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ABSTRACT: The scalable synthesis of non-precious nanoporous
metals, such as nanoporous zinc (NP-Zn), nanoporous iron (NP-
Fe), and nanoporous aluminum (NP-Al), is crucial for large-scale
production of hydrogen through the reaction between non-precious
metals and water. The fabrication of bulk NP-Zn by selective
removal of Al from sub-centimeter-sized arc-melted Zn−Al parent
alloys through free corrosion dealloying usually takes a few days.
Here, we demonstrate that this free corrosion dealloying process can
be reduced from a few days to 4 min simply using micrometer-sized
Zn−Al powder particles with nominal composition Zn40Al60 atomic
% produced by gas atomization as the parent alloy. Reducing the
size of the parent alloy significantly enhances the dealloying rate. Furthermore, Al and Zn are phase-separated in Zn−Al powder
particles due to the gas atomization process, making removing the sacrificial Al phase easy. We used various techniques, including X-
ray diffraction, Xe+ plasma focused ion beam/scanning electron microscopy (FIB/SEM), energy-dispersive spectroscopy (EDS), and
inductively coupled plasma optical emission spectroscopy (ICP−OES) to thoroughly characterize these materials before and after
free corrosion dealloying. The fabricated NP-Zn powder exhibits a hierarchical ligament/pore morphology, with tiny structures with
a size of ≈10 nm coming from Zn nanoparticle aggregation during dealloying and large structures in the range of ≈50−200 nm
coming from the removal of the sacrificial Al phase. We demonstrate that this NP-Zn can spontaneously react with water at near-
neutral pH to produce hydrogen and zinc oxide solid byproducts with a hydrogen generation yield of ≈52% within 60 min.
KEYWORDS: dealloying, nanoporous zinc, metal−water reaction, hydrogen generation, focused ion beam milling and imaging

1. INTRODUCTION
Due to their high surface-area-to-volume ratio and ample
catalytically active sites, such as specific facets, steps, and kinks,
dealloyed nanoporous metals are desirable for various
applications, such as electrocatalysis,1,2 energy conversion
and storage,3,4 actuation,5,6 plasmonics,7,8 and structural
application.9,10 In particular, bulk nanoporous metals offer
the benefits of bulk metals, including handleability, mechanical
integrity, and thermal and electrical conductivity, as well as the
benefit of nanostructured materials, such as size-dependent
properties,11 low density,12 and high catalytic activity.13,14 In
most chemical and electrochemical applications of nanoporous
metals, significant focus has been directed toward precious
metals, such as nanoporous Pt,15 Pd,16 Ag,17 and Au.18 This is
primarily because the relatively low chemical reactivity of the
precious metals makes it easy to fabricate them in a
nanoporous format and characterize them. Further, most
precious metals are great catalysts as they lower the activation
energy barrier and increase the kinetics of the desired
reactions.19 However, the relatively high cost and scarcity of
the precious metals hinder their use in large-scale applications,
including hydrogen production.20

Non-precious metals, which are earth-abundant and more
affordable, are more attractive for industrial-scale applications
than platinum group metals (PGMs). Although several studies
suggested promising applications for non-precious metals, such
as Fe, Zn, Al, and Mg,21−23 non-precious nanoporous metals
have seen limited fabrication due to their inherent high
chemical reactivity with external environments.1 Specifically,
synthesizing pure, non-precious nanoporous metals is challeng-
ing due to their oxygen- and water-sensitive nature. Various
reactive nanoporous metals, including nanoporous Al, nano-
porous Mg, and nanoporous Zn, have been fabricated in bulk
form for on-demand and on-board hydrogen generation via
metal−water reactions (metal hydrolysis). For example, Lee et
al. fabricated air-stable nanoporous Al/lithium borohydride
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composite fuel pellets for on-board hydrogen generation.24

Corsi et al. and Lee et al. synthesized bulk nanoporous
aluminum via electrolytic dealloying for on-demand hydrogen
generation in neutral water, yielding ≈52%.25,26 Fu et al.
fabricated nanoporous Mg and nanoporous Zn through free-
corrosion dealloying for hydrogen generation in neutral water,
achieving a yield of ≈22 and ≈16% from Mg and Zn,
respectively.27 These reactive nanoporous metals are mono-
lithic and fabricated as bulk pieces. Due to the limited
accessibility to the sacrificial element, the selective etching
process is prolonged and the reactivity of the materials remains
low. For instance, bulk monolithic NP-Zn requires 3 days to
complete its selective etching process, and the hydrogen
generation yield is only ≈16% after 500 min of reaction.27 For
large-scale applications, a process that will enable the synthesis
of high-performance NP-Zn in a few minutes, as opposed to a
few days, is desirable. Therefore, this work aims to introduce
an innovative and scalable method for producing NP-Zn in
powder form within 4 min instead of 3 days. Furthermore,
synthesized NP-Zn can produce hydrogen with a yield of
≈52% within 60 min.

2. EXPERIMENTAL METHODS
2.1. Fabrication of Nanoporous Zinc. A commercial Zn−Al

parent alloy in powder form, made by gas atomization, was obtained
from Valimet, Inc. The nominal composition and particle size, as
provided by the supplier, were Zn40Al60 and 1−10 μm, respectively.
The Zn−Al alloy powder was used as-received to fabricate NP-Zn by
keeping the alloy powder in 1 M NaOH solution for 3, 4, and 5 min
to remove Al selectively. The solution was stirred at room
temperature on a magnetic stirrer plate for uniform leaching. After
Al dissolution, the remaining powder was washed with deionized (DI)
water and rinsed with isopropyl alcohol (IPA) for rapid drying. The
NP-Zn powder was collected from IPA by vacuum filtration using a
Buckner funnel (Fisher) and a Nylon membrane filter with a pore size
of 200 nm (Omicron).
2.2. Characterization. We used Xe+ focused ion beam/scanning

electron microscopy (FIB/SEM) to cut through the powder particles
before and after dealloying to investigate their microstructure. The
elemental compositions of the actual Zn−Al parent alloy and the
corresponding dealloyed NP-Zn were analyzed with energy-dispersive
spectroscopy (EDS) and inductively coupled plasma [ICP, Spectro
Genesis inductively coupled plasma optical emission spectroscopy
(ICP−OES) device]. The sample solution for ICP was prepared by
dissolving the powders in 0.1 M nitric acid (HNO3) solution so that
the concentrations of the elements are 2−10 ppm, with a standard
reference solution (multielement standard solution 5 for ICP,
Supelco). The crystal structure of the samples before and after the
dealloying was investigated using X-ray diffraction (XRD, Rigaku)
with Bragg−Brentano parafocusing geometry operating with a Cu Kα1
line at a wavelength of 1.5405 Å and a horizontal goniometer
collecting at an angle range from 10° to 90° with a step size of 0.02°
and a scanning speed at 5°/min. Before XRD measurement, the
powder sample was sealed inside the glovebox with Kapton tape (Ted
Pella, Inc.) to minimize air exposure and oxidation. The Zn−Al parent
alloy powder and dealloyed NP-Zn samples were stored in an argon
environment, with the concentrations of water and oxygen maintained
below 0.1 ppm.
2.3. Hydrogen Generation. The water displacement method was

used to measure hydrogen produced from the reaction between NP-
Zn and water at a near-neutral pH. A three-neck flask was used as the
reaction chamber for the hydrolysis reaction, and one of the necks was
connected to a graduated cylinder flipped and immersed in water.
Evolved hydrogen was collected in the cylinder, and the amount of
hydrogen was deduced from the volume change in the cylinder. The
second neck was used to introduce near-neutral electrolytes, and the
NP-Zn powder was transferred via the third neck of the flask. Both the

second and third necks were sealed with glass stoppers during
hydrogen production. Vacuum grease and plastic joint clips were
applied at all connections to ensure sealings. The flask and electrolyte
were preheated to 65 °C in an oil bath to simulate the exothermic
behavior during Zn hydrolysis. The details and illustration for the
experimental setup will be discussed later. A total of 50 mg of NP-Zn
powder reacted with the 20 mL of electrolyte containing 0.01 M
NaOH water solution to maintain the pH at 10. The volume change
due to hydrogen generation was monitored for 1 h with 10 min
intervals to record the volume of hydrogen produced, and the total
volume change was normalized by the mass of NP-Zn and its
stoichiometric amount of hydrogen produced. Each water displace-
ment test was repeated 3 times to check the consistency, and the
average values were plotted for further analysis.

3. RESULTS AND DISCUSSION
3.1. Fabrication of Nanoporous Zinc. The NP-Zn

powder was synthesized by free corrosion dealloying. During
this process, sacrificial Al is selectively etched away from the
parent alloy, which consists of micrometer-sized powder
particles of the composition of Zn40Al60 atomic %, in 1 M
NaOH solution (pH of 14). This alkaline environment
facilitates the dissolution of Al, which undergoes an oxidation
reaction, as described in eq 1. Concurrently, a hydrogen
evolution counter-reaction, a reduction reaction, occurs as
detailed in eq 2. The electrons released during the oxidation of
aluminum (eq 1) are consumed by the reduction reaction (eq
2), leading to the formation of the NP-Zn powder. This
dealloying process removes Al, leaving a porous Zn structure
behind.

+ +
° =E

Al(s) 4OH (aq) Al(OH) (aq) 3e

( 2.33 V versus SHE)
4

(1)

+ +
° =E

2H O(l) 2e H (g) 2OH (aq)

( 0.83 V versus SHE)
2 2

(2)

Interestingly, the Pourbaix diagram in Figure 1a shows that,
during free corrosion dealloying, besides Al dissolution, Zn
should also dissolve in an alkaline solution through the
oxidation reaction in eq 3 combined with the reduction
counter-reaction in eq 2.

+ + +
° =E

Zn(s) 4OH (aq) ZnO (aq) 2H O(l) 2e

( 1.22 V versus SHE)
2

2
2

(3)

In other words, it may seem impossible to selectively remove
Al from the Zn−Al parent alloy without dissolving Zn.
Fortunately, due to the high difference in the standard reaction
potential of Al [E° = −2.33 V versus standard hydrogen
electrode (SHE) in an alkaline solution] and Zn (E° = −1.22 V
versus SHE in an alkaline solution), a phenomenon known in
the corrosion science community as cathodic protection will
prevent Zn from dissolving. Indeed, when two dissimilar
metals with different standard reduction potentials are in
physical contact in a corroding environment (Figure 1b), the
metal with the lowest standard reduction potential will dissolve
with the counter-reaction taking place on the metal with a
higher standard reaction potential. In the case of the Zn−Al
alloy, Al will dissolve through eq 1, and the hydrogen evolution
counter-reaction in eq 2 will preferentially take place on Zn.
Because the counter-reaction in eq 2 is a reduction reaction, it
automatically prevents Zn from oxidizing. The dissolution of
Zn will commence only after the complete dissolution of all Al.
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In other words, the samples should not be kept in the
corroding medium for a long time; otherwise, Zn will dissolve
after Al removal. Therefore, we kept the samples in the
corrosion medium for 3, 4, and 5 min to identify the optimal
dealloying time using XRD analysis. The SEM images in panels
c and d of Figure 1 show the typical microstructure of the
powder particles before and after dealloying, respectively. The
presence of two phases, a Zn-rich phase and an Al-rich phase,
in the starting Zn−Al parent alloy powder is confirmed by the
contrast from the SEM image of Figure 1c. This contrast
originates from the difference in the mass and density of the
two phases, as the heavier and more dense Zn-rich phase
deflects electrons more strongly, thus appearing to be lighter.
In contrast, the less dense Al-rich phase absorbs more
electrons, thus appearing darker (Figure 1c). The NP-Zn
powder particles in Figure 1d show that the particle shapes are
conserved after leaching the sacrificial phase from the parent
alloy, and the dealloying process successfully creates porous
powder particles from dense particles.

Figure 2 shows four different XRD patterns for the pristine
Zn−Al parent alloy (black) and the corresponding samples
after 3 min (red), 4 min (green), and 5 min (orange) of free
corrosion dealloying. The pristine alloy powder is a mixture of
Al and Zn phases, indicated by the coexistence of both Al and
Zn XRD patterns in the black curve in Figure 2. Upon
dealloying of the parent alloy powder for 3 min, the red XRD
pattern in Figure 2 indicates that the resulting product powder
is predominantly composed of pure Zn. Additionally, minor
peaks at 38.5° and 44.8° correspond to characteristic Al peaks,
as highlighted with inverse triangles (▼). These minor peaks
suggest the presence of the Al phase, indicating that the
dealloying process is not fully complete in 3 min.17 Although
the 3 min dealloyed NP-Zn requires additional leaching,
keeping this sample in the corroding medium for 2 min more

(i.e., from 3 to 5 min) leads to the formation of ZnO, as shown
by the orange XRD pattern of the 5 min dealloyed sample in
Figure 2, which shows that the product powder is mostly
metallic Zn after dealloying for 5 min; however, minor peaks of
ZnO highlighted with squares (■) are observed, suggesting
that Zn has started to oxidize when Al removal is completed.
The optimal dealloying time for the Zn−Al parent alloy
powder is determined to be 4 min, as shown in the green XRD
pattern in Figure 2, where it can be seen that NP-Zn powder
leached for 4 min has neither Al nor ZnO.

In addition to the XRD analysis, we also confirmed the
removal of Al using EDS and ICP. EDS was performed on
particle cross-sections to determine the composition using
FIB/SEM. As shown in Table 1, after 4 min of selective

etching, 99% of the product powder consists of Zn (from
EDS), indicating that nearly all Al has been successfully
removed in the NaOH solution. EDS also suggests that the
Zn−Al parent alloy (nominal composition Zn40Al60) consists
of 51 atom % Al and 49 atomic % Zn. Because our EDS data
give the composition within a powder particle, we attribute this
9 atomic % deviation from the nominal composition to the
fluctuation in composition among different powder particles.
In other words, this deviation would be less if we take the
average composition of many powder particles (interparticle
composition) instead of within one single particle (intra-
particle composition). This motivated us to run ICP to
investigate the sample composition more accurately because
ICP can give the average composition of a large amount of
powder dissolved in acid. The results from Table 1
demonstrate that the overall chemical composition from ICP

Figure 1. (a) Pourbaix diagram of Zn (adapted with permission from
ref 28. Copyright 1951 Electrochemical Society), showing that Zn can
dissolve in alkaline when the pH is >12. (b) Simplified free corrosion
mechanism of Zn−Al performed in an alkaline corrosive medium. Zn
dissolution is prevented by cathodic protection, as Al oxidation
provides electrons to Zn and the coupled reduction counter-reaction.
(c) SEM image of Zn−Al parent alloy particles consisting of two
separated phases: Zn and Al. (d) SEM image of NP-Zn showing the
porous structure after dealloying.

Figure 2. XRD patterns of the Zn−Al parent alloy before dealloying
and NP-Zn after dealloying for 3 min (red), 4 min (green), and 5 min
(black). NP-Zn dealloyed for 4 min exhibits pure Zn patterns lacking
Al and ZnO reflections. NP-Zn dealloyed for 3 min still contains
residual Al, as highlighted with inverse triangles (▼), and Zn starts to
oxidize after 5 min of dealloying, forming ZnO on the surface, as
highlighted with squares (■).

Table 1. EDS and ICP-Based Elemental Analysis of Zn−Al
Powder before and after Dealloying

Al (atomic %) Zn (atomic %)

before dealloying ICP 65.9 34.1
EDS 51 49

after dealloying ICP 6.0 94.0
EDS 1 99
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of Al and Zn in the parent Zn−Al alloy is 65.9 and 34.1 atomic
%, which is closer to the nominal composition of Zn40Al60
atomic % than the EDS data. ICP data also suggest that 4 min
of dealloying can dissolve most of the Al phase, and the etched
powder only has 6 atomic % of Al remaining (Table 1). Both
EDS and ICP characterization confirm the successful removal
of Al from the Zn−Al alloy quantitatively.

The pristine Zn−Al powder is further investigated using
EDS mapping. Panels a and b of Figure 3 illustrate the
coexistence of two phases in Zn−Al powder, while the EDS
mappings in panels c−e of Figure 3 confirm that the purple
regions correspond to Zn and the orange areas correspond to
Al; it signifies the phase separation of the Al and Zn phases in
the parent alloy powder. This interconnected structure
originates from the immiscibility gap of the Zn−Al material
system.29 As the Zn−Al melt cools during gas atomization, the
alloy experiences phase separation of the Al and Zn phases.
Such phase separation induces solid compositional fluctuation
due to the thermodynamically unstable states.30 It should also
be noted that there are small white precipitations in the dark Al
regions in panels f and g of Figure 3 (see also the high
magnification images used in the graphical abstract).
According to the EDS mapping analysis, the white phase
corresponds to Zn, indicating that these small precipitates are
Zn within the Al matrix. Such a hierarchical structure of Zn
creates a unique morphology once the powder is dealloyed.

Following the dealloying process, images obtained through
FIB/SEM and transmission electron microscopy (TEM)
illustrate a hierarchical nanoporous structure characterized by
large ligaments in the range of ≈50−200 nm (Figure 4b) and

smaller ligaments with a size of ≈10 nm (Figure 5c). The large
nanoporous structures are the remaining Zn phase from the
phase-separated Zn−Al parent alloy after the Al phase has been
removed. Zn could sustain its morphology, while Al is
selectively etched away because the two phases are already
separated before the dealloying. Both EDS mappings on the
powder surface (Figure 4c) and the cross-section (Figure 4h)
confirm the almost complete removal of Al atoms in NP-Zn.
Some signals indicate Al in the map in panels e and j of Figure
4. Still, the EDS spectra in Figures S1 and S2 of the Supporting
Information show that the intensity corresponding to Al is
almost negligible. In Figure 5a, the large ligaments and pores
appear as a dark phase due to their thickness, which prevents
electron transparency. Conversely, panels b and c of Figure 5
depict the edges of the larger ligaments, which are thin enough
to reveal the smaller porous structures (≈10 nm). This
observation suggests that the large ligaments are composed of
smaller porous features, thereby demonstrating that NP-Zn
particles exhibit a hierarchical nanoporous architecture.

It is emphasized that the dealloying time for our NP-Zn
powder is significantly much shorter than the previous study
with bulk NP-Zn.27 The bulk alloy took 3 days to remove Al,
but this study shows that Zn−Al powder can be dealloyed in 4
min. The dealloying time is reduced because the micrometer-
sized Zn−Al parent alloy powder has a higher surface area and
phase-separated Al and Zn phases. The micrometer-sized
powder offers more surface area for reacting with the alkaline
electrolyte than the centimeter-sized alloy chunk, enhancing
the reaction kinetics for Al dissolution. Furthermore, unlike the
monolithic single-phase bulk alloy used in previous work, our

Figure 3. SEM images with corresponding EDS maps of the (a−e) surface and (f−j) cross-section of the Zn−Al parent alloy. (a and f) Low-
magnification SEM images illustrating the separation of two phases. (b and g) High-magnification SEM images demonstrating small particles of Zn
within the Al phase. The corresponding EDS maps show (c and h) Zn (pink) and Al (orange) overlay, (i) Zn in pink, and (j) Al in orange.
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Zn−Al powder contains two distinct regions: Al-rich and Zn-
rich regions. With these phases already separated before the
dealloying process, Al is more readily removed and dissolved.
3.2. Hydrogen Generation. In this section, we use the

setup in Figure 6a to demonstrate that fabricated NP-Zn in the
powder form significantly enhances the kinetics of the reaction
between Zn and water to produce hydrogen and zinc oxide
(ZnO) solid byproduct through eq 4.

+ +Zn(s) H O(l) ZnO(s) H (g)2 2 (4)

In doing so, we compare the yield of hydrogen produced from
our NP-Zn powder (black curve in Figure 6b) to that of
commercial Zn powder without porosity (red curve in Figure
6b). The primary data of repeated oxidation tests are plotted in
Figure S3 of the Supporting Information. After 1 h of reaction,
the hydrogen yield for the commercial Zn powder is ≈13%.
The hydrogen generation rate significantly slows after 30 min
due to forming a passive layer of ZnO (dark blue shell in
Figure 7a) around the starting Zn particle. This ZnO shell
prevents water from directly contacting metallic Zn underneath

Figure 4. SEM images with corresponding EDS maps of the (a−e) surface and (f−j) cross-section of NP-Zn with a hierarchical nanoporous
structure. (a and f) Low-magnification and (b and g) high-magnification SEM images showing the large ligament/pore features in the 100−200 nm
range and the small ligament/pore features in the 50−60 nm range. The corresponding EDS maps show (c and h) Zn (pink) and Al (orange)
overlay, (d and i) Zn in pink, and (e and j) Al in orange, indicating that NP-Zn consists primarily of Zn.

Figure 5. TEM images showing the hierarchical nanoporous structure of NP-Zn at two different magnifications. (a) Low-magnification image
shows the large ligament (≈200 nm) observable in the FIB/SEM images. (b and c) Under high magnification, it is found that the large ligaments
consist of smaller nanoporous structures with a ligament size of ≈10 nm.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c13394
ACS Appl. Mater. Interfaces 2024, 16, 70469−70476

70473

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c13394/suppl_file/am4c13394_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c13394?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c13394?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c13394?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c13394?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c13394?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c13394?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c13394?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c13394?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c13394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


to react further.27,31,32 On the other hand, a yield of ≈52% is
achieved on our NP-Zn within 60 min. The XRD plots in
Figure S4 of the Supporting Information also show that
oxidation on NP-Zn is more significant than on commercial Zn
powder.

This substantial improvement in hydrogen evolution kinetics
is attributed to the high surface area and hierarchical porous
structure of the NP-Zn powder. The oxidation of Zn is a near-
surface reaction, and the extensive surface area provided by the
numerous tiny pores, as shown in panels b and c of Figure 5,
introduces more reaction sites than commercial Zn dust. While
these small pores enhance the metal−electrolyte interface, the
larger pores serve as channels that allow the evolved hydrogen
gas to escape. This pathway is advantageous for hydrogen
evolution because the produced hydrogen gas forms bubbles
that can obstruct the surface of metallic Zn, impeding further

oxidation.33 The hierarchical porous structure facilitates the
removal of these bubbles, ensuring a continuous and efficient
reaction process. The large pores also effectively improve the
transport of electrolytes, which can induce more reactions at
the inner surface of NP-Zn. We expect further optimization of
the dealloying process, and the post-dealloying process can
increase the hydrogen production capacity in this material
system.

4. CONCLUSION
This study demonstrates the rapid fabrication of NP-Zn by free
corrosion dealloying of a commercially available micrometer-
sized Zn40Al60 parent alloy produced by gas atomization. Prior
to this work, the selective etching process to make monolithic
bulk NP-Zn typically requires several days. Here, we optimize
the dealloying conditions for making NP-Zn in powder form in
just 4 min, as opposed to several days. Our expeditious
dealloying is enabled through (i) the reduction of the parent
alloy size from the centimeter to micrometer range and (ii) the
use of the Zn−Al parent alloy in which Al and Zn are already
phase-separated. The size reduction in the parent alloy
increases the surface area, enabling more sacrificial elements
to react with the corroding solution and accelerating the free
corrosion dealloying rate. Furthermore, the separation of the
Al and Zn phases in the gas-atomized parent alloy enhances Al
dissolution. Dealloyed NP-Zn exhibits a hierarchical nano-
porous structure with small ligament/pore structures around
10 nm and large ligament/pore structures around 50−200 nm.
The large ligament/pore structures correspond to the Zn phase
from the phase-separated Zn−Al alloy after the Al phase has
been etched away. The small ligament/pore structures result
from the agglomeration of Zn nanoparticles, when this Al
phase is etched away during dealloying. We also studied how
the nanoporous morphology influences the Zn−water reaction,
which produces hydrogen and ZnO as the solid byproduct. We
found that the dealloyed NP-Zn powder can produce hydrogen
from neutral water with a yield of ≈52% within 60 min, while
the yield of the conventional dense Zn powder is only ≈13%,
demonstrating significant improvement in the reaction kinetics.
The hierarchical structure and porous surface facilitate efficient
diffusion of the produced hydrogen gas and provide a more
accessible metallic surface to react with the solution,
respectively. Hydrogen production with NP-Zn through the
metal−water reaction is promising for large-scale applications.
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