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ABSTRACT: Hierarchical superstructures, ubiquitously found in
nature, o�er enhanced e�ciency in both substance reaction and
mass transport owing to their unique multiscale features. Inspired by
these natural systems, this research reports a general and scalable
electrochemical scheme for creating highly branched, multilevel
porous superstructures on various electrically conductive substrates.
These structures exhibit cascading features from centimeters,
submillimeters, micrometers, down to sub-100 nm, significantly
increasing the surface area of substrates, such as foams, foils, and
carbon cloth by 2 orders of magnitude�among the highest reported
enhancements. This versatile and low-cost method, applicable to a
range of electrically conductive substrates, enables innovative flow-
assisted water purification with enhanced energy e�ciency. The performance, successfully removing 99% of mercury within 0.5 h at
540 rpm and meeting the U.S. Environmental Protection Agency (EPA) safety standards for drinking water, further validates the
advantages of these unique structures. Overall, the reported general, economical, and versatile scheme could broadly impact energy
and environmental remediation.
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■ INTRODUCTION

Basic fluid transfer involves, migration, di�usion, and
convection.1,2 It is important to harmonize all three processes
for an e�cient matter exchange system, for either chemical
reactions or physical processes.3−5 Hierarchical superstructures
with feature sizes spanning from micro/nanometers to meters
are ubiquitously found in nature.6−8 Such unique structures
provide advantages in facilitating rapid substance interaction
with surroundings at small scales as well as e�cient mass
transport at large scales. Life in nature has adopted hierarchical
superstructures and leveraged their advantageous properties
over millions of years to optimize substance transport,
exchange, and reactions with its surroundings. Examples
include plant roots, tree crowns, neurons, and vertebrates’
lymphatic and cardiovascular systems.1,9−13 Learning from
nature, it is highly desirable to innovate a general and rational
approach for introducing multilevel hierarchical structures to
interesting man-made substrates or devices to enhance their
performances that require large specific surface areas as well as
dually high speed in chemical reactions and mass transport.
The applications include batteries, supercapacitors, electro-
catalysts, and water-purification membranes.
A human lung is an excellent example of a functional

hierarchical superstructure. It starts from the trachea, where
the conducting airway tree ends in ∼30,000 tufts of gas
exchanging air ducts that form the acini. These acini constitute

a complex of six−eight generations of branched alveolar ducts
decorated with alveoli and a dense capillary network. The
overall structure is 3D hierarchical with multiple scales ranging
from the centimeter trachea to the finest alveoli of tens of
micrometers, where gas exchange occurs. The unique structure,
made of only ∼300 g of tissue, enables a remarkable alveolar
surface area of 130 m2 within a volume of only a few liters.
Such a structural arrangement allows instantaneous augmenta-
tion of energy needs by a factor of 10 or more when a mammal
explodes from a rest pose.1,14,15 With these insights, various
artificial 3D hierarchical porous superstructures have been
created for enhancing device performance. For instance,
polymer electrolyte fuel cells with lung-inspired flow-field
design exhibit enhanced mass transport.4 The same e�ect is
found in hierarchical structures made of ZnO and carbona-
ceous materials for photocatalysis, electrocatalysis, gas sensing,
and Li storage.16−24 Recently, the rapid mass transport
property inherent in hierarchical structures is also explored
in personal cooling management.25,26
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This far, various fabrication methods have been utilized to
create hierarchically porous structures, including template-
assisted and template-free methods and postsynthesis treat-
ment.27,28 Template-assisted fabrication generally requires a
sacrificial structure that is removed after the target porous
structures are formed. The employed template varies from
surfactant, macroporous polymer, colloidal crystal, emulsion,
to biotemplates.29−33 This approach results in excellent control
over pore size and structural geometry; however, the
fabrication is often complicated and costly. Template-free
methods include sol−gel controlling, zeolitization, supercritical
fluids, freeze-drying, breath figures, and selective leaching.34−39

Recently, a new freeze-drying-free and ionic cross-linking
method has been reported for synthesizing foams at 200 μm in
pore size.40 The template-free processes often entail delicate
control and stringent conditions and mostly produce porous
oxide or polymer superstructures. In contrast, most hierarchi-
cally porous metals are made via a template-assisted synthesis
or selective dealloying. The dealloying methods often involve
costly noble metal alloys, such as Au and Pt.41−43 To overcome
the issues, recently, nickel nanowires have been directly used as
building blocks for assembling porous structures, and plasma-
dry-etching technique directly creates high-purity nanoporous
metal foams without dealloying.44,45 Nevertheless, endowing
3D hierarchically porous superstructures to an arbitrary
substate with substantially improved surface areas and reliable
performance remains a daunting task. One notable attempt is
via micro/nanoparticles attachment to Ni foams with surface
area enhancement from 3 to 20 times,46−48 and another is via
alloying and dealloying of Al with a surface improvement of 77
times.49

In this research, we report a general, economy, and room
temperature approach, all based on manufacture-friendly
electrochemical processes, to introduce biomimetic multilevel
hierarchies with features ranging from less than 100 nm, tens of
micrometers, submillimeters, to centimeters, on a variety of
conductive substrates and surfaces. This innovation strategi-
cally capitalizes on the advantages of both submillimeter-scale
and micro/nanometer-scale structures, where the former

facilitating rapid and e�cient transport of bulk fluidic reactants
and the latter providing an exceptionally high contact surface
for chemical reactions or exchange. Notably, the resulting
hierarchical foam exhibits a remarkable increase in specific
surface area by 2 orders of magnitude on various surfaces,
including metallic foams, foils, and carbon cloth, among the
highest enhancements reported so far. For demonstration
purposes, the processed foams are applied in flow-assisted
water treatment, which readily yield 99% mercury removal,
reaching EPA guided drinkable standard of 2 ppb, in 30 min at
540 rpm, substantially improved from that obtained from a
stationary foam.

■ RESULTS AND DISCUSSION

In experiments, the fabrication proceeds following the
schematic in Figure 1. Various electrically conductive
substrates, including commercial Ni foams, carbon cloth, and
Ni foils, have been explored to test the proposed fabrication
concept. As an example, we briefly describe the fabrication and
optimization procedure using Ni foams as the starting
substrates. The commercial Ni foams rolled to 200 μm in
thickness are made of 3D continuously interconnected
microstruts with micropores of ∼100−200 μm (Figure 1a).
After removal of surface oxide in sulfuric acid, large arrays of
Ni/Cu microbranches are electrodeposited on the 3D
microstructs, filling into the pores and growing out of the
surface at −1.4 V (Ag/AgCl, 3 M NaCl) in electrolyte made of
Ni2+, Cl−, SO4

2−, and Cu2+ (Figures S1 and S2). The highly
branched microstructures are dendritic with a cascading
hierarchy; the features range from several hundreds of
micrometers in the main trunk, tens micrometers in the first-
level branches, to a few to submicrometers in the secondary
branches. The presence of copper and chloride ions play
critical roles in the formation of the microbranching structures,
which enables rapid growth of Cu in the alloy.19,50−52 Next, the
highly branched foams are annealed at 1000 °C for 5 min,
which e�ectively enhances the adhesion of the microbranches
on the Ni foam (Figure 1b). Then, the branched metal
dendritic foam (DF) is subjected to the second round of Cu/

Figure 1. Rational scheme for creating hierarchic structures to substantially increase the specific surface area of a 3D foam via additive and
subtractive electrochemistry. (a1−d1) Fabrication flowchart and (a2−d3) corresponding SEM images of (a2, a3) Ni foam; (b2, b3)
electrodeposition for adding 3D dense microbranches and annealing; (c2, c3) electrodeposition of phase-separated Cu/Ni films on the highly
branched foam; (d2, d3) selective etching of Cu to create nanoporous dendritic foam with hierarchical features at 100 μm (a1−a3), 10 μm (b1−

b3), and less than 100 nm (e1−e2). (f) Sample photographs at stages of a1−d1.
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Ni electrochemical processing, including both electrodeposi-
tion and electroetching, in a di�erent electrolyte made of Ni2+,
SO4

2−, and Cu2+ at −1.0 V (Ag/AgCl electrode, 3 M NaCl).
Distinctively, in this process, Cu/Ni films are electrodeposited
conformably on the branched Ni foam along with cluster
formation, leading to 3D broccoli-like features (Figure 1c).
After etching Cu from the electrodeposited Ni/Cu alloy at 0.5
V (Ag/AgCl, 3 M NaCl), we obtain unique three-level
nanoporous superstructures made of close-assembled Ni
nanopores of largely uniform size arranged into 3D fractal
structures (Figure 1d). In this step, Cu can be electroetched
selectively from the Ni/Cu alloy, which has an optimized
atomic ratio resulting in phase separation during electro-
deposition. The passivation of Ni in the electrolyte further
assists the selective electroetching of Cu.53−55 The progress of
Cu etching is monitored by the electric current, which
decreases rapidly until reaching 14 mA, at which nanopores
have been successfully generated (Figures S3 and S4).
Moreover, the hierarchical morphologies of the obtained

structures can be readily tailored by the reaction conditions. In
the condition mentioned earlier, the structures that are formed
mimic the morphology of human lungs, as shown in Figures
1d2 and 1d3. These structures consist of nanoporous
spheroidal microclusters that represent the most refined fractal
layer, resembling the myriad of micrometer-sized sacs found at
the deepest fractal level of the branching trachea.1 When
tuning the reaction conditions, e.g., creating nanopores via
electrodeposition at −1.1 V in 0.2 M NiSO4, 0.025 M CuSO4-
48C, and etching until 14 mA, the 3D superstructures exhibit a
di�erent morphology with ordered arrays of nanopores of ∼40
nm distributing along the lengths of long microbranches
(Figures 1e1 and 1e2).
This strategic fabrication approach, reproducibly creating

highly packed sub-100 nanopores on tens of micrometers long
branches growing in quasi-3D on a surface, results in
substantial surface-area enhancement. Here we determine the
specific surface area with both electrochemical surface area
(ECSA) measurements and Brunauer−Emmett−Teller (BET)
analysis. The ECSA determines the well-reproducible ∼80-fold
increase of surface area from Ni foam substrates, which agrees
with that obtained from the BET surface area analysis (Figure
2a,b). Further analysis shows that the BET surface area of the
nanopores conformably coated on the microbranches, 4.59
m2/g (Supporting Note S1), aligns with those of nanoporous
metal films with a ligament size of ∼50 nm at ∼3−7 m2/g.56

Di�erent from previous work, our nanoporous structures are
configured in a 3D hierarchical manner, which permits rapid
liquid flow transport, as that demonstrated in flow-assisted
water treatment. Further characterization of the multilevel
superstructures made at di�erent stages indicates that the
greatest surface-area enhancement is contributed by the
plethora of nanopores made on the supporting branched Ni/
Cu foams, accounting for ∼20-fold and ∼4-fold total increase,
respectively. Importantly, the fabrication scheme is general,
which can be easily applied to di�erent conductive substrates,
such as Ni foams, carbon cloth, and even Ni foil, resulting in
universally increased surface area by 2 orders of magnitude
from starting materials (Figure 2c,d).
This remarkable over-80-fold surface-area enhancement has

been realized via systematically optimizing the electro-
deposition and electroetching process of Ni/Cu films coated
on the dendritic foams (Figure 1, step 2). In this step, we
methodically modulate two controlling parameters, the

concentration of copper ions in electrolyte and total electric
charges passing through the circuit, which govern the alloying
ratio of the deposited Cu/Ni and its overall amount,
respectively. As shown in Figure 3, the ECSA monotonically
increases with the amounts of deposited charges when the
concentration of copper is controlled between 0.01 and 0.07
M. The enhancement of surface area reaches 77 times at 0.07
M Cu at a total deposition charge of 400−500 C. At 0.01 M,
an ultralow Cu ion concentration, the increase of surface area
is limited to ∼30-fold, which can be attributed to the restricted
formation of Ni nanopores (Figure S5a,b). On the other side,
at the high end of Cu concentration (0.09−0.1 M), nanopore
formation is also reduced due to the overly etched Ni/Cu film
that limits the enhancement to ∼60 times (Figure S5c,d).
These results are distinct from those observed at the low-level
Cu concentration (0.01−0.03 M), which monotonically
increases with the total amount of electric charges going
through the circuit. An overall analysis indicates that the
optimized surface area enhancement due to pore formation
occurs at a Cu concentration above 0.05 M. Interestingly, with
the increase of Cu concentration, the optimal electric charges
for surface area enhancement monotonically shift toward a
lower value, where 500 and 300 C o�er the highest surface-
area enhancement for an electrolyte made of 0.05 and 0.09 M
Cu ion solutes, respectively (Figure 3a−c). The above
experimental findings can be understood qualitatively as
discussed in the Supporting Information (Supporting Notes
S2).
More importantly, the technique demonstrated in this work

is general and has shown its success in enhancing various 3D
substates, including carbon cloths (CC) and metallic Ni foils.
Employing the optimized electrochemical conditions discussed
above, the specific areas can be reproducibly increased by 220-
and 538-fold, respectively (Figure 2c,d). Nanoporous hier-

Figure 2. (a, b) Substantial, consistent enhancement of specific
surface areas to ∼70−80 folds on Ni foams confirmed by both (a)
ECSA and (b) BET measurements. (a) Inset plot: ECSA measured
electric double-layer capacitance per unit area. Inset SEM image: Ni
foam. (b) Inset: BET surface area was measured from nickel foams
(NF), dendritic nickel foams (DF), and nanoporous dendritic Ni
foams (npDF). (c, d) The same approach is readily applicable for
surface-area enhancement for various foams and films, such as (c)
carbon cloth (SEM image in the inset) and (d) metallic Ni foil (SEM
image in the inset). The overall surface-area enhancement reaches 2
orders of magnitude.
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archical structures are successfully added to both types of
substrates, with similar features and morphologies to those
created on Ni foams, as shown in Figure 3e,f.
The above results demonstrate a new, universal, and

e�ective scheme for enhancing an electrically conductive
substrate’s surface area by orders of magnitude. The fabrication
is facile and economic and all at room temperature. It is
intriguing to query if the three-step process in Figure 1 can be
simplified. For instance, whether it is feasible to directly grow
nanoporous foams via a single combined process of electro-
deposition and electroetching of Ni/Cu films in Figure 1c,d
without the use of predeposited ramified microbranches
(Figure 1b) for substantial surface-area enhancement.
To address the above question, we conducted a series of

experiments. It is found that if just using a combined
electrochemical process of creating nanopores from Ni/Cu
films, it is indeed possible to create a porous structure with
semi-freestanding conglomerates grown on a given substrate,
such as Ni foams. The ECSA also reaches a level on par with
those containing highly branched Ni foams (Figure S6).
However, these foams su�er from apparent fragility, which
easily shed and break even with ultragentle and careful
handling. In comparison, the hierarchical foams made with the
intermediate branching step are much more mechanically
robust and durable during electroetching, rinsing, and handing,
which can be attributed to the 3D structural support from the
high-density microbranches annealed to the interconnected
microstruts of the Ni foam.
Next, we demonstrate the application of the obtained

multilevel nanoporous foams in water remediation by
leveraging their unique structurally endowed high-speed flow
transport and chemical reactions. With the rapid development
of modern industry, heavy metal pollution has become a
serious environmental issue. In particular, mercury-contami-
nated water poses serious health risks. Chronic exposure to

even a low level of mercury can lead to neurological damage
and developmental issues in children. It is found that sulfide is
a highly e�ective absorbent for Hg.57−59 With this in mind, we
first sulfurize the hierarchically porous Ni foams made
following the process in Figure 1 via hydrothermal reaction
at 120 °C for 6 h (details in the Experimental Section). The
resulting foams (npDF_S) maintain the large-scale 3D
architecture and hierarchical nanoporous features with sizes
ranging from 100 μm to 10 μm to 100 nm (Figure 4a,b). The
structures are also e�ectively functionalized with Ni3S2 after
the sulfurization processing as shown in the XRD spectrum
(Figure 4c).
We apply such a foam toward high-speed mercury removal

from water, where the features of hundreds of micrometers
permit rapid water flux through the foam and the high-density
100 nm pores readily provide large interfacial area with water
flows for e�ective mercury absorption. To controllably induce
water flow through the foam, it is held stationarily and fully
immersed in 14 mL of water in a customized motor-driven
rotary cup, which is designed and prototyped using 3D
printing as shown in Figure 4d. In a typical experiment, a 1 × 2
cm2 npDF_S sample is placed in water with 200 ppb of
mercury at the center of the cylindrical rotary cup. Then, the
motor drives the water-decontamination device to spin from
180 to 540 rpm, which e�ectively forces water flowing through
the npDF_S hierarchical foam.
Owing to the ultrahigh surface areas, a stationary npDF_S

foam can instantly reduce water of 200 ppb Hg to 33 ppb in
∼1 s (Figure 4e) and further to 25 ppb in 30 min (Figure 4f).
In contrast, sulfurized Ni foams, the substrate of the
hierarchical superstructures, can only reduce Hg to 153 ppb
after dipping (∼1 s), supporting the remarkable surface-area
enhancement e�ect (Figure S7). However, it can be seen that
the decontamination speed of the npDF_S foam rapidly
decreases with time. To accelerate Hg removal, we leverage the

Figure 3. Systematic optimization of surface-area enhancement of Ni foams via electrochemical deposition and subtractive etching. (a) Overall,
ECSA surface areas monotonically increase with total deposited charges (100−600 C) at an optimized Cu concentration at 0.01−0.07 M in
electrolyte (b) in the range of 0.01−0.1 M. (c) Comprehensive heatmap readily identifies optimized conditions (Cu concentration and total
charges) for ECSA surface-area enhancement to ∼80-fold. (d) Electroetching of Cu enables nanopore formation, the extent of which increases with
Cu concentration. (e, f) The same approach has been validated on various conductive substrates, including (e) carbon cloths (f) and Ni foil.
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advantageous multilevel hierarchy of the superstructures and
generate flows by rotating the water-treatment cup. It is found
that Hg concentration in water monotonically reduces with an
increase of rotating speed. At 540 rpm, it only takes 0.5 h to
reduce Hg level to 2 ppb (Figure 4f), reaching the drinkable
standard recommended by The U.S. Environmental Protection
Agency (EPA).60 When rotating at a lower speed of 180 rpm, it
can take 3 h for reducing Hg to the same level, 2 ppb, and a
total of 6 h to reach 1 ppb (Figure 4e), suggesting the
important role of water flow for accelerating water decontami-
nation. In comparison, the control sample, sulfurized Ni foam,
can only remove 51.4% of Hg to 97 ppb after rotating at 540
rpm for 0.5 h (Figure S7). Moreover, the strategical multilevel
structural design not only permits rapid water transport and
3D water-device interactions for flow-enhanced mercury
removal but also requires a lower energy consumption, 11%
by estimation, compared to those nonhierarchical nanoporous
structures (Supporting Note S3, Figures S8 and S9). Indeed,
such a design is advantageous in meeting the demand of
advanced applications that require both high flow transport
and large surface area for enhanced reaction, such as water
treatment, electrodes for energy storage, and electrochemical
catalysis. After the mercury absorption, approaches are
available for regenerating the npDF_S substrates. For instance,
it has been reported that the reduction-and-volatilization

methods can catalytically reduce Hg2+ to Hg0 in disodium
citrate, followed by the volatilization of mercury at 80 °C.61,62

■ CONCLUSION

In conclusion, we propose and successfully validate an
innovative, rational, and general method for substantially
increasing the surface area of a given substrate via creating
multilevel-featured superstructures using synergistic additive
and subtractive electrochemical processes. Such a structure is
inspired by the ubiquitously observed counterpart biological
systems, such as lungs of vertebrates containing highly
branched airways connecting numerous small alveoli. Akin to
their biological counterparts, our strategically created inorganic
superstructures with features ranging from 100 μm to less than
100 nm provide both high mass-transport conductance and
large surface-area for rapid chemical reaction, as demonstrated
in the multifold flow-flux enhanced water remediation. Such a
design is also advantageous in its reduced energy consumption
for flow-assisted applications compared to that of a solid
structure.
Importantly, the fabrication strategy permits the making of

such structures on a variety of electrically conductive
substrates, not only on metallic substrates such as Cu and Ni
but also on films such as carbon cloth and even metallic foils.
The specific surface area can be robustly promoted by 2 orders
of magnitude compared to the starting substrates, which is
among the highest enhancements reported so far. Overall, this
research provides a practically viable, low-cost, and applicable
approach for creating hierarchical features and enhancing
surface areas. It is expected to broadly impact energy storage
devices, electrocatalysis, water treatment, and tissue engineer-
ing.

■ EXPERIMENTAL SECTION

Synthesis of High-Density Microbranches on a Conducting
Substrate. Sample Preparation. The dendritic foam (DF) was
synthesized on an electrically conductive substrate including nickel
foams (NF), Ni foils, and carbon cloth (CC). The substate, such as a
piece of commercial nickel foam rolled to 200 μm in thickness (NF, 2
× 4 cm2, MTI Corporation, CA, USA, Cat. # EQ-bcnf-16m), was
successively cleaned by acetone, sulfuric acid (H2SO4, 3 M), and DI
water to remove the surface oxide layer. For carbon cloth, it was
immersed in 4 M HNO3 at 60 °C for 4 h to induce hydrophilicity.
After rinsing with DI water and dried in air, the material was subjected
to the following fabrication steps.

Fabrication Step 1: Growth of Diverging Ni/Cu Microbranches.
The Ni/Cu microbranches were electrodeposited at −1.4 V (vs Ag/
AgCl, 3 M NaCl) for 150 C in an electrolyte made of copper sulfate
(CuSO4, 0.0025 M), nickel chloride (NiCl2, 0.1 M), and boric acid
(H3BO3, 0.323 M), where nickel foils (Alfa Aesar, Ward Hill, MA)
were used as the counter electrodes. The electrodeposition is assisted
by magnetic stirring at a speed of 120 rpm and repeated 4 times with
the substrate, such as NF, flipped upside-down each time for uniform
coverage of the microbranches. The resultant substrate was rinsed
with DI water and ethanol and dried overnight in a vacuum dryer.
Next, the sample was rapidly annealed for 5 min at 1000 °C in a tube
furnace (Lindberg/Blue M Mini-Mite Tube Furnaces, Thermo
Scientific) with a flow of mixed hydrogen (H2, 5 sccm) and nitrogen
(N2, 50 sccm) of about 440 mTorr to improve the mechanical
adhesion strength between the ramified microbranches and the foam
substrates. After annealing, the highly branched foam was cooled to
room temperature and cut into two pieces of 1 × 4 cm2 each for
further use.

Fabrication Step 2: Large-Scale Creation of a Nanoporous Layer
on a Highly Branched Foam. A typical electrolyte for making a
highly branched nanoporous dendritic foam (npDF) is 0.4 M NiSO4,

Figure 4. (a, b) SEM images of the sulfurization of 3D multilevel
porous Ni results in hierarchical structures with enriched Ni3S2 and
(c) X-ray di�raction characterization. (d) The hierarchical structure is
integrated into a rotary Hg-removal device, which o�ers reduced
energy consumption and flow-enhanced e�ciency in Hg removal.
Inset: photo of a 3D-printed device prototype. (e) Hg removal
e�ciency monotonically increases with (e) operation duration (180
rpm) and (f) device rotation speed (30 min). Hg is successfully
removed from water reaching the 2 ppb as safety level set by the EPA
of US in 30 min at 540 rpm, in contrast to 3 h needed at 180 rpm.
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0.65 M H3BO3, and 0.05 M CuSO4. The concentration of CuSO4 was
varied to optimize the resulting product, ranging from 0.01 to 0.10 M.
The electrodeposition was carried out at −1.0 V (vs Ag/AgCl, 3 M
NaCl), with charges changing from −100 to −600 C in a 3-electrode
configuration. Because the actual immersed area of the foam is only 1
× 3 cm2 (1 × 1 cm2 is above the surface of the electrolyte), the
corresponding deposition charge density is 16.7−100 C/cm2 with the
consideration of the double-sided deposition. A piece of Ni foil
worked as the counter electrode. Once the electrodeposition was
accomplished, electrochemical etching was performed at 0.5 V (vs
Ag/AgCl, 3 M NaCl) until the electric current was reduced to <14
mA. At this current density, it was found that the etching process
became extremely slow, indicating that Cu was mostly removed. Next,
the npDFs were rinsed by DI water for at least 1 min to remove any
remaining electrolyte and dried in air.
Hydrothermal Sulfurization of NpDF_S and NF_S. The

obtained npDF or Ni foam (NF) was immersed into a 50 mL
autoclave containing a mixture of 35 mL of DI water and 0.6 g of
thiourea followed by autoclaving at 120 °C for 6 h. After the
hydrothermal reaction, the npDF_S or NF_S was taken out after the
solution is cooled to room temperature and rinsed by DI water
carefully for 1 min before dried in air.
Demonstration for Water Decontamination. The npDF_S

was trimmed into a piece of 1 × 2 cm2. Then it was attached to a
platinum foil via a Kapton-tape-covered binder clip. Then this
combination was set on a rack on top of the water treatment
prototype and fully immersed in a Hg-contaminated water sample.
The cylindrical water treatment prototype can be readily rotated and
controlled by a programmable motor under it. The rotation readily
forced the water body to pass through the hierarchical structures of
the npDF_S. The rotating speed was controlled to 180, 360, and 540
rpm.
Electrochemical Surface Area Tests. The electrochemical

surface area tests were carried out in a three-electrode cell setup in
potassium hydroxide solution (1 M KOH, aq); a carbon rod served as
the counter electrode, and Hg/HgO (1 M NaOH, aq) served as the
reference electrode.

■ ASSOCIATED CONTENT

*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.4c10548.

Calculation of the BET surface area of nanopores,
discussion of the optimization of the formation of the
nanopores, and simulation results of the energy
consumption for plate substrate and porous substrate;
figures of SEM images, cyclic voltammogram, and
chronoamperometry (PDF)

■ AUTHOR INFORMATION

Corresponding Author

Donglei Emma Fan − Materials Science and Engineering
Program, Texas Materials Institute, The University of Texas
at Austin, Austin, Texas 78712, United States; Walker
Department of Mechanical Engineering and Chandra
Department of Electrical and Computer Engineering, The
University of Texas at Austin, Austin, Texas 78712, United
States; orcid.org/0000-0002-4724-2483; Email: dfan@
austin.utexas.edu

Authors

Yifei Liu − Materials Science and Engineering Program, Texas
Materials Institute, The University of Texas at Austin, Austin,
Texas 78712, United States; orcid.org/0000-0003-0247-
1247

Ajit K. Roy − Air Force Research Laboratory, Materials and
Manufacturing, Dayton, Ohio 45402, United States;
orcid.org/0000-0002-3344-7437

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.4c10548

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The authors are grateful for support from Welch Foundation
(F-1734) and National Science Foundation (grant #1563382).
This research also received support from the National Science
Foundation grant #1930649 via INTERN project and National
Institutes of Health grant #1R43ES037145-01 in part.

■ REFERENCES

(1) Hsia, C. C. W.; Hyde, D. M.; Weibel, E. R. Lung Structure and
the Intrinsic Challenges of Gas Exchange. Comprehensive Physiology
2016, 6, 827−895.
(2) Bard, A. J.; Faulkner, L. R.; White, H. S. Electrochemical Methods:
Fundamentals and Applications; John Wiley & Sons: 2001.
(3) Trogadas, P.; Ramani, V.; Strasser, P.; Fuller, T. F.; Coppens,
M.-O. Hierarchically Structured Nanomaterials for Electrochemical
Energy Conversion. Angew. Chem., Int. Ed. 2016, 55 (1), 122−148.
(4) Trogadas, P.; Cho, J. I. S.; Neville, T. P.; Marquis, J.; Wu, B.;
Brett, D. J. L.; Coppens, M.-O. A Lung-Inspired Approach to Scalable
and Robust Fuel Cell Design. Energy Environ. Sci. 2018, 11 (1), 136−

143.
(5) García-López, I.; Arenas, L. F.; Turek, T.; Águeda, V. I.; Garrido-
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