability of the optimized Ni(OH)2/NPG
electrode (reproduced from [67], with permission from Elsevier, 2023); (d) Schematic illustration of
the 2D-3D structure; (e) TEM image of NPG/g-C3N4 prepared at 200 CV cycles (NPG/g-C3N4-200);
(f) Pictures of NPG/g-C3N4-200 after bending different angles; (g) Volumetric and Mass specific
capacitance of NPG/g-C3N4-200 with bending angle (reproduced from [73], with permission from
Elsevier, 2023).

3.4. Battery

Over the past three decades, lithium-ion batteries (LIBs) have been widely applied in
daily life owing to their high energy density [74,75]. However, there are some problems
that need to be further settled: for example, volume variation [9]. Given the stabilization
and interaction between Au and Li, NPG serves as an excellent model for a current collector
and alloy-type anode. Yu et al. [76] introduced an alternative anode for rechargeable
LIBs consisting of a dealloyed NPG-supported nanocrystalline thin tin foil. The special
nanoporous structure of NPG offers ample space to accommodate big volume variations
during charge–discharge cycling, thereby preventing the loss of specific mass in long-term
cycling. This design results in a remarkable reversible capacity of 620 mAh g−1 after
140 cycles at 0.1 C. The SEM image of the Sn intact structure after 140 cycles indicates that
metal-based current collectors with nanoporous structures are promising. The performance
of LIB electrodes is significantly affected by several interconnected thermodynamics and
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kinetics processes related to structural design [77]. Ye et al. [78] conducted a comprehensive
study about the effects of length scale on electrochemical performance on the model
of 3D NPG/TiO2 core/shell electrodes. The rate performance of these 3D core/shell
models could be greatly optimized by adjusting the pore size of current collector and the
thickness of deposition layer. Moreover, NPG was utilized as a classic model to investigate
the degradation and substantial volume variation in alloy-type LIB anodes [9]. A new
understanding of the degradation mechanisms of the solid-electrolyte interphase (SEI)
and its morphology has been proposed. These mechanisms include the pulverization of
material caused by volume expansion, the implantation of active material nanoparticles in
a thick SEI layer, the formation of a bimodal and hierarchical nanoporous morphology, and
the delamination of SEI and nanoparticles created by volume contraction.

Table 5. Dealloyed NPG-based materials for supercapacitor.

Electrode

Specific
Capacitance

(Scan Rate or
Current
Density)

Capacitance
Retention

(Cycles, Scan
Rate or
Current
Density)

Energy
Density Power Density Function of

NPG Ref.

NPG/MnO2 1145 F/g - - -

Increase
electrical

conductivity
and ion

diffusion rate,
act as a double
layer capacitor

[59]

nonaqueous
MnO2@NPG 160 F/g - - - Increase specific

capacitance [60]

MnO2/NPG/MnO2
841 F/g

(5 mV/s)
97.1% (3000,

50 mV/s) - -
Support and

current
collector

[61]

MnO2/graphene 310 F/g
(2 mV/s) - - - -

Co3O4–MnO2–Au
layered electrode

1215 F/g
(5 mV/s)

83% (2000,
100 mV/s) 24.37 Wh/kg 1403 W/kg

Improve ionic
conductivity
and increase
contact area [62]

Co3O4+MnO2—
Au hybrid
electrode

1334 F/g
(5 mV/s)

85% (2000,
100 mV/s) 48.1 Wh/kg 2524 W/kg -

RuO2@NPG 1500 F/g
(10 mV/s) - 50.3 Wh/kg 84 kW/kg

Support and
current

collector
[63]

NPG/PANI 1500 F/cm3 - 0.078 Wh/cm3 - - [64]

RuO2–
NPG//Co(OH)2–

NPG
350 F/g 78% (3000) 120 Wh/kg - - [65]

NPG/VA Ni(OH)2 2911 F/cm3 - 31.4 Wh/kg 100 kW/kg - [66]

Ni(OH)2/NPG 2223 F/cm3

(5 A/g)
90% (30,000,

500 A/g) 98 Wh/kg 50 kW/kg Current
Collector [67]

PPy–
NPG//MnO2–

NPG
193 F/g 85% (2000,

100 mV/s) 86 Wh/kg 25 kW/kg
Support and

current
collector

[68]
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Table 5. Cont.

Electrode

Specific
Capacitance

(Scan Rate or
Current
Density)

Capacitance
Retention

(Cycles, Scan
Rate or
Current
Density)

Energy
Density Power Density Function of

NPG Ref.

PPy–3DrGO/NPG 245.34 F/cm3 85.9% (10,000) 98.48 mWh/cm3 19.68 W/cm3 - [70]

rGO-PPy/NPG 55.6 F/cm3 91% (2000) 238.8 mWh/cm3 - - [71]

PANI/NPG 6.54 mF/cm2 - 9.11 mWh/cm2 1.56 W/cm2 - [72]

NPG/g–C3N4 440 F/g (2 A/g) 98% (10,000) - - - [73]

With years of development, LIBs are gradually approaching their energy density limits.
As a result, Li metal has been widely considered as a promising alternative anode material,
owing to its high specific capacity (3860 mAh g−1), low redox potential (−3.040 V versus
standard hydrogen electrode) and small gravimetric density (0.534 g cm−3) [79]. However,
there are many technical issues that hinder the commercialization of the lithium metal
anodes (LMAs), particularly related to low coulombic efficiency and SEI stability issues in-
duced by dendrite growth during Li plating/stripping, which raises safety concerns [80,81].
To address these challenges, many strategies have been proposed to extend the lifespan
of lithium metal anodes, for example, facilitating SEI formation through manipulating
the electrolyte additives [82], constructing an artificial protective SEI via chemical reac-
tion [83], and improving lithiophilicity to reduce lithium nucleation overpotential [84].
Nevertheless, these strategies are primarily effective at low current densities and cycling
capacities, and further advancements are needed to achieve high-rate and long-lifespan
LMAs. Chen et al. [85] proposed a strategy, which is infusing molten Li into the NPG-coated
carbon fiber (CF) to form AuLi3@CF scaffold, and a treatment process called “pre-stripping”
to expose the buried AuLi3@CF scaffold in Li metal layer, enabling a lower Li nucleation
overpotential and suppression of Li dendrite growth. As shown in Figure 7a, the pre-
stripping AuLi3@CF scaffold (PS-AuLi3@CF) (Figure 7b) shows an excellent lithiophilicity
of NPG, and the scaffold with a large surface area can significantly reduce local current den-
sities during cycling and retard Li dendrite formation. Figure 7c shows the PS-AuLi3@CF
electrodes after cycling for 150 cycles. The Li deposit appears smooth and has uniform mor-
phology, revealing the structural advantages of PS-Li-AuLi3@CF composites in maintaining
electrode integrity. As illustrated in Figure 7d, the electrochemical performance of the PS-
Li-AuLi3@CF electrode was compared with other electrodes in a full battery configuration
with a LiFePO4 (LFP) cathode. The PS-Li-AuLi3@CF|LFP electrode exhibited a specific
capacity of approximately 122 mAh/g in the initial cycle, and after 1000 cycles, it retained
a capacity of 117 mAh/g, resulting in a capacity retention rate of 96.1%. Moreover, the
PS-Li-AuLi3@CF|LFP electrode demonstrated enhanced rate capability compared to the
other electrodes. Because Au is regarded as one of the most lithiophilic substrates [86], the
Ni foam (NF) with the modified nanoporous AuLi3 (NPAuLi3) nanosheets (NPAuLi3@NF)
was designed for use in LMAs [84]. This composite current collector exhibits a structure of
triporosity, which can not only regulate ions transportation but also accommodate volume
change during Li plating/stripping, while the strong Au–Li interaction can benefit the
reducing of Li nucleation overpotential and inducing homogeneous Li nuclei growth.

Li-O2 battery is considered as a promising battery due to its expected specific energy,
which is f times higher than that of LIB. Chen et al. [87] prepared NPG/RuO2 composite
catalyst for solving the problem of the high overpotential of Li2O2 oxygen evolution
reaction. The HRTEM image of NPG/RuO2 shows that RuO2 is uniformly coated on the
NPG substrate with a thickness of 3~5 nm and well bonded to the Au interface. The pores
of NPG provide enough space to accommodate the discharge products and minimize
volume change of the electrode during charging and discharging process. The TEM image
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of the discharged RuO2-NPG cathode demonstrates that the discharge products are evenly
distributed within the composite’s pores without obstructing the channel networks. Also
noteworthy is the rechargeable Al-CO2 battery, which enables both effective utilization of
the greenhouse gas CO2 and relatively safe energy storage and conversion. Ma et al. [88]
prepared an Al-CO2 battery using aluminum foil as the anode and NPG@Pd as the cathode,
demonstrating the broad applicability of Al-CO2 battery. The NPG@Pd cathode formed a
single crystal structure. This is because Au and Pd have the similar crystal structure (fcc)
and lattice parameters, which make an easy bonding. To evaluate the cyclability of the cell,
a discharge/charge cycle test was performed at a constant current density of 333 mA g−1

with 1 h time interval. The results indicate that the Al-CO2 battery with NPG@Pd cathode
exhibited lower charging voltage and smaller discharge/charge voltage gap compared to
the battery with NPG cathode. NPG films are also applied to the fabrication of perovskite
solar cells (PSCs). Yang et al. [89] introduce NPG thin film as a contact electrode in PSCs.
NPG electrode can be recycled more than 12 times, which reduces the manufacturing cost.
Moreover, NPG/PSCs have the advantages of high-power conversion efficiency (19%)
(PCE) and bending durability (98.5%). The application of dealloyed NPG-based materials
for batteries is uncovered in Table 6.
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Figure 7. Dealloyed NPG-based materials for batteries. (a) Schematic illustration of the fabrication
process of PS-Li-AuLi3@CF electrodes; SEM images of (b) Li–AuLi3@CF after pre-stripping (PS-Li-
AuLi3@CF), (c) PS-Li-AuLi3@CF electrode after cycling for 150 cycles; (d) Cycling performance of Li
foil, Li–AuLi3@CF and PS-Li-AuLi3@CF electrodes in full cells with LiFePO4 (LFP) cathode at 5C
(reproduced from [85], with permission from Elsevier, 2023.).

Table 6. Dealloyed NPG-based materials for batteries.

Battery Type Anode Cathode Initial
Capacity

Reversible
Capacity at
Discharge

Rate
(Number of

Cycles)

Capacity%
Retention

(Number of
Cycles)

Function of NPG Ref.

Li-ion battery

NPG Lithium foil 810 mAh/g 35 mAh/g at
0.1 C (70) -

Support, increase
contact area, increase

ion and electron
transport rates,

accommodate large
volume changes

[76]

NPG/Sn Lithium foil 756 mAh/g 620 mAh/g
at 0.1 C (140) 95.9% (140) Current collector

TiO2/NPG Li - 227 mAh/g
at 16.8 mA/g -

Monolithic metallic
scaffold and current

collector.
[78]
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Table 6. Cont.

Battery Type Anode Cathode Initial
Capacity

Reversible
Capacity at
Discharge

Rate
(Number of

Cycles)

Capacity%
Retention

(Number of
Cycles)

Function of NPG Ref.

Li-metal
battery

PS-Li-
AuLi3@CF LPF 122 mAh/g 117 mAh/g

(1000)
96.1 at 5 C

(1000) Lithiophilic phase
(suppresses Li

dendrite growth and
dead Li formation)

[85]
PS-Li-

AuLi3@CF SPAN 637 mAh/g 70.6 at 2 C
(1000)

NPAuLi3@NF LPF 149.1 mAh/g 108.4 mAh/g
(1000)

83.8 at 5 C
(1000) [86]

Li-O2 battery

Li NPG - 300 mAh/g
at 500 mA/g 95 (100) Lower the charging

voltage [90]

Li RuO2-NPG -
300 mAh/g
at 50 mA/g

(50)
-

Improving the
conductivity and

catalytic activity of
insulating oxides

[87]

Li h-NPG -
1500 mAh/g

at 2.0 A/g
(140)

-

Current collector
and

high-performance
cathode

[91]

LPF NPG/Au - 1380 mAh/cm3 -

Improve the
reversibility and
kinetics of Li-O2

batteries

[92]

Al-CO2
battery Al NPG@Pd - - - Current collector [88]

Al-air battery Al NPG/C -
2052 mAh/g

at
50 mA/cm2

- Catalyst [11]

3.5. CO2 Reduction Reaction

CO2RR converts the greenhouse gas CO2 into other fuels for reuse, which is an
important way to solve its excessive emissions. However, the key challenge remains the
development of suitable catalysts. Fortunately, the research on NPG and its alloys brings
new hope for finding efficient CO2RR catalysts.

To optimize the transport of reactant, ion together with electron at the same time, a 3D
hierarchically porous gold with nanoporous/macroporous structure (N/M-Au) was synthe-
sized through the electroplated metal into a template and subsequent dealloying [93]. The
unique template was made by an advanced lithography technique, denoted by proximity-
field nanopatterning, and was removed by a plasma etcher after plating. As shown in
Figure 8a,b, the interconnected macroporous channels contribute to the mass transport of
reactant, while the nanoporous structure having high-index Au surface is conductive to
the high CO selectivity and a large electrochemical active area. Thus, both specific current
density and relative mass activity of the N/M-Au are better than Au structures that are
only nanoporous or macroporous, as shown in Figure 8c,d, respectively.

Lu et al. [37] conducted a comparison of the electrochemical CO2 reduction per-
formance between NPG prepared by electrochemical dealloying with potential cycling
(pc-NPG) and chemical dealloying (cd-NPG). The results showed that pc-NPG had better
activity against CO at all tested potentials, which may result from its highly curved internal
surfaces with numerous step/kink sites. Moreover, to achieve long-term catalytic activity, a
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reactivation method was proposed, i.e., potential cycling. On one hand, the restored shares
of step/kink sites after potential cycling imply the regeneration of active sites, on the other
hand, the vanishing signals of zinc and copper indicate the removal of metal impurities
from the electrolyte. The author also presented a nanoporous Au–Sn catalyst with minor
Sn atoms in CO2RR [94]. The incorporation of Sn atoms induced lattice strain, enhancing
the efficiency of CO generation, while also preventing ligament coarsening and improving
electrochemical stability.

Bimetallic catalysts are promising CO2RR catalysts. The doping of other elements
such as Sn and Cu can effectively improve the catalytic performance of NPG catalysts.
For instance, Ma et al. prepared Au3Cu [95] and AuCu3@Au [96] for electrochemical
carbon dioxide reduction, respectively. Figure 8e reveals that the surface of AuCu3@Au
ligaments exhibit a high density of atomic steps and kinks, which are typically active sites
for catalytic reactions. To explore practical applications, the researchers fabricated bulk
nanoporous AuCu3@Au electrodes with dimensions of 23 cm in length and 0.15 cm in
width. At a potential of −0.7 V (versus RHE), the effective current reaches 37.2 mA, with
a corresponding current density of 10.78 mA cm−2 (Figure 8f), indicating the potential
for achieving high CO Faradaic efficiency. Computational investigations were also con-
ducted to study the CO2 reduction reaction mechanism on the surfaces of Au{311} and
AuCu3@Au{311} catalysts. The results demonstrate that the free energy change for the
formation of *COOH intermediates on the AuCu3@Au{311} catalyst is significantly lower
than that on the Au{311} catalyst. This difference arises from the enhanced interaction
between the metals Au and Cu with the *COOH intermediate in the AuCu3@Au{311}
catalyst, whereas only one Au atom in Au{311} interacts with the *COOH intermediate
(Figure 8h,i). The bidentate adsorption in AuCu3@Au effectively improves the stability
of the *COOH intermediate, enhancing the adsorption of *COOH on the AuCu3@Au{311}
surface and favoring the formation of CO. Additionally, Liu et al. [97] conducted a study
showcasing the capability of nanoporous AuCu in converting CO2 into CO, CH4, and
HCOOH. The application of dealloyed NPG-based materials for CO2 reduction reaction is
presented in Table 7.
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Figure 8. Dealloyed NPG-based materials for CO2 reduction reaction. (a) SEM images of hierarchi-
cally porous gold (N/M-Au) (Scale bar, 5 µm; Inset scale bar, 500 nm); (b) Schematic illustration (Left)
and the cross-sectional view with the expected reaction pathway (Right) for the N/M-Au electrode,
NPG induced CO2RR is indicated by an arrow; (c) Electrochemical performance for CO2 reduction
electrolysis to CO on different Au nanostructured electrodes; (d) Relative mass activity comparing be-
tween M-, N-, and N/M-Au (reproduced from [93], with permission from PNAS, 2023.); (e) HAADF
image of AuCu3@Au nanoporous alloy; (f) Determination of the FE of CO at high current density of
AuCu3@Au; (g) Gibbs free changes of the intermediates of CO2RR on Au{311} and AuCu3@Au{311};
Adsorption structure of *COOH on (h) Au{311} and (i) AuCu3@Au{311} (reproduced from [96], with
permission from Royal Society of Chemistry, 2023).
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Table 7. Dealloyed NPG-based materials for CO2 reduction reaction.

Catalyst jCO (mA/cm2)
Overpotential

(mV)
Faradaic

Efficiency
Current Densities

(mA/cm2)
Tafel Slope

(mV/Decade) Ref.

pc-NPG - 390 98% - 52
[37]cd-NPG - - - - 70

N-Au 0.759 - - −13.2 106
[93]M-Au - - - −12.6 120

N/M-Au 0.891 - - −19 107
NP Au-Sn - - 86.5% at −0.8 V - - [94]

NP Au3Cu - - 98.12% at −0.7
V vs. RHE 12.77 - [95]

NP AuCu3@Au - - 97.27% at −0.6
V vs. RHE 10.78 - [96]

4. Summary and Outlook

In this review, we introduce the typical formation process of dealloyed NPG. Sub-
sequently, we focus our attention on exploring the wide-ranging applications of NPG in
energy storage and conversion, encompassing water splitting, fuel cells, supercapacitors,
battery and CO2RR.

• About water splitting, researchers make use of the advantages of the geometric struc-
ture of NPG and good electrical conductivity, combined with non-precious metal
catalysts, to design low-cost, high-activity catalysts that can significantly reduce HER
and OER overpotential and accelerate the reaction kinetics process.

• Regarding fuel cells, studies have focused on reducing Pt loading and improving
fuel oxidation and ORR catalyst stability, and the good adaptability of NPG to Pt
makes it a better loading material than carbon. To this end, the effects of NPG surface
structure, localized surface plasmon resonance excitation and synergistic effects be-
tween Au and Pt, Pd and Cu on fuel oxidation and ORR catalytic activity have been
mainly investigated.

• For supercapacitors, various structures of NPG hybrid electrodes have been designed
to improve capacitance and cycling stability. Among them, the electrodes compounded
with NPG and conducting polymers are lightweight and flexible, which have broad
application prospects in wearable devices.

• In battery research, on the one hand, NPG is used as a classical model to study the
existing problems of volume variation and stability of alloy-type LIB anodes; On the
other hand, NPG is employed as an electrode material in various types of lithium
batteries and metal-air cells to improve cell performance, such as reducing volume
change, inhibiting lithium dendrite growth, extending electrode lifespan, etc.

• For CO2RR, the works mainly revolve around the preparation methods of NPG
catalysts capable of efficient mass transport and CO selectivity and the catalytic
mechanism of NPG-based alloy catalysts.

In a word, the research on the application of NPG in energy storage and conversion
has made significant progress. However, there are still some pressing challenges that need
to be addressed, there are three main points:

1. High cost: The limited global reserves of gold contribute to its status as a precious
metal, resulting in a relatively high cost. The production of NPG involves the use of
gold alloys as raw materials and specialized manufacturing techniques, which further
contribute to the higher production costs associated with NPG.

2. Complex manufacturing process: To produce NPG-based materials with desired
functionalities, it is necessary to finely tune the pore size and porosity of NPG. This
involves careful control of various reaction conditions during the dealloying process,
including selection of precursors, electrolytes, applied potentials, temperature, and
duration. Additionally, factors such as coarsening after dealloying, surface adsorption,
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and surface coating treatment play a role in achieving the desired properties. As a
result, the process of obtaining NPG with specific characteristics is intricate and
requires attention to multiple variables and steps.

3. Environmental hazard: Dealloying processes typically involve the use of strong
acid or strong alkali solutions, which possess a certain degree of toxicity. Improper
handling of these reagents can lead to environmental pollution and pose health risks
to operators. Therefore, it is crucial to address the issue of waste liquid treatment and
expedite the development of dealloying technologies that can be conducted under
neutral and mild conditions.

The most prominent problem is the limited availability of gold reserves and its high
cost, which hinders the commercialization of NPG. Therefore, there is an urgent need to
find an effective alternative to gold or to minimize the usage of gold while maintaining the
superior performance of NPG. One approach is to develop other nanoporous materials, such
as transition group non-precious metals [98] or the group IVA materials [99,100], which offer
advantages in terms of chemical structure stability and low cost. Additionally, nanoporous
gold-based composites can be designed through rational structural engineering, such as
thin films, layered, or core-shell structures. While improving the material properties and Au
utilization, it is also important to consider whether the designed structures can be robustly
integrated into real systems. Furthermore, the utilization of 3D printing technology [101]
offers the possibility of fabricating NPG-based composites that precisely meet our design
requirements. This advanced manufacturing technique is not confined to component-level
fabrication but can also enable the printing of complete NPG-based electrode devices.
This will provide a more convenient way to study NPG from the perspective of practical
applications. In recent years, the electrochemical reduction of nitrogen has attracted
interest as an alternative to the Haber–Bosch process for the synthesis of NH3. NPG has
demonstrated excellent catalytic activity for nitrogen reduction reactions (NRR) at room
temperature and pressure [102], and more research on NPG for catalyzing NRR is expected
in the future. In addition, the research of NPG in the energy storage field can be extended
to broader applications such as sodium ion batteries, solar cells, bio-cells, etc. In the future,
the application of dealloyed NPG materials in different fields will shine dazzling light.
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