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Abstract

Mass transfer is critical for the reaction kinetics and efficiency of alkaline water splitting
(AWS). For AWS to operate at high current densities (hundreds of mA/cm?), the device
architecture must ensure a large catalytic surface area, rapid ion diffusion, and minimal solution
and charge transfer resistances. Effective electrodes should also facilitate gas bubble
detachment and release. 3D-printed electrodes have shown promise, but stacking them
increases ion diffusion length and solution resistance. We demonstrate a new device
architecture with interpenetrating gyroid electrodes, providing a large ion-accessible surface
area and gas diffusion channels. This design significantly reduces the inter-electrode distance,
lowering ion diffusion length and solution resistance. Simulations show faster ion diffusion
and higher current density in the interpenetrating configuration compared to separate electrodes.
This improved performance, especially at low temperatures and high current densities,
highlights a promising strategy for enhancing AWS and other electrochemical systems limited

by slow ion diffusion.
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Alkaline water splitting (AWS) is one of the most promising technologies for clean
hydrogen production.!”* To achieve high efficiency, enormous efforts have been made to
minimize the activation overpotential (nact) by increasing electrocatalysts’ intrinsic activity and
the number of active sites.*> Since AWS involves two gas evolution reactions occurring at the
gas-liquid-solid triple phase boundary, its performance is also heavily constrained by additional
extrinsic factors, especially at large current densities.®® For instance, the accumulation of
generated hydrogen and oxygen gas bubbles will block the electrode’s active sites, thus
elevating the nact of catalysts. These bubbles will also obstruct the current transport, leading to
additional ohmic overpotential (nohm).” With the recent advance in additive manufacturing,
various 3D architected electrodes have been fabricated to increase the active surface area and
facilitate the bubble’s quick detachment and release.!®!> However, simply stacking 3D
electrodes in parallel is not the optimal solution from a device perspective. An important factor
that has persistently been neglected is the mass transfer and related ions diffusion resistance
during AWS. The efficiency of ion diffusion in the electrolyte depends on the ion concentration
gradient and the distance between the anode and the cathode. Thick electrodes and stagnated
gas bubbles will add extra distance for ions diffusion or even impede liquid transport, resulting
in extended and inhomogeneous concentration gradients and a larger mass transport
overpotential (nmt). Current strategies to reduce this resistance mainly focus on increasing the
electrolyte conductivity by adding appropriate additives.!>!* Alternatively, proper arrangement
of 3D anodes and cathodes to shorten the inter-electrode distance is another practical and direct

approach to enhance ions diffusion at the device level.



Here, we present a new category of interpenetrating gyroids that comprise two
independent and disconnected lattices interwoven through the same volume as 3D electrode
configuration for AWS. The 3D porous anode and cathode can be integrated while maintaining
a constant distance in between, regardless of the thickness of the 3D structure. Notably, the
open structure for each single electrode can guarantee the quick release of bubbles in this
compact design.! In this work, we will use double gyroid interpenetrating Ni lattices as a
model system to validate this device concept. Simulation results reveal that ion diffusion
between the electrodes is significantly more efficient in the interpenetrating gyroid (3DIG)
structure compared to a configuration with separate gyroid electrodes (3DG). The 3DIG device
exhibits smaller solution and charge transfer resistances than 3DG. As a result, 3DIG achieves
significantly higher current densities than 3DG under the same applied voltage.

The double gyroid interpenetrating structure with a relative density of 30vol% is
illustrated in Figure 1a. A gyroid lattice is a triple periodic minimal surface structure with zero
mean curvature, where two disjointed bicontinuous struts are intertwined with smoothly curved
surfaces. Using two lattices of opposite chirality permits the construction of an interpenetrating
topology with the two opposite chirality gyroids (Gyroid 1 and Gyroid 2) connected at a subset
of their nodes. The high surface-to-volume ratio and the two-phase system are preferable
properties for developing 3D electrodes in electrocatalysis applications. Figure 1b shows the
fabrication process of 3DIG. The interpenetrating double gyroid structure was printed using a
commercial photo-curable plant-based resin (Elegoo). Then, we deposited metallic nickel (Ni)
onto this polymer substrate using a combination of electroless plating'® and electrodeposition'’

methods to turn it into a conductive substrate (Experimental Section). Ni was also chosen



because it is a widely used catalyst for AWS.!®!? Notably, part of the supporting structure for
the interpenetrating double gyroid structure was covered with tapes during the metallization
processes, so Gyroid 1 and Gyroid 2 are two individually addressable Ni electrodes. Once the
electrical contacts were made to the two electrodes, the entire 3DIG device was sealed with
epoxy to expose only the central interpenetrating gyroid structure for AWS (Figure 1c¢). The
digital image (Figure 1d) and scanning electron microscopy (SEM) image (Figure 1e) show
the interpenetrating gyroid structure of 3DIG. The strut thickness of 3DIG is measured to be
approximately 650 pum, with a pore size of 2.77 mm. The closest distance between the
metallized interpenetrating gyroid electrodes is only 0.2 mm. The electrodes exhibit a smooth
surface coating after metallization (Figure 1f), and there was no shortage between the
electrodes. Energy-dispersive X-ray spectroscopy (EDS) elemental mapping analysis on a
3DIG strut revealed a uniform distribution of Ni signal (Figure 1g). X-ray diffraction (XRD)
further confirmed the coating is metallic Ni (Figure S1, Supporting Information). Taken
together, these results support a uniform coverage of Ni on 3DIG. The control sample, 3DG,
was prepared using the same printing and metallization method, except the device contains
separate Gyroid 1 and Gyroid 2 electrodes (Figures S2 and S3, Supporting Information).
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Figure 1. (a) Schematic illustration of an interpenetrating gyroid structure. (b) Schematic
diagram showing the fabrication process of 3DIG. (c¢) Digital image of 3DIG. (d) Magnified
image of the region that is highlighted by the box in (c). Gyroid 1 and Gyroid 2 are highlighted
with red and blue curves, respectively. (e) SEM image of 3DIG shows the thickness and the
pore size. (f) SEM image shows the surface of a 3DIG strut after metallization. (g) EDS

elemental mapping of a single 3DIG strut shows uniform distribution of Ni signal.

To explore the impact of the interpenetrating 3D gyroid geometry structure on ionic
diffusion, we conducted simulations to track ion concentration within the electrolyte. This was
achieved by setting a constant concentration and voltage differential across two electrodes
(Experiment Section). Figure 2a depicts the electrolyte’s average ion concentration over time,
revealing that the 3DIG structure exhibits significantly faster kinetics and a greater ionic
transfer capacity between electrodes. This indicates that the interpenetrating structure not only
facilitates quicker ionic diffusion but also effectively utilizes more structure space for ionic
transfer. Figures 2b and 2¢ and Movies S1 and S2 (Supporting Information) further illustrate
this by showing the equilibrium concentration distribution in the structure, where a nearly
maximum normalized concentration is throughout the 3DIG cell, whereas only three-quarters
of the cell achieves saturation in the 3DG cell. This efficient spatial utilization in the 3DIG
structure, marked by enhanced kinetics and increased capacity, is attributed to its
interpenetrating design, promoting tight spatial integration between electrodes. This integration
ensures a uniform electric potential gradient, as demonstrated in Figure 2d, unlike the gradient

observed for the 3DG in Figure 2e. Given that the electric potential gradient primarily drives



ion motion, a consistent and extensive gradient is essential for achieving rapid kinetics and

high capacity.
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Figure 2. Simulation comparing ion diffusion kinetics in 3DIG and 3DG, driven by constant
concentration and electric potential gradients. (a) Average normalized ion concentration in the
electrolyte as a function of normalized time. Normalized equilibrium concentration distribution
in (b) 3DIG and (c¢) 3DG. Normalized electric potential gradient magnitude in (d) 3DIG and (e)

3DG.

We prepared several interpenetrating gyroid structures with different feature sizes (length
of repeating unit = 8, 6, and 4 mm) to investigate the size effect on their electrochemical activity
for AWS (Figure S4, Supporting Information). The physical dimensions of these
interpenetrating electrodes are listed in Table S1 (Supporting Information). The 3D printing

technique also enables the scalability of electrode size (Figure S5, Supporting Information).



Choosing these feature sizes is a result of balancing multiple parameters, including the
mechanical properties of printed materials, the electrode surface area, the strut thickness, and
the inter-electrode distance. Although further reducing the feature size of 3DIG is possible, it
is out of the scope of this work. We collected linear sweeping voltammograms (LSVs) from
the three 3DIG devices. Among them, the 4 mm device achieves the highest geometric current
density under the same applied voltage (Figure S6a, Supporting Information). To exclude
the effect of surface area, we normalized the current with respect to their electrochemically
active surface area (ECSA). Notably, the 4 mm device still shows the highest current density
(Figure S6b, Supporting Information), suggesting the enhancement is due to the shortening
of inter-electrode distance and, thus, ion diffusion length.

To validate the device concept of interpenetrated gyroid structure and the simulation
results, we compare the electrochemical performances of 3DIG and 3DG for AWS (Figure 3).
3DIG and 3DG were prepared using the same method, so they should have the same surface
and intrinsic catalytic properties. Given that they have the same geometric area and the total
electrode surface area, they are also expected to have a similar amount of catalytic active sites.
The only differences are electrode configuration (interpenetrating vs. separate) and device
volume (Figure S7, Supporting Information). The compact design of 3DIG reduces the
volume by 50% compared to 3DG. 3DG devices with various separations between the two
gyroid electrodes were tested (Figure S8, Supporting Information), and the 5 mm device was
chosen for comparison.

Figure 3a shows that 3DIG reaches an ultrahigh current density of 1000 mA cm™ at 2.85

V, while 3DG only reaches 225 mA cm™ at the same voltage. Since they have similar ECSA



(Figure S9, Supporting Information), 3DIG also has a substantially larger ECSA normalized
current density than 3DG (Figure 3b). Electrochemical impedance spectroscopy (EIS) analysis
(Figure 3c) suggests the enhanced AWS performance of 3DIG is due to the reduced solution
resistance (Rs) and charge transfer resistance (Rcr). Note that the two devices were made of the
same materials and tested in the same electrolyte (1.0 M KOH), so their electrical resistance
should be comparable. Therefore, the Rs and Rcr values reflect the ion diffusion efficiency

2021 which is anticipated to be different for the two device

between the two electrodes,
configurations. An equivalent circuit model was created to fit the Nyquist plots and estimate
the electrodes’ Rs and Rcr values (Figures 3d and 3e).?’ Significantly, 3DIG exhibits
considerably smaller Rs and Rcr values than 3DG, indicating more efficient ion diffusion in the
interpenetrating configuration, as predicted by simulation. Finally, we also tested 3DIG’s
electrochemical stability at an applied voltage of 2.4 V. As shown in Figure 3f, the initial
current density is 366 mA cm™, and it retains 97 % of its initial value after 100 hours. The

results prove that the interpenetrating device structure is mechanically and electrochemically

stable for AWS at a practically meaningful current density.
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Figure 3. LSVs of 3DIG and 3DG collected in 1.0 M KOH at a scan rate of 1 mV s™ are plotted
in (a) geometric current density and (b) ECSA normalized current density. (c) Nyquist plots of
3DIG and 3DG obtained in a frequency region ranging from 100 kHz to 1 Hz under an
amplitude of 5 mV. Circles represent experimental data. The solid lines represent fitting curves
based on the equivalent circuit model (inset). Histograms show the (d) Rs and (e) Rcr values of
3DIG and 3DG. (f) The current density of 3DIG obtained at 2.4 VV in 1.0 M KOH is plotted as

a function of time. Inset: digital image of 3DIG device during the AWS testing.

lon diffusion efficiency is known to be temperature dependent. The sluggish ion diffusion
at low temperatures poses a significant challenge for many electrochemical reactions, including
AWS.2® The interpenetrating structure could tackle this issue by substantially shortening the
inter-electrode distance. We investigated the performance of 3DIG and 3DG at three different
temperatures, 275, 298, and 318 K. As shown in Figure 4a, both 3DIG and 3DG show a

considerable enhancement in AWS performance with the temperature increase, as increasing



temperature helps overcome the reaction barriers and promotes ion diffusion.?* Notably, 3DIG
requires lower voltages to achieve the same current densities as 3DG at all temperatures we
studied. The 3DG/3DIG voltage ratios observed at 200 and 400 mA cm2 are plotted as a
function of temperature (Figure 4b). The two curves show the same trend: the ratio increases
with the decrease in temperature, and the voltage ratios obtained at 400 mA cm™ are
consistently larger than those obtained at 200 mA c¢m at all temperatures. These results show
that the interpenetrating structure plays an even more important role at lower temperatures and

higher current densities where ion diffusion is a bigger reaction limiting factor.

Furthermore, EIS analysis was employed to gain a quantitative understanding of the
influence of temperature on the ion diffusion efficiency (Figures 4c and 4d). While the
resistances increase with the decrease of temperatures for both samples, 3DIG always has
substantially smaller Rs and Rct values than 3DG under the same temperature (Figures 4e and
4f). Significantly, 3DIG exhibits fairly small Rs (1 Q cm™) and Rer (3.5 Q cm™) values even
at 275 K, indicating that ion diffusion and charge transfer are efficient. EIS analysis was also
conducted at different current densities of 10, 50, 100, and 200 mA cm? (Figure S10,
Supporting Information). The Rs values of both devices remained mostly unchanged with
increasing current density. On the other hand, their Rct values considerably decrease with the
increasing current density because there is a larger driving force for AWS at high current
densities.?>? While the values of Rct of 3DIG are still smaller than 3DG at all current densities
we measured, they become comparable at high current densities. The results suggest the
enhanced performance of 3DIG for the high-rate AWS could be primarily due to its

considerably smaller Rs value.
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Figure 4. (a) LSVs of 3DIG and 3DG collected in 1.0 M KOH at a scan rate of 1 mV s at
different temperatures. (b) The 3DG/3DIG voltage ratios obtained at 200 and 400 mA cm™ are
plotted as a function of temperature. Nyquist plots of (¢) 3DIG and (d) 3DG collected in a
frequency range from 100 kHz to 1 Hz at an amplitude of 5 mV at different temperatures.
Circles are experimental data. Solid lines are fitting curves based on the equivalent circuit

model. Histograms show the (e) Rs, and (f) Rcr of 3DIG and 3DG at different temperatures.

To further enhance the AWS performance of 3DIG, we electrodeposited metallic Ni
nanocones onto the gyroid electrode surface. Our previous work showed that the nanocone-
modified structure can promote gas bubble detachment by turning the electrode surface into
underwater superaerophobic.! We further decorated the nanocone surface with a layer of
NiFeOOH catalyst using a previously reported method.?” Figure 5a shows a digital image of

the 3DIG after these modifications (NiIFeOOH@3DIG). The shiny surface of 3DIG turned into



a dark grey color. SEM image revealed that the additional coating on the interpenetrating
electrodes was uniform and did not cause a shortage (Figure 5b). The magnified SEM image
confirmed the nanocone-modified surface morphology of NiFeOOH@3DIG (Figure Sc).
While the NiFeOOH catalyst layer was not observable under SEM, the elemental mapping
analysis shows an evenly distributed Fe signal on the strut, proving the successful deposition
of a uniform layer of NiFeOOH catalyst (Figure 5d). Significantly, NiFecOOH@3DIG shows

improved AWS compared to 3DIG by lowering the overpotential (Figure Se).

—— NiFeOOH@3DIG
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Figure 5. (a) Digital image and (b) SEM image of NiFeOOH@3DIG. (c) Magnified SEM
image showing the region highlighted by the box in (b). (d) EDS elemental mapping obtained
from a strut of NiFeOOH@3DIG shows the distribution of Fe signal. (¢) LSVs of 3DIG and

NiFeOOH@3DIG collected in 1.0 M KOH at a scan rate of I mV s\,



In summary, we have demonstrated a new and effective strategy to facilitate ion diffusion
for AWS by printing two gyroid electrodes in an interpenetrating configuration. 3D printing of
interpenetrating polymer substrate followed by Ni metallization represents a flexible device
fabrication method, which can be implemented not only for electrolyzers but also for many
other electrochemical systems. The interpenetrating design significantly shortens the ion
diffusion length, minimizes Rs, and boosts the rate of achieving concentration equilibrium. All
these factors are critical for supporting high-rate AWS. Therefore, 3DIG achieves substantially
higher current density than 3DG under the same applied voltage. The advantages of the
interpenetrating design are even more obvious at low temperatures where ion diffusion is
slower. The AWS performance of the interpenetrating structures can be further improved by
optimizing their geometry. For example, adjusting the thickness or shape of the strut can
increase surface area and shorten the inter-electrode distance. Additionally, exploring different
catalyst coatings may significantly enhance catalytic activity. These optimizations are expected
to improve mass transport and interfacial charge transfer, and thus enhance overall
electrochemical efficiency. Gas separation represents another challenge for implementing the
interpenetrating design in practical applications. One possible solution is to integrate the
interpenetrating electrode design with decoupled water electrolysis systems. For example,
Dotan et al. demonstrated a membrane-free flow electrolyzer, where hydrogen and oxygen
evolution reactions are separated into two steps: an electrochemical step and a spontaneous
chemical step, enabled by the addition of the Ni(OH)2/NiOOH redox couple.?® In this design,
interpenetrating electrodes could be used for cathode and anode without the need of a separator,

as hydrogen and oxygen are generated in different compartments. Another option is to include



a separator or membrane between the interpenetrating electrodes using additive manufacturing
methods. This separator would prevent gas mixing and provide channels to collect the gases
separately. While this is a technologically challenging task, we are optimistic that
advancements in additive manufacturing techniques can overcome this hurdle. Overall, our
findings offer a new perspective for designing and fabricating AWS electrolyzer (and other
electrochemical device) for supporting high-rate reactions and tackling the challenges of

sluggish ion diffusion.

Experimental Section

Chemical reagents

Potassium hydroxide (KOH, Fisher Chemical), sodium hydroxide (NaOH, Aladdin), tin(II)
chloride (SnCl2, Aladdin), hydrochloric acid (HCI, 12.0 M), palladium(II) chloride (PdClo,
Sigma), nickel sulfate (NiSO4, Aladdin), citric acid monohydrate (CcsHsO7-7H20, Aladdin),
sodium hypophosphite (NaH2PO2-H20, Fisher Chemical) and ammonium chloride (NH4Cl,
Spectrum), nickel (II) chloride hexahydrate (NiCl2:6H20 Fisher Chemical), iron chloride
hexahydrate (FeCls-6H20 Fisher Chemical) and ammonium bicarbonate (NHsHCOs3 Fisher

Chemical) were purchased and used directly without further purification.

Structural Characterization
The morphologies of samples were characterized by SEM (Hitachi S-4800 II). The crystal

phase of the as-prepared materials was investigated by XRD (Rigaku SmartLab). Elemental



analysis was collected by an SEM equipped with Thermo Fisher Apreo, Oxford Ultimax EDS,

Aztec 5.1.

3D Printing of 3DIG and 3DG electrodes

Commercial photo-curable plant-based resin (Elegoo) was used to print interpenetrating and
separate double gyroid lattices. A commercial stereolithography printer (Saturn 8K, Elegoo)
was used to produce parts. The double gyroid structures presented in this work were generated
in a commercial 3D computer graphics and computer-aided design application software
(Rhinoceros 3D). All 3D printed parts were rinsed and sonicated in isopropyl alcohol for
approximately 5 min. These cleaned parts were post-cured for 1 h at 60 °C by exposing them
to 405 nm light (Form Cure, Formlabs). All objects reported in this work were printed with a
layer thickness of 50 um. The duration of the UV exposure was 35 s for the first layer and 5 s
for the rest. The retraction velocity of the platform was set at 80 mm min™!. To increase the
hydrophilicity of the printed polymers, parts were plasma-treated using an air plasma cleaner
(Harrick Plasma) for 2 min at a radio-frequency power of 18 W. Physical dimensions of
interpenetrating electrodes with different unit cell lengths are listed in Table S1 (Supporting

Information).

Metallization of 3DIG and 3DG
3DIG and 3DG samples were metalized using an electroless Ni plating method followed by an
additional step of electrodeposition of Ni, as described in a previously reported method.!® The

as-printed structures were immersed in 300 ml of 1.0 M sodium hydroxide solution at 45 °C



for 30 minutes. Then, they were subsequently submerged in a solution containing 6 g of tin(II)
chloride and 6 ml of hydrochloric acid, and then another solution containing 60 mg of
palladium(II) chloride and 1.5 ml of hydrochloric acid. The samples were treated in each
solution at 45 °C for 60 minutes. Following these treatments, electroless Ni plating was
conducted by putting the samples in a 300 ml solution composed of 3.9 g of nickel sulfate, 6.3
g of citric acid, and 3.18 g of sodium hypophosphite at 70 °C for 10 minutes. The polymer
substrate after electroless Ni plating is called Polymer Substrate EP. The electroless nickel
plating process operates through a specific reaction mechanism. Initially, Sn®" ions are
absorbed onto the polymer surface through a sensitization process. Subsequently, during
activation, Pd nanoparticles serve as catalytic active sites, formed through a redox reaction
between Sn** and Pd*" (Pd** + Sn** — Pd + Sn*"). Following this, when the pre-treated 3D
polymer substrates are submerged in a solution containing Ni** ions and a reducing agent
(sodium hypophosphite), initial Ni-P metal nanoparticles adhere to the surface of previously
formed Pd nanoparticles. These nanoparticles act as seed crystals, expediting the formation of
a continuous and conformal Ni-P conductive layer. To further enhance electric conductivity,
electrodeposition of Ni was carried out in a two-electrode system, where Polymer Substrate EP
serves as the working electrode and a piece of Ni foam was used as the counter electrode. The
electrolyte solution contains 100 ml of 4 g nickel sulfate and 0.64 g ammonium chloride
solution. The electrodeposition was performed at 2 V for 1 hour. Then, the substrate was
washed with water and ethanol three times and dried under ambient conditions. The Polymer

Substrate EP after electrodeposition of an additional Ni layer is called 3DIG or 3DG.



Simulation
The diffusion equation (Eqn. 1), accounting for both concentration and potential gradients, is
employed to investigate the diffusion kinetics of 3DIG and 3DG cells,

dc

2=v-(p[ve+Zvg)), (Eqn. 1)

where ¢ isconcentration, D isionic diffusivity in the electrolyte, Z is the charge of the ionic
species, ¢ 1is the electric potential field, T is absolute temperature and k is the Boltzmann

constant. The electric potential field ¢ follows Poisson’s equation (Eqn. 2),

Vi =§ (Egn. 2)

where p and € are volumetric charge and permittivity. Unit cells of the 3DIG and 3DG
structures were respectively utilized as in the simulations. In the 3DG structure, the x and z
directions are treated as periodic, while the y direction is fixed to simulate two parallel,
separated electrodes. The same boundary conditions were also applied to the 3DIG for fair
comparison. We considered a dilute limit for solving the electric field distribution, which was
then used as input for the diffusion equation. All simulation parameters (Table S2, Supporting

Information) were non-dimensionalized to enhance the efficiency of numerical solutions.

Electrodeposition of nanocone on 3DIG

The electrode surface of 3DIG was modified to create nanocone Ni structures using a
previously reported method.'” The surface modification was performed in a three-electrode
system. 3DIG was used as the working electrode, Ag/AgCl as the reference electrode, and a
piece of nickel foam was used as the counter electrode. The electrolyte solution contains 0.84

M nickel (II) chloride hexahydrate, 1.4 M ammonium chloride, and 1 M boric acid. The



electrodeposition was performed at a fixed current density of 20 mA cm™ for 8 min at 60 °C.
The nanocone-modified 3DIG was thoroughly washed with DI water and ethanol and then

dried at ambient conditions.

Synthesis of NiFeEOOH@3DIG

NiFeOOH catalyst was deposited onto 3DIG using a previously reported method.?’” Nanocone-
modified 3DIG was immersed in a solution containing 0.814 mmol iron chloride hexahydrate
in 60 ml of ethanol. The samples are then immersed in a solution containing 0.814 mmol iron
chloride hexahydrate and 4.49 mmol ammonium bicarbonate in 60 ml of ethanol while stirring
for six hours at room temperature to obtain NiFeEOOH@3DIG. The sample was removed,

washed with DI water, and dried under ambient conditions.

Electrode fabrication

Conductive silver colloidal paint was used to attach a piece of Ni foil strip onto each of the two
stands of 3DIG or 3DG, so the two electrodes can be individually addressed. Then, epoxy was
used to cover the stands and the rest of the electrode, ensuring that only the central gyroid

structure was exposed for water splitting reaction.

Electrochemical measurements
Electrochemical measurements were performed for 3DIG or 3DG on the CHI 660D
electrochemical workstation in a two-electrode configuration in a 1.0 M KOH solution. For

each sample, cyclic voltammetry (CV) was first performed in a potential window of 0.6 to 3 V



for 40 cycles at a scan rate of 10 mV s, and then LSVs were collected at 1 mV s™. EIS
measurements were performed at the voltage corresponding to different current densities (10,
50, 100 and 200 mA cm), derived from the LSVs, utilizing a frequency range from 100 kHz
to 1 Hz, and an amplitude of 5 mV. The Rs and the Rcr were obtained from the Nyquist plots.
The water splitting stability test was performed at room temperature in a two-electrode
configuration at various voltages. ECSA was determined by measuring the capacitive current
associated with double-layer charging from the scan-rate dependence of CVs. LSV and EIS
data were collected at various temperatures by placing the electrocatalytic cell in a thermally

controlled water bath.

Supporting Information

Supporting Information is available from the ACS Online Library or from the author.
Figures S1-10, including XRD patterns, SEM images, SEM-EDS spectra, digital images,
LSV curves, CV curves at different scan rates, and Nyquist plots.

Movies S1-2 show ion diffusion in 3DIG and 3DG.
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