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Additive manufacturing technologies have been proved as a promising method to achieve electrocatalysts with
periodic micro-size pores, while the nano-sized interspace of the material structures and their corresponding gas
bubbles transfer process are not explored in detail. Herein, we employ the shear force alignment in additive
manufacturing to design NiMo-based structures with anisotropic porous channels as electrocatalysts for
hydrogen evolution reaction (HER) in seawater. Based on the complementary experimental and theoretical

investigation, the unique anisotropic structure not only fully exposes the active sites in the electrolyte, but also
facilitates the rapid electrolyte-hydrogen phase conversion during electrochemical reactions. In this case, the
obtained 3D electrode exhibits superior electrocatalytic performance and excellent long-term operational sta-
bility with an extremely low overpotential of ~150 mV at a current density of 500 mA/cm? in 1 M KOH seawater.
This work will provide a practical scenario for designing highly-efficient HER electrocatalysts.

1. Introduction

Electrochemical water splitting powered by renewable energy
sources is capable of producing high purity hydrogen on a large scale
with zero carbon emissions, which is considered a promising solution to
tackle the energy crisis and associated environmental pollution [1-3].
However, the scarcity, high cost and unsatisfied stability of noble metal
catalysts have significantly restricted the development of commercial
water electrolyzer systems [4-6]. In this case, it is important to develop
the highly-efficient and robust electrocatalysts based on non-noble
metals for deployment in industry.

In general, there are two typical strategies employed to improve the
activity of electrocatalysts: (i) enhancing the intrinsic activity of single

active site and (ii) increasing the exposed number of active sites [1,7-9].
Until now, various kinds of modification methods have been explored to
alter the surface electronic structures of catalysts with the aim to
maximize the activity of a single active site, including cation/anion
doping, defect manipulation, surface strain modification, and facet and
crystal phase engineering [10-12]. At the same time, the electrocatalysts
are always prepared in-situ on the three-dimensional (3D) conductive
substrate, such as metal foam [13,14], carbon cloth [15,16], and etc.
This fabrication scheme would effectively improve the contact between
catalysts and current collectors, which is able to reduce the concentra-
tion of electrically insulating junction points among the catalyst parti-
cles, ultimately leading to the higher electrochemical active surface area
(ECSA) and charge carrier transfer efficiency [17,18].
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Nevertheless, even though there are catalysts developed based on the
above two strategies, their electrochemical performance is still from
satisfactory. One main limitation may be attributed to the slow
detachment process of gas bubbles produced on the catalyst surface
[19-21]. It turns out that the gas bubble release from electrodes plays a
dictating role in enhancing the efficiency of electrochemical water
splitting. Especially for the operating condition of high current density,
extensive amounts of gas bubbles are easily formed on the electrodes,
blocking large portions of the catalytically active surface area [22]. This
blockage would increase the bubble ohmic overpotential and limit the
hydrogen production rate. Therefore, taking all these factors into ac-
count, the promising candidate for commercially available electro-
catalysts should simultaneously provide (i) the capability for
manufacturing by a large-scale and low-cost process; (ii) the maximum
exposed ECSA in electrolytes; (iii) the proper electronic structure of
active sites; (iv) the quick conversion between gas bubbles and elec-
trolytes on the electrode surface.

Recently, for electrochemical applications, 3D printing technologies
have been widely employed to design and fabricate hierarchical elec-
trodes with periodic micro-size pores, exhibiting unique physical and
mechanical properties [23-25]. Particularly, once the gas bubbles
nucleate and grow on the electrode surface during electrochemical re-
actions, they will rise under the influence of buoyancy in the electrolyte.
Compared with the irregular pores randomly scattered in the internal
space of commercial 3D substrates, the ordered micron-sized pores in
the 3D-printed periodic structure would effectively reduce the frequency
of bubble collisions and deformations, thus resulting in a quick bubble
release. In any case, the study of gas bubbles dynamics was mostly
focused on the pores (usually several hundred micrometers) in the
literature, the gas bubble transfer behaviors in the interspace of the
material structures (in the order of tens to hundreds of nanometers) was
rarely investigated.

Herein, we employ a direct ink writing, one of the most popular
additive manufacturing technologies, to fabricate NiMo-based struc-
tures with anisotropic porous channels as electrocatalysts for hydrogen
evolution reaction (HER) in seawater. The ECSA (geometric area) and
the ECSA-specific activity (mass activity per ECSA) of prepared 3D
structures are impressively high, demonstrating their effectiveness for
contacts between electrocatalysts and electrolytes as well as their ad-
vantages for optimizing gas bubble transfer behaviors. The visualization
experiments and the computational simulation studies are then per-
formed to reveal the important role of capillary force during gas bubble
release and electrolyte phase conversion process. Combined with the
electrochemical measurement, it is evident that the 3D-printed elec-
trodes exhibit superior electrocatalytic performance and excellent long-
term operational stability with an extremely low overpotential of ~150
mV at a current density of 500 mA/cm? in 1 M KOH seawater. All these
findings would provide valuable insights into the design of highly effi-
cient electrocatalysts through additive manufacturing for future high-
purity hydrogen production.

2. Materials and methods
2.1. Preparation of NiMo nanorods

NiMo nanorods were prepared based on our previous reports with a
slight modification. Typically, 2.4 g of NiCl,-6HpO and 2.4 g of
NayMoOj4-2H,0 were dissolved in 20 mL of distilled water, respectively.
Then, the NiCly-6H,0 solution was added into the NayMoO4-2H,0 so-
lution slowly to form a clear and transparent mixture solution under
stirring condition. The mixture solution was next sealed into a 50 mL
size of Teflon-lined stainless steel autoclave reactor, which was heated at
140 °C for 12 h in an electric oven. After cooling the system to room
temperature naturally, the precipitates were gathered and washed
several times with ethanol and deionized water by centrifugation,
eventually vacuum dried at 60 °C overnight.
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2.2. Preparation of NiMo powders

Typically, 2.4 g NiCly-6H,0 and 5.6 g (NH4)gMo7024 were dissolved
in 50 mL distilled water, respectively. Then the NiCly-6H0 solution was
added into the (NH4)¢Mo7024 solution solwly at 80 °C under stirring
condition. The precipitates were gathered and washed several times
with ethanol and deionized water by centrifugation, then vacuum dried
at 60 °C overnight.

2.3. Preparation of 3D Printed NiMo Electrodes

To start with, the pluronic F127 powder (25 wt%) was mixed with
deionized water using a planetary mixer (ARE-310, Thinky) operated at
2000 rpm for 4 min to form the precursor ink, where the ink was then
placed at 4 °C overnight to have a complete dissolution. Next, the pre-
pared NiMo nanorods were mixed with the F127 precursor ink at a
weight ratio of 1:2 by the mixer operated at 2000 rpm for 2 min. After
that, the ink was loaded in a syringe and centrifuge at 4000 rpm for 2
min to remove all the air bubbles. The 3D structure was established at
room temperature using an extrusion-based 3D printer (BS5.1, GeSIM)
with a 600 um nozzle at a printing speed of 8 mm/s, a printing pressure
of 120-200 KPa, and a spacing distance of 1 mm. After molding, the
obtained 3D bulk materials were left to dry in ambient for 24 h to so-
lidify the printed structure by removing the excess aqueous solvent. The
composite was subsequently annealed at 500 °C for 2 h with a heating
rate of 1 °C min~! under air atmosphere followed by reduction treat-
ment under a Ar/Hs (200 scem/50 scem) environment for 2 h with a
heating rate of 5 °C min~! at 680 °C, 740 °C and 800 °C, respectively.
Once the structure was cooled to room temperature, the H, feeding was
stopped and 10 sccm Os/Ar (1:9) gas mixture were introduced for 30
min to passivate the surface. The mass of the printed 3D-printed elec-
trocatalyst was determined carefully by the balance. Specifically, the
mass of the fabricated 4 layers, 6 layers, and 8 layers 3D-printed NiMo
catalyst were 46 mg, 55 mg, and 66 mg, respectively. For comparison,
the NiMo powder was treated with the same process, except for no 3D
printing process introduced.

2.4. Characterization

The purity and crystalline structure of prepared samples were eval-
uated by powder X-ray diffraction (XRD) with a scan rate of 0.05° s~! in
a 20 scan ranging from 20° to 90° using a Bruker D2 Phaser (Bruker,
Billerica, MA, USA) instrument equipped with a monochromatic Cu-Ka
radiation. The morphology and dimension of obtained 3D electrodes
were assessed by a scanning electron microscope (SEM, Phenom Pro,
Phenom-World, The Netherlands) with an accelerating voltage of 10 kV
and a field-emission SEM (SU-8010, Hitachi, Tokyo, Japan) with an
accelerating voltage of 15 kV. Transmission electron microscopy (TEM)
and high-resolution (HR) TEM were conducted by a Tecnai G2 F30 (FEI,
Hillsboro, OR, USA) using an accelerating voltage of 200 kV. X-ray
photoelectron spectroscopy (XPS) was performed with a VG Multilab
2000 (Thermo Fisher Scientific, pWaltham, MA, USA) photoelectron
spectrometer using a monochromatic Al-Ka radiation under vacuum at a
pressure of 2 x 107° Pa.

The composition of seawater was measured using an inductively
coupled plasma atomic emission spectrometry (PE optima 8000). All the
binding energies were referenced to the Cls peak at 284.8 eV of the
surface adventitious carbon.

2.5. Electrochemical measurements

For the 3D-printed NiMo electrode, the electrocatalyst was fixed in a
home-made conductive support. For the NiMo powder-based electrode,
the well-dispersed powder catalyst ink was prepared by ultrasonication
with 15 mg of electrocatalyst, 10 pL of distilled water, 30 pL of ethanol,
5 pL of Nafion for 2 h. Then, 5 pL of the catalyst ink was pipetted onto the
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glass carbon electrode surface (5 mm in diameter, S = 0.19625 cm?). All
electrochemical characterization was investigated with a Gamry 300
electrochemical workstation connected with a standard three-electrode
configuration under 25 °C using a constant temperature bath. The
fabricated electrode sample was used as the working electrode. A satu-
rated calomel electrode (SCE) and a carbon rod were employed as the
reference electrode and counter electrode, respectively. All the reported
potentials were calibrated versus the reversible hydrogen electrode
(RHE) using the equation of Egyg = Egcg + (0.2415 + 0.059 x pH) V,
where Eryg was the potential referred to RHE and Egcg is the measured
potential against the SCE reference electrode. The electrochemical ac-
tivity of the samples towards HER was surveyed in 1 M KOH aqueous
solution (pH = 14) and seawater (Kowloon Bay, Hong Kong, pH =
13.98) by linear sweep voltammetry (LSV) at a scan rate of 5 mV s L. To
keep the electrode surface in a relatively stable state, several cyclic
voltammetry (CV) cycles were operated before the assessment of elec-
trochemical activity until the hydrogen evolution current showed the
unnoticeable change. Unless otherwise mentioned, the voltammograms
were recorded with the iR drop compensation automatically on the
workstation. Electrochemical impedance spectroscopy (EIS) was con-
ducted at 1.5 V (vs. RHE) over a frequency range of between 0.05 Hz and
100 kHz at 5 mV s~

3. Results and discussion
3.1. Preparation and characterization of 3DP NiMoAS and 3DP NiMoIS

In this work, the extrusion-based 3D printing was used to prepare the
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NiMo-based electrode with an obvious anisotropic structure, labelled as
3DP NiMoAS (Fig. 1a). The detailed manufacturing process was shown
in Fig. S1. In brief, based on our previous work, the multi-gram scale
NiMoO4 nanorods could be synthesized via a simple hydrothermal
method, with NiCl, and NayMoOy, as the precursors (Fig. S2 and S3)
[26]. The anisotropic structure was realized by the shear force inside of
the nozzle during the extrusion process [27]. For comparison, the 3D
printed NiMo-based electrode with an isotropic structure, labelled as
3DP NiMolIS, was also prepared with NiMoO4-xH20 nanoparticle/F127
as the printing ink (Fig. 1b and Fig. S4). The structural orientation of
these printed 3D electrodes was characterized in detail with scanning
electron microscopy (SEM). Since the NiMoO4-xH20 nanorods under-
went shear-induced alignment during the printing process, the orien-
tation of nanorods was long-range ordered with the assistance of F127
fluid (Fig. 1c and Fig. S5) [27]. Obviously, the 3DP NiMoAS kept the
long-range ordered structure under well-controlled processing parame-
ters, where the width of nanorods was around 37 nm, being consistent
with the TEM results. Especially, the nanorods were connected with
each other under high temperature to form a conductive network, which
can significantly reduce the number of electrically insulating junction
points [20]. Moreover, this unique structure allowed nearly all elec-
trocatalysts in the internal space to participate in the reaction, being
superior to conventional 3D substrates employed to maximize the en-
ergy conversion area (such as Ni foam [11], NiFe foam [14], carbon fiber
[28], etc.). When the nanorods were replaced with nanoparticles, the
disorderly cross-linked network was formed, which was consistent with
the previous studies (Fig. 1d) [29]. To further evaluate these anisotropic
and isotropic structures, Image-J software was used to visualize the local

Fig. 1. (a) and (b) were schematic diagrams of the preparation of 3DP NiMoAS and 3DP NiMolIS, respectively. (c) and (d) were their typical SEM images. (e) and (f)
were angular space correlation alignment intensity distributions of the 3DP NiMoAS and 3DP NiMolS, respectively. (g) the orientational parameter S determined
from the Image-J software. (h) and (i) were the XRD patterns and pore size distributions of the prepared samples.
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orientation of nanorods and nanoparticles (Fig. le and 1f). Compared
with the isotropic structure, the clear directionality peak at 0° of the
anisotropic structure evidently indicated that the nanorods were well
oriented by the shear force during printing (Fig. 1g) [30]. The X-ray
diffraction (XRD) results revealed that the crystal composition of 3DP
NiMoAS and 3DP NiMolS electrodes both compose of Mo (JCPDS
No0.42-1120), NisMo (JCPDS No.17-0572) and MoNis (JCPDS
No.65-5480) (Fig. 1h). This finding indicated that the only difference
between these two electrodes was the transfer channel orientation.
Fig. 1i exhibited the cumulative pore-volume and pore-size distribution
curves of the 3DP NiMoAS and 3DP NiMoIS obtained from
mercury-intrusion porosimeter method. Obvious sharp peaks were
observed in the logarithmic differential pore-volume distribution versus
pore size distribution plots, designating the uniform pore size distribu-
tion. The pore size of 3DP NiMoAS and 3DP NiMolS were close to 95.4
nm and 119.6 nm, respectively. The porosity analysis showed the
porosity and tortuosity of 3DP NiMoAS and 3DP NiMolS as 83.8%, 3.2%
and 64.0%, 14.2, respectively. Moreover, the total pore volume was
842.2 mm® g~! for 3DP NiMoAS, which was significantly higher than
that of 3DP NiMoIS with 349.2 mm?® g}, demonstrating a larger exposed
ECSA in the electrolyte.
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To demonstrate the rapid absorption and transfer ability of the low
tortuous anisotropic pore structure, the absorption performance of the
3DP NiMoAS electrode was conducted and compared with that of 3DP
NiMolS. In Fig. 2a and 2b, five typical digital images showed the elec-
trolyte absorption and transfer behavior of each electrode structure in
1 M KOH (dyed red for easy observation). Firstly, the apparent contact
angle was obtained via the Wilhelmy method [22]. It was clear that the
apparent contact angle of 3DP NiMoAS (~33°) was smaller than the one
of 3DP NiMolS (~40°). This result further demonstrated the in-
consistencies in the surface morphology and roughness caused by
different degrees of orientation between the 3DP NiMoAS and the 3DP
NiMolS. Moreover, the small contact angle (< 90°) indicated the elec-
trolyte with a Wenzel state on the surface being easier to penetrate into
the porous frame [22]. The Washburn equation could be used to
describe the relationship between the liquid absorption height and the
contact angle:

) Trycosd
="

where h was the liquid absorption height, r was the electrode radius, y
and n were the surface tension and viscosity of the electrolyte, 6 was the

Fig. 2. (a) and (b) were the successive digital photos of KOH liquid absorbing behavior of the 3DP NiMoAS and 3DP NiMolIS, respectively. (c) The height of the
absorbed liquid versus time. (d) and (e) were the proposed liquid transfer path in the inner space of the 3DP NiMoAS and 3DP NiMolS, respectively.
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contact angle between the electrode and the electrolyte [31]. Therefore,
the 3DP NiMoAS electrode with a smaller contact angle was expected to
have a faster absorption speed. As illustrated in Fig. 2c, the profiles of
absorption height versus time, recorded and calculated based on the
images, further supported the expectation. Based on the above analysis,
here, the orientation of transfer channels had a decisive effect on the
electrolyte absorption (Fig. 2d and e). Compared with the randomly
scattered nanopores in the 3DP NiMolS electrode, the long-distance
ordered channels with low curvature and small nanopore size gave
3DP NiMoAS a large capillary force, which facilitated electrolyte uptake
and transfer.

In order to evaluate the effect of orientation on the electrode more
intuitively, the gas bubble transport behavior of 3DP NiMoAS and 3DP
NiMolIS electrodes was investigated. When the applied potential on the
3DP NiMoAS electrode was — 10 mV (vs RHE), gas bubbles appeared at
the tip of the electrode, while no gas bubbles could be observed on the
electrode surface. With the increasing potential, a small amount of
bubbles started to appear on the electrode surface, but a larger number
of bubbles was coming out from the tip region (Fig. 3a). The surface was
not completely covered by gas bubbles until the applied cathode voltage
reached — 105 mV (vs RHE). When the voltage continued to increase,
the Hy generation density increased, and some bubbles would escape
along the direction perpendicular to the surface. However, once the 3DP
NiMolIS electrode was employed as a cathode, an additional increase in
the applied voltage (45 mV) was needed to initiate gas bubble detach-
ment on the electrode surface (Fig. 3b). More importantly, even when
the cathode voltage reached — 185 mV (vs RHE), gas bubbles only de-
tached from the electrode surface rather than the tip region. As dis-
played in Fig. 3c, the liner sweep curves showed that the 3DP NiMoAS
electrode had a better HER performance than that of the 3DP NiMoIS
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electrode. It should be noticed that the current density was normalized
via specific surface area (Fig. S6). Moreover, based on the electro-
chemical double-layer capacitance (Cq)) values of the electrodes ob-
tained from cyclic voltammetry curves, the 3DP NiMoAS electrode had a
similar ECSA with the one of 3DP NiMolS (Fig. 3d and Fig. S7). The
current densities normalized with ECSA could more accurately compare
the electrochemical activity of electrocatalysts. The 3DP NiMoAS elec-
trode still exhibited the higher performance as compared with that of
3DP NiMolS, indicating the transfer channels orientation had a signifi-
cant influence on the gas bubble transfer dynamic and thus affected the
corresponding electrochemical performance (Fig. 3e).

3.2. Proposed gas bubbles movement in the 3DP NiMoAS and 3DP
NiMoIS

At the same time, it was important to unveil the relationship between
the transfer channel orientation and the electrolyte/gas transport
behavior in more detail. In this case, a series of simulations were carried
out. Firstly, a 3D visualization of the 3DP NiMoAS structure was con-
structed based on the SEM images via quarter structure generation set
method (Fig. S8). The reconstructed 3DP NiMoAS model was featured
with nanoscale anisotropy transfer channels. The flow of electrolyte
through the interspace was investigated to visualize the transfer chan-
nels, as shown in Fig. 4a. The average electrolyte velocity was
1.8 x 10~* mm/ms and reached a maximum velocity of 1.4 x 10~*
mm/ms in the center of the channel for a constant pressure difference of
0.1 MPa applied to the flow field (Fig. S9). It was noted that the elec-
trolyte and hydrogen exhibited different transfer behaviors along with
the same direction, where the speed in the z-direction (i.e., parallel to
the channel) was greater than that in the y-direction (i.e., perpendicular

Fig. 3. (a) and (b) were the digital images of 3DP NiMoAS and 3DP NiMolIS electrodes recorded during the HER process. The marked potential was versus RHE. (c)
and (d) were the LSV curves and the current density difference (Aj = j, —jc)/2 at — 0.85 V plotted against the scan rate; the Cq values for the catalysts were estimated

through linear fitting of the plots. (e) LSV curves based on the normalized ECSA.
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Fig. 4. (a) Simulated electrolyte flow through the 3DP NiMoAS electrode. (b) Electrolyte and H, gas bubble transfer velocity in y-axis and z-axis. (c) Capillary
pressure versus saturation curves for drainage and imbibition of the electrolyte. (d) Visualization of the flow process of KOH displacing hydrogen, red color: hydrogen
gas; blue color: electrolyte; phi was used to distinguish the variable of electrolyte and hydrogen, — 1 refers to electrolyte and 1 refers to the hydrogen. (e) Proposed
gas bubble transfer pathway in the 3DP NiMoAS and 3DP NiMolIS electrodes. G referred to gravity; orange arrow referred to surface tension force; black arrow
referred to buoyancy; red arrow referred to migration force in the horizontal direction; yellow arrow referred to migration force in the vertical direction.

to the channel) (Fig. 4b). In particular, along with the z-direction, the
volcano-type relationship was observed between the hydrogen satura-
tion and the gas/electrolyte transfer velocity, in which the electrolyte
and gas transfer velocity reached the maximum value of 2.6 x 1073
mm/ms and 2.0 x 10~> mm/ms, respectively, for a gas saturation of 0.4.
Capillary pressure versus saturation curves for drainage and imbibition
were also simulated to investigate the electrolyte (wetting phase)/
hydrogen (non-wetting phase) transport behavior (Fig. 4c). Drainage
condition described the process of non-wetting phase driving the wet-
ting phase in the transfer channel, while imbibition condition was the
opposite, describing the process of wetting phase driving the non-
wetting phase [32]. A typical hysteresis between drainage and imbibi-
tion was observed, where the capillary pressure needed for pushing
hydrogen out of the interspace was smaller than that pushing electrolyte
out of the interspace. A capillary pressure of 1.2 x 10* KPa and
3.5 x 10* KPa was then needed to get a full wetting phase saturation and
a full non-wetting phase saturation, correspondingly. Fig. 4d provided a
more direct observation on the electrolyte permeability process in the
existence of hydrogen. The nanosized channel was evidently beneficial
for the transport of the wetting phase (Fig. S10).

In fact, for the electrocatalytic process carried out in porous struc-
tures, the gas bubble generation and release usually underwent three
processes: (i) nucleation and growth on the surface, (ii) coalescence/
trapping inside the framework, and (iii) detachment from the porous
structure [33]. Specifically, the gas bubbles are first nucleated and
grown on the catalyst surface. As the time prolongs, the volume of the
bubble increased, and the associated buoyancy (F,) would increase

accordingly (Fp= ApVg, where Ap was the density difference between
gas and liquid, V was the volume of gas bubbles, g was the gravitational
acceleration). It should be noticed that the critical size of generated Hy
on the surface is around 5 nm [33]. Thus, when the buoyancy force was
greater than the surface tension force at the bubble-catalyst interface,
the bubbles would be driven up by buoyancy and then squeezed inside
the porous framework, fused, and left the porous catalyst. In this work,
in addition to the buoyancy force and the interface surface tension force,
the existence of capillary pressure was obviously observed in both
isotropic and anisotropic structures. For the 3DP NiMolIS electrode, due
to the disordered distribution of irregular nanosized pores and tortuous
paths, the frequency of bubble deformation and collision increased even
with the participation of capillary pressure here. This increased fre-
quency leaded to an enhancement of the transfer distance and transfer
time, where the increased residence time of non-conductive gas bubbles
in the interspace would significantly reduce the ECSA. However, for the
3DP NiMoAS electrode, the influence of capillary pressure on the bubble
transport process could not be neglected. Similarly, when the force
balance between buoyancy and interface surface tension at the bub-
ble/catalyst interface was broken, bubbles will rise driven by the
buoyancy force. During the ascent, the gas bubbles were not only
affected by the buoyancy force but also by the electrolyte migration
force caused by capillary pressure. It should be noted that the electrolyte
migration force was distinctly different from the buoyancy force. The
direction of buoyancy was always upward, while the electrolyte
migration force had two directions inserted onto the bubbles: parallel to
the channel and perpendicular to the channel, which was resulted from
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the difference in electrolyte concentration between the surface and the
interior of the catalyst rod when the bubbles were generated on the inner
surface (Fig. 4e). Therefore, for the 3DP NiMoAS electrode, when bub-
bles left the catalyst surface, they were subjected to the upward buoy-
ancy force in the electrolyte, electrolyte penetration pressure parallel to
the channel, and penetration pressure perpendicular to the channel.
Under the combined action of these three forces, hydrogen was pushed
out of the structure along the channels.

3.3. Electrochemical performance of 3DPM NiMoAS

After proving the superiority of the anisotropic structure by com-
plementary experimental and stimulation works, a large-area multilayer
3D NiMo-based electrocatalyst assembled by 3DP NiMoAS (3DPM
NiMoAS) was printed and corresponding electrochemical measurements
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were tested in a three-electrode configuration with 1 M KOH seawater
(pH=13.98, Table S1) [34]. In order to optimize the 3D multiscale
structure, the electrochemical properties of 3DPM NiMoAS electro-
catalysts with different layers (including 4 layers, 6 layers and 8 layers)
prepared at 740 °C were first evaluated, as shown in Fig. 5a. It was
remarkable that the NiMo-based powder exhibits the highest over-
potential at the current density of 100 mA/cm?, while the performance
of 3DPM NiMoAS electrodes got enhanced substantially. The 3DPM
NiMoAS-8 L showed the most outstanding performance among these
samples. At only 282 mV, it could provide a geometric current density of
~500 mA/cm?. The Tafel slopes of the samples were then obtained,
which elucidated the electron transfer kinetics [35]. As depicted in
Fig. 5b, the fitted Tafel slope of 3DPM NiMoAS-8 L was 92.7 mV dec™!
when the overpotential was less than 120 mV. This overpotential was
smaller than those of 3DPM NiMoAS-4 L (160.8 mV dec’l), 3DPM

Fig. 5. (a) HER polarization curves obtained with the NiMo foam with 4 layers, 6 layers and 8 layers of catalyst structures. The NiMo powders were prepared at
740 °C characterized in 1 M KOH seawater electrolyte. (b) Corresponding Tafel slopes. (c) Comparison of the mass activity among the samples with different layers
and with powders. (d) ECSA values obtained from CV curves. (e) HER polarization curves obtained with the NiMo foam with 6 layers of catalyst structures prepared
at 680 °C, 740 °C and 800 °C, respectively. (f) Plots showing the extraction of the Cq; values; (g) chronoamperometric test of the NiMo foam with 6 layers of catalyst
structures prepared at 680 °C in 1 M KOH seawater with a current density of 500 mA/cm?.



X. Buetal

NiMoAS-6 L (117.7 mV dec™!) and NiMo powder (190.2 mV dec™1),
respectively. While the overpotential was larger than 120 mV, the Tafel
slope of 3DPM NiMoAS-8 L approached 208.4 mV dec™!, indicating a
low electron transfer process at large current densities, which was
attributed to the limited gas bubble movement within the 3D framework
as discussed above [20]. Since the 3DPM NiMoAS electrode had a larger
surface area, the comparison of current density obtained from geometric
area would provide limited information on the superiority of the 3D
print technology [36]. Therefore, it was necessary to evaluate the HER
performance in terms of the mass activity, where the linear sweeping
curves were normalized by metal loading amount. As illustrated in
Fig. 5c, the highest mass activity among the 3DPM NiMoAS samples was
obtained for 3DPM NiMoAS-6 L with the values of 4.7 mA mg@l,o_g Vs
which corresponded to 9.1 times of the mass activity of NiMo powder
(0.5 mA mg@l_o,go v). Moreover, to investigate the ECSA of prepared
samples, the electrochemical double layer capacitance was obtained
from the CV curves characterized in the non-Faradaic region (Fig. S11)
[37]. The summarized results of ECSA-specific geometric area and
ECSA-specific mass activity values were presented in Fig. 5d, suggesting
that all the 3DPM NiMoAS samples showed the better performance than
the powder-based NiMo electrocatalysts. Notably, the ECSA could be
affected not only by the mass transport of products formed within the
nanostructure but also by their conductivity. In this case, the Nyquist
plots of these samples measured at an overpotential of 100 mV were
shown in Fig. S12, revealing that the water inside the well-defined
nanoscale pores could provide ionic conductance over a short distance
in the 3D long-range ordered structure [19]. The results of SEM, digital
photograph, XRD and XPS demonstrated the important effect of tem-
perature on the morphology and electronic structure modification of
catalysts, with detailed information complied in Fig. S13-16.

After confirming the 6-layer structure for the maximization of cata-
lytic performance, the HER performance of the 3DPM NiMoAS-6 L
prepared with different temperatures was also evaluated in the 1 M KOH
seawater (Fig. 5e). Particularly, the overpotential of 3DPM NiMoAS-6 L-
680°C was found to be 128 mV when the current density was 500 mA/
cm?. This overpotential was 179 mV and 327 mV lower than those of the
3DPM NiMoAS-6 L-740°C and 3DPM NiMoAS-6 L-800°C, respectively.
The ECSA-specific geometric area in Fig. 5f indicated that the electronic
structure of active sites in the electrocatalysts prepared at the lower
temperature was more beneficial for the HER process (Fig. S17). How-
ever, the electrocatalyst processed at a lower temperature (<680 °C)
had poor mechanical property, being unable to solidify into a stable 3D
structure (Fig. S18). We further investigated the stability of 3DPM
NiMoAS-6L-680°C under electrocatalytic operation, where a long-term
CV test was performed at 500 mV s~ !. There was no obvious degrada-
tion observed for electrolysis even after a long period of 100 h, sug-
gesting the technological potential of employing these robust catalysts
over a long time for electrochemical applications (Fig. 5g).

4. Conclusions

In summary, we take advantages of the shear induced alignments of
3D printing technology to prepare the NiMo-based electrocatalysts with
anisotropic structures. Based on the complementary experimental and
theoretical investigation, the unique anisotropic structure not only fully
exposes the active sites in the electrolyte, but also facilitates the rapid
electrolyte-hydrogen phase conversion during electrochemical re-
actions. It is impressive that the obtained 3D electrode exhibits superior
electrocatalytic performance and excellent long-term operational sta-
bility with an extremely low overpotential of ~150 mV at a current
density of 500 mA/cm? in 1 M KOH seawater. These results will provide
important insights into the design of highly-efficient HER electro-
catalysts through additive manufacturing to develop hydrogen energy in
the future.
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