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ABSTRACT
Electrocatalytic water splitting represents a cornerstone for sustainable hydrogen production, yet its 
industrial implementation remains constrained by inherent trade-offs among activity, stability and 
mass transport efficiency. Achieving concurrent optimization of these properties in an integrated 
catalyst is challenging, as they are dictated by structures spanning multiple length scales. Here, we 
report a multiscale metamaterial catalyst design strategy that couples topology-engineered transport 
pathways with nanoglass heterointerface-regulated catalytic activity. Specifically, multiscale 
metamaterial catalysts (i.e. NiMo@Zr MMCs) are constructed by integrating micro-laser powder bed 
fusion-fabricated Zr-based metallic-glass triply periodic minimal surface scaffolds with 

pulsed-electrodeposition (PED)-derived NiMo nanoglass heterostructures. The Gyroid architecture 
provides enhanced permeability, efficient electrolyte/gas transport and mechanical robustness, while 
the abundant amorphous–amorphous interfaces within the NiMo nanoglass heterostructure optimize 
the local electronic environment and catalytic activity. Through the synergistic integration of topology 
engineering, metallic-glass scaffolds and nanoglass interface engineering, the resulting NiMo@G 

catalyst delivers record-low cell voltages for overall water splitting (1.438 V at 100 mA cm−2 in 1 M 

KOH) and outstanding long-term durability ( > 200 h). This work extends the concept of metamaterial 
catalysts from topology-controlled transport design to the coupling of transport and catalytic-interface 
engineering across multiple length scales, providing a generalizable framework for next-generation 

electrocatalysts. 

Keywords: additive manufacturing, metamaterial catalysts, overall water splitting, 
superhydrophilic/superaerophobic surface, heterostructure 
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tuning of active sites [9 ], nano-level facilitation of 
charge transfer [10 ], micro-level control over re- 
actant and product fluxes [11 ,12 ], to macro-level 
assurance of mechanical durability in operating 
devices [13 ]. However, simultaneously achieving 
multiscale design within a single catalyst sys- 
tem presents exceptional challenges due to the 
inherent conflicting structural features among 
functional requirements across different scales. 
For example, powder catalysts offer high spe- 
cific surface areas and abundant active sites at 
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NTRODUCTION 

ydrogen energy has emerged as a promising
ecarbonization vector, offering a carbon-neutral
lternative to fossil fuels [1 ,2 ]. Among various
ydrogen production routes, electrolytic water
plitting stands out for its sustainability, yet its
arge-scale deployment remains limited by the
ntrinsic inefficiency of current electrocatalysts
3 ]. The enhancement of electrocatalytic effi-
iency relies on a tightly coupled multiscale design

ramework [4 –8 ], spanning from atomic-level 

d by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided 
ed. 

https://doi.org/10.1093/nsr/nwag442
mailto:kehaibo@sslab.org.cn
mailto:kc.chan@polyu.edu.hk
mailto:whw@iphy.ac.cn
https://creativecommons.org/licenses/by/4.0/


Natl Sci Rev, 2026, Vol. 13, nwag442

a
The ossicles 

of starfish

TPMS-like 
microlattice

The spine of 
sea urchin

Macro-architecture 

Echinoderm-inspired 
architectures

modulation

Electronic structure
modulation

Surface 

Microstructure 
modulation

modulation

MG metamaterial catalysts

μLPBF

1 cm 1 mm 500 μm 50 μm 5 nm 0.1 nmEchinoderm

PED

iii

i

ii
iv

b

c

d

e

f

g

Figure 1. Multiscale design framework for topology-engineered metamaterial catalysts. (a) SEM images of sea urchin and starfish—(i) the 
microstructure of the ossicles of the starfish, (ii) localized magnified microstructure, (iii) the microstructure of the spine of the starfish and (iv) 
localized magnified microstructure. (b) Design concept of TPMS-based metallic glasses (MG) metamaterial scaffolds inspired by echinoderm 

stereom architectures. (c) SEM images of G-type MG microlattices fabricated by the additive manufacturing process. (d) SEM images of 
NiMo@Zr MMCs fabricated via the pulsed-electrodeposition (PED) process. (e) SEM images illustrating the hydrangea-like architecture of 
NiMo at the micro level. (f) HAADF-STEM images of the NiMo atomic structure. (g) Ni reaction sites in the atomic model of NiMo. 
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he atomic/nano scale, yet they typically suffer
rom poor adhesion stability and inadequate
harge-transfer pathways [14 ,15 ]. Conversely,
tructurally robust monolithic catalysts provide
echanical integrity at the macro scale but often

acrifice active site density and mass transport ef-
iciency [16 ,17 ]. Therefore, developing a holistic
esign paradigm capable of reconciling these mul-
iscale conflicts through coordinated architectural
nnovation has become an essential yet challeng-
ng pursuit in advanced catalyst engineering. 

Nature provides numerous examples of ar-
hitected materials that achieve multifunctional
ptimization through hierarchical organization
18 ,19 ]. Among them, marine echinoderms pos-
ess stereom structures consisting of highly porous
nd interconnected three-dimensional (3D) net-
orks [20 ,21 ] that simultaneously provide me-
hanical support [22 ], efficient fluid transport [23 ]
nd attachment sites [23 ] for biological tissues.
revious studies have shown that the morphology
f starfish ossicles (Fig. 1 a i and ii) resembles
iamond-type triply periodic minimal surface
TPMS) structures, while the medulla region of
heir spines [24 ] (Fig. 1 a iii and iv) exhibits cellular
eatures analogous to primitive- and diamond-
ype TPMS geometries [25 ,26 ]. Such naturally
ccurring systems illustrate how topology can
e exploited to integrate structural robustness
nd transport efficiency within a single frame-
ork. Inspired by these characteristics, TPMS
eometries were selected as the structural basis
or catalyst scaffold design in this work. In such
Page 2 of 12
systems, strut geometry, channel connectivity and 
pore-size distribution govern key characteristics 
including mechanical robustness, fluid transport, 
electrolyte accessibility and gas-release behavior 
[27 –29 ]. Owing to these topology-derived advan- 
tages, recent studies have proposed the concept of 
metamaterial catalysts, in which catalytic perfor- 
mance is enhanced through topology-controlled 
mass transport and mechanical optimization [28 ]. 

Despite these advances, most reported meta- 
material catalysts remain primarily focused on 

architectural design at the macro/mesoscale 
[28 ,30 ]. The active catalytic phase is typically in- 
troduced through spray coating [28 ], dip coating 
[31 ] or catalyst-ink deposition [32 ], while the mi- 
crostructural characteristics, interfacial structure 
and intrinsic catalytic activity of the deposited 
materials are rarely incorporated into the overall 
design strategy. As a result, the coupling between 

topology-controlled transport and micro-/nano- 
scale catalyst structure regulation remains largely 
unexplored. To fully exploit the potential of meta- 
material catalysts, scaffold architecture and active 
phase must be considered simultaneously. Devel- 
oping a multiscale metamaterial catalyst frame- 
work capable of integrating topology-engineered 
transport behavior with micro-/electronic-scale 
catalytic activity therefore represents an impor- 
tant yet largely unexplored direction. 

Metallic glasses (MGs) provide a unique 
platform for constructing architected catalyst 
scaffolds owing to their exceptional strength, 
corrosion resistance and structural homogeneity 
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27 ]. Beyond their structural role, the intrinsic
tomic disorder and nano-scale heterogeneity of
morphous materials have also been shown to
nfluence catalytic behavior [33 ,34 ]. The nano-
lass concept proposed by Gleiter and co-workers
35 ] has highlighted the unique role of abundant
lass–glass interfaces in tailoring the structural
nd functional properties of amorphous materials.
or example, Feng et al. reported that nano-scale
nterfacial heterogeneity in Ni–P MGs can ef-
ectively modulate local electronic structures
nd enhance electrocatalytic activity [36 ]. These
indings suggest that amorphous heterointerfaces
ay provide an additional design dimension

or extending metamaterial catalysts beyond
opology-controlled transport optimization. 

Guided by these insights, we propose a mul-
iscale metamaterial catalyst design strategy that
ouples topology-controlled mass transport with
anoglass heterointerface-controlled catalytic ac-
ivity within a single catalyst architecture. Specif-
cally, multiscale metamaterial catalysts (denoted
s NiMo@Zr MMCs) were constructed by inte-
rating micro-laser powder bed fusion ( μLPBF)-
abricated Zr-based MG TPMS scaffolds with
ulsed-electrodeposition (PED)-derived NiMo
anoglass heterostructures. The TPMS microlat-
ices fabricated via μLPBF (Fig. 1 b), which closely
esemble stereom geometries, are adopted as ideal
atalyst frameworks. Following 3D printing, Ni
nd Mo species were uniformly deposited onto
he surface of TPMS MG microlattices (Fig. 1 c)
hrough PED, forming the integrated NiMo@Zr
MC architecture illustrated in Fig. 1 d. By tun-

ng the PED parameters [37 ], we engineered
 hydrangea-like morphology with complex
rooves (Fig. 1 e) to optimize wettability and bub-
le adhesion behavior. Meanwhile, a nano-scale
isordered NiMo heterostructure was simulta-
eously formed (Fig. 1 f), where compositional
luctuations at the Ni78 Mo22 /Ni68 Mo32 interfaces
odulate the electronic states via d -band center

djustment (Fig. 1 g), thereby boosting the cat-
lytic activity. Through the synergistic coupling of
opology-controlled mass transport and interface-
ontrolled catalytic activity, the resulting system
stablishes a unified structure–transport–activity
ramework spanning from the macro-scale archi-
ecture to the nano-scale catalytic interface. At
ach scale, the structure is precisely tailored to op-
imize the corresponding performance, and these
ndividually controlled properties are integrated
nto a single catalyst through multiscale fabrica-
ion. Leveraging this multiscale design strategy,
he resulting NiMo@Zr MMCs exhibit remark-
ble superhydrophilic and superaerophobic
Page 3 of 12
properties, as well as exceptional bifunctional cat- 
alytic performance for both hydrogen evolution 

reaction (HER) and oxygen evolution reaction 

(OER). Impressively, the system achieves an ultra- 
low cell voltage of 1.438 V at j = 100 mA cm−2 in
alkaline media, along with outstanding durability 
exceeding 200 h for overall water splitting. 

RESULTS 

Mechanical and transport properties of 
topology-engineered MG scaffolds 
Three types of TPMS structures with high surface 
area and favorable permeability—Gyroid (G), 
Fischer–Koch S (S) and Diamond (D)—were 
selected as architectural models for fabricating Zr- 
based MG scaffolds ( Fig. S1). Zr-based MG lattices 
with varying geometries were successfully printed 
via μLPBF. X-ray diffraction (XRD) patterns 
( Fig. S2) revealed a broad halo diffraction peak 
in both the precursor powders and as-printed 
substrates, with no detectable crystalline Bragg 
reflections, confirming their fully amorphous 
structure. Each unit cell comprises solid shell 
phases and void channels with characteristic di- 
ameter d (Fig. 2 a). Micro-computed tomography 
(micro-CT) reconstruction (Fig. 2 b) verified the 
high geometric fidelity and printing quality of 
the structures. A single-channel scanning strategy 
was employed to control the shell thickness, 
which ranged from 90 to 150 µm—near the res- 
olution limit of current LPBF systems. Porosity 
measurements derived from micro-CT ( Table S1) 
revealed significant variations among the TPMS 
architectures: the S-Zr MG exhibited the highest 
relative density (RD) and the lowest porosity 
( ∼52%), while the D and G MGs showed higher
porosities ( ∼72%). Pore sizes of different types of 
substrates can be directly investigated based on 

the 3D reconstructed model (Fig. 2 c). Although 

the D and G MGs exhibit similar overall porosity, 
the G MG clearly shows a larger average pore di-
ameter and a broader pore size distribution, with 

a bimodal peak between 200 and 600 µm ( Fig. S3),
indicative of a hierarchical pore network. In 

contrast, the D structure shows a narrower pore 
size range of 100–500 µm, while the S structure 
features predominantly sub-300 µm pores, with a 
minimum diameter as small as 20 µm. 

Based on the 3D reconstruction model of the 
Zr-based MG scaffolds (Fig. 2 d), the transport 
performance was analyzed to evaluate how dif- 
ferent lattice architectures influence fluid flow 

behavior. Efficient mass transport minimizes 
concentration polarization and ensures stable 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
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Figure 2. Morphological structure and mechanical performance of Zr-based MG TPMS lattice scaffolds. (a) Representative Gyroid unit cell’s 
characteristics. (b) Scaffold thickness derived from the micro-CT-reconstructed model. (c) Void diameter distribution derived from micro-CT- 
reconstructed. (d) Schematic illustration of the fluid flow simulation, showing flow direction (left to right) through the 3D-reconstructed lattice 
model. Velocity streamlines reveal distinct flow patterns across the three TPMS microlattices. (e) Two-dimensional velocity contour maps of 
a representative cross-section, showing localized flow acceleration zones and stagnation regions. (f) Axial variation of effective void fraction 
and (g) normalized average velocity along the primary flow direction ( x -axis). (h) Stress–strain curves and (i) specific strength across the three 
TPMS microlattices. 
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lectrochemical performance. The fluid flow
ehavior was simulated using a voxel-based finite
olume method that directly incorporates the
ctual microstructural features obtained from
Page 4 of 12
CT scans, including pore shape and connectivity, 
thereby avoiding geometric simplification inher- 
ent to conventional mesh generation techniques. 
This method offers superior fidelity by inherently 



Natl Sci Rev, 2026, Vol. 13, nwag442

a  

a  

s  

w  

s  

D  

t  

i  

S  

t  

V  

(  

i  

p  

h  

v  

I  

i  

m  

f  

f  

f  

a  

v  

∼  

n  

i  

t  

F  

e  

c  

r  

c  

f
 

e  

a  

a  

Z  

w  

s  

c  

p  

c  

A  

c  

c  

s  

t  

s  

m  

s  

g  

e  

s  

b  

f

 

D
ow

nloaded from
 academ

ic.oup.com
/nsr/article/13/17/nw

ag442/8736522 by guest on 17 Septem
ber 2026
ccounting for manufacturing-induced variations
nd imperfections in the additively fabricated sub-
trates. Under standardized simulation conditions
ith a 1 Pa pressure difference between the inflow

urface and outflow surface ( Fig. S4), the G and
 MG structures exhibited continuous and ex-

ended velocity streamlines (Fig. 2 d and Fig. S5),
ndicative of higher permeability compared to the
 MG structure, which exhibited shorter, more
ortuous streamlines due to its lower porosity.
elocity contour maps of the cross-sections

Fig. 2 e and Fig. S6) reveal localized increases
n flow velocity within G MG, suggesting the
resence of flow instabilities that promote en-
anced mixing. In contrast, the D MG shows less
elocity fluctuation across the structure ( Fig. S7).
nterestingly, despite D and G MGs having nearly
dentical overall porosities ( ∼28%), they display
arkedly different flow behaviors. G MG shows

luctuations in effective void fraction along the
low direction (Fig. 2 f) with the highest mean
low velocity (Fig. 2 g), whereas D MG maintains
 relatively uniform distribution with a lower
elocity. Although the overall porosity of S MG is
50%, the effective void fraction within the inter-
al region drops to only ∼30% (Fig. 2 f), resulting
n a significantly lower mean velocity compared
o the other two structures (Fig. 2 g and Fig. S8).
urthermore, G MG demonstrated significantly
nhanced vertical transport ( z -direction velocity
omponent; Fig. S9), enabling multidimensional
eactant flow beyond the primary x –y plane, in
ontrast to the more uniform but less efficient
low patterns observed in D MG. 

Damage-resistant, high-strength catalysts are
ssential for the long-term durability and oper-
tional stability of electrocatalytic systems. To
ssess the mechanical properties of the 3D-printed
r-based MG scaffolds, uniaxial compression tests
ere conducted on 4 mm cubic samples. The re-

ulting stress–strain curves (Fig. 2 h) show high
ompressive strength and an extended stress
lateau following the elastic region, indicating ex-
ellent damage tolerance of the printed structures.
mong them, the S MG demonstrated the highest
ompressive strength, exceeding 300 MPa, which
orrelates with its maximum RD. When specific
trength is considered (Fig. 2 i), the S MG achieved
he highest value of over 110 MPa kg−1 cm−3 ,
urpassing many conventional metallic cellular
aterials. In contrast, the G MG exhibited a lower

pecific strength of 78 MPa kg−1 cm−3 due to its
eometric characteristics. Notably, even the low-
st performing G MG surpassed typical catalyst
upport requirements, such as nickel foam [38 ],
y 10 times while retaining the porosity critical
or mass transport. 
Page 5 of 12
Taken together, these results reveal that the 
superior performance of the G MG scaffold 
originates from its topology-enabled transport 
characteristics. Compared with the D and S MG 

architectures, the G structure possesses a contin- 
uously curved surface and a highly interconnected 
3D channel network, which collectively promote 
higher permeability, faster electrolyte renewal 
and enhanced multidirectional mass transport. 
These characteristics are expected to facilitate re- 
actant delivery and product removal throughout 
the scaffold while maximizing the accessibility of 
catalytic sites during electrolysis. More impor- 
tantly, the advantages of the G architecture extend 
beyond geometric parameters such as porosity 
alone. Although the D and G MG structures ex- 
hibit comparable overall porosity, the G scaffold 
displays significantly higher average flow veloc- 
ity, stronger velocity fluctuations and enhanced 
transport along the z direction. These features 
indicate more efficient electrolyte penetration 

and transport throughout the 3D framework. 
In addition, the continuous curvature of the G 

surface is expected to promote favorable wetting 
behavior and facilitate bubble detachment during 
gas-evolving reactions, thereby reducing local 
mass-transfer limitations. Consequently, the G 

architecture provides a more effective platform 

for catalyst utilization, leading to superior electro- 
catalytic performance compared with the D and S 
structures. 

Multiscale modulation of metamaterial 
catalysts 
The tunable MG microlattices guarantee both 

structural toughness and efficient matter trans- 
port. To further elevate catalytic performance, we 
tailored the surface morphology at the micro scale 
and engineered the atomic structure at the nano 
scale. The surface morphology of catalysts serves 
as a crucial design parameter for regulating their 
wettability properties, where an optimal balance 
between superhydrophilicity (enhancing elec- 
trolyte wetting) and superaerophobicity (prompt 
bubble detachment) significantly improves the ef- 
ficiency and durability of water-splitting systems 
[39 ,40 ]. The optimal catalyst scaffold G (Fig. 3 b)
and all other substrates ( Fig. S10) were observed 
using scanning electron microscope (SEM), show- 
ing no internal defects such as pores or cracks 
apart from minor surface-adhered unmolten pow- 
der particles. These residual particles caused slight 
surface roughness, which beneficially increased 
the surface area and enhanced the adhesion of 
Ni and Mo atoms during the subsequent PED 

process. Based on the different scaffold archi- 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
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https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
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ectures, the NiMo@MMCs are categorized into
iMo@G, NiMo@S and NiMo@D. A large
umber of uniform hydrangea-shaped NiMo
articles, ranging in size from ∼60 to 100 µm
 Fig. S11), were observed on NiMo@G (Fig. 3 c)
nd across all substrate variants (NiMo@S and
iMo@D) ( Fig. S12) after PED [29 ]. NiMo

lowers grown on the scaffold surface create a
Page 6 of 12
hierarchically complex morphology that enables 
precise tuning of the surface wettability in the 
NiMo@Zr MMCs. The contact angle of the bare 
scaffold G is 103.65° after 300 s (Fig. 3 d) with all
the other substrates exhibiting a similar level of 
hydrophilicity ( Fig. S13), whereas all NiMo@Zr 
MMCs exhibit superhydrophilicity ( Fig. S14), 
with water droplets spreading completely upon 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
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ontact, particularly for NiMo@G (Fig. 3 e) that
chieves instantaneous wetting (0° contact angle
ithin just 35 ms). Concurrently, these NiMo@Zr
MCs demonstrate remarkable superaerophobic

haracteristics in aqueous environments. Specifi-
ally, the bubble contact angle (CA) of scaffold G
s 155° (Fig. 3 f) whereas the NiMo@G shows the
ltra-hydrophobicity (CA > 169°) (Fig. 3 g). The
ubble contact angles significantly improved to
arying extents after surface modification of all the
ifferent substrates via PED ( Figs S15 and S16). 
A closer inspection (Fig. 3 h–i) reveals the

etailed morphology of the NiMo particles, char-
cterized by a highly wrinkled and uneven sur-
ace, which increases the specific surface area and
xposes more active catalytic sites. The bare scaf-
olds, without NiMo deposition, exhibited mini-
al catalytic activity ( Fig. S17). To further boost

atalytic activity, we modulate the microstructure
f the NiMo particles. While elemental mapping
emonstrates macro-scale uniformity in Ni and
o distribution across the entire flower-like

tructures ( Fig. S18), nano-scale analysis through
igh-angle annular dark-field scanning trans-
ission electron microscopy (HAADF-STEM)

eveals distinct contrast variations ( Fig. S19a),
ndicating phase separation. The overall selected
rea electron diffraction (SAED) pattern (Fig. 3 j
nsert) exhibits a halo ring, indicative of an amor-
hous structure. High-resolution transmission
lectron microscope (HRTEM) analysis reveals a
isordered region (region I) and a more loosely
rranged, medium-range ordered atomic cluster
region II) (Fig. 3 j and Fig. S19b). The interface
egion (I) exhibits a highly disordered maze-like
tructure with inner circular fringes (Fig. 3 k) and
 featureless fast Fourier transform (FFT) pat-
ern, whereas the cluster region (II) displays clear
rystalline fringes (Fig. 3 l) with distinct diffrac-
ion spots in the FFT pattern. HAADF-STEM
eveals distinct contrast variations (Fig. 3 m),
ndicating phase separation into Ni-rich (bright)
nd Mo-rich (dark) amorphous domains. Energy
ispersive X-ray spectroscopy (EDX) mapping
onfirms this structural heterogeneity, showing
ignificant local Ni concentration variations while
o maintains a relatively uniform distribution.

ntegrated compositional line scans (Fig. 3 n)
uantitatively verify that the brighter STEM
egions correspond to Ni78 Mo22 domains, while
arker areas exhibit Ni68 Mo32 stoichiometry—a
0% compositional difference statistically con-
irmed by EDX mapping (Fig. 3 o and Fig. S20).
tomic-scale characterization reveals that the
ED-fabricated NiMo hydrangea structures form
Page 7 of 12
an amorphous chemical heterostructure, featur- 
ing numerous interfaces between compositionally 
distinct domains (Ni78 Mo22 and Ni68 Mo32 ). These 
interfaces are believed to offer abundant highly 
active sites for catalytic reactions. 

Excellent bi-functional performance with 

HER and OER and mechanism 

We further evaluated the electrocatalytic perfor- 
mance of the NiMo@Zr MMCs for water elec- 
trolysis in 1 M KOH, as shown in Fig. 4 . NiMo@G
(Fig. 4 a) exhibits a remarkably low HER over- 
potential of 26 mV at 10 mA cm−2 , significantly 
outperforming NiMo@S (59 mV), NiMo@D 

(81 mV) and commercial Pt/C (55 mV). Tafel 
analysis (Fig. 4 c) reveals NiMo@G’s exceptional 
HER kinetics with a record-low 27.91 mV dec−1 

slope, outperforming NiMo@S (76.79 mV dec−1 ), 
NiMo@D (91.94 mV dec−1 ) and commercial 
Pt/C (33.42 mV dec−1 ) by 2.7–3.3 times, demon- 
strating its superior charge-transfer efficiency. 
NiMo@G exhibits outstanding HER performance 
at industrially relevant current densities (Fig. 4 e), 
requiring only 79 and 126 mV of overpotential 
to achieve 100 and 300 mA cm−2 , respectively. 
This superior activity under high-current condi- 
tions highlights its strong potential for practical 
water-splitting applications. We further assessed 
the OER performance of the NiMo@G, as shown 

in Fig. 4 b. All samples exhibit a distinct oxidation
peak during the OER process, corresponding to 
the oxidation of Ni species that facilitate oxy- 
gen evolution. This observation confirms the 
excellent intrinsic electrocatalytic activity of the 
NiMo@Zr MMCs. To accurately evaluate the 
overpotential and minimize the influence of the 
oxidation peak, cyclic voltammetry (CV) was em- 
ployed. NiMo@G demonstrates exceptional OER 

performance with an ultra-low overpotential of 
155 mV at 10 mA cm−2 , significantly outperform- 
ing NiMo@S (181 mV), NiMo@D (204 mV) and 
commercial IrO2 (Fig. 4 b). Tafel analysis (Fig. 4 d) 
reveals NiMo@G’s superior OER kinetics with 

a record-low Tafel slope of 31.08 mV dec−1 , 
outperforming NiMo@S (42.79 mV dec−1 ), 
NiMo@D (54.90 mV dec−1 ) and IrO2 (128.99 mV 

dec−1 ), demonstrating significantly faster reac- 
tion rates. Figure 4 e presents the overpotentials at 
various current densities (10, 50, 100 and 300 mA 

cm−2 ). Notably, NiMo@G consistently delivers 
the lowest overpotentials across all current den- 
sities, especially in industrial-grade currents. For 
example, NiMo@G demonstrates superior per- 
formance with significantly lower overpotentials 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
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Figure 4. HER and OER performance and DFT simulations of the NiMo@Zr MMCs. (a) HER polarization curves and (b) OER polarization 
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NiMo MGs (Ni78 Mo22 , interface and Ni68 Mo32 ). The black solid lines highlight the corresponding total d -band center. (h) Comparison of the 
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204 mV @ 100 mA cm−2 ; 261 mV @ 300 mA
m−2 ), representing a 18%–23% reduction in
verpotential across industrial-relevant current
ensities compared with other samples. Com-
ared with crystallized G scaffolds and Ni foam
Page 8 of 12
controls, NiMo@G exhibits superior catalytic 
performance ( Fig. S21). This indicates that the 
enhanced activity originates not only from the 
active NiMo phase or surface-area enlargement, 
but also from the synergistic contributions of the 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
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morphous MG scaffold, topology-engineered
ass transport enabled by the TPMS architecture

nd intrinsically active NiMo nanoglass inter-
aces. The electrochemically active surface area
ECSA) was evaluated by extracting the double-
ayer capacitance ( Cdl ) from the CV curves in the
on-Faradaic region (Fig. 4 f). NiMo@S, with a
dl of 36.45 mF cm−2 , exposes more active sites
han NiMo@D ( Cdl = 4.65 mF cm−2 ), leading to
igher catalytic activity. Remarkably, NiMo@G
xhibits the highest active site density, with a
dl of 105.31 mF cm−2 , which correlates with its
utstanding catalytic performance. Furthermore,
CSA-normalized HER and OER polarization
urves confirm that NiMo@G remains highly
ompetitive after normalization ( Figs S22 and
23). Electrochemical impedance spectroscopy
esults for NiMo@G ( Fig. S24) show a smaller
yquist plot radius compared to both NiMo@S
nd NiMo@D, indicating lower charge-transfer
esistance and superior electron transport, thereby
nhancing catalytic performance. 

To better understand the origin of the ex-
eptional OER and HER performance of the
hemically heterogeneous NiMo MG catalysts,
e employed density functional theory (DFT)
alculations to evaluate their free energy profiles
nd electronic structures. Large-scale amorphous
i78 Mo22 and Ni68 Mo32 models were first gen-
rated through melt–quench molecular dynamics
imulations ( Fig. S25), followed by the con-
truction of an amorphous Ni78 Mo22 /Ni68 Mo32 
nterfacial structure (Fig. 4 g and ‘Methods’ sec-
ion). To explore the electronic structures of the
hree distinct NiMo MGs, the partial density
f states (PDOS) for Ni and Mo, as well as the
otal density of states, were calculated, as shown
n Fig. 4 g. Catalytic activity is predominantly
ontrolled by the d -band center’s position relative
o the Fermi level ( EF ), where closer proximity
nhances adsorbate binding via strengthened
 -orbital interactions. The Ni 3d d -band center
hifts markedly closer to the EF (1.375 eV) at the
nterface compared to both Ni68 Mo32 (1.500 eV)
nd Ni78 Mo22 (1.461 eV) MGs, indicating en-
anced catalytic activity through strengthened
dsorbate interactions at interfacial Ni sites. How-
ver, the d -band center of Mo remains relatively
nchanged, suggesting that the variation in cat-
lytic activity is primarily associated with the Ni
d orbitals. 
To account for the intrinsic structural hetero-

eneity of amorphous materials, 10 representative
ocal environments ( Fig. S26) were randomly
ampled from each region (Ni78 Mo22 , Ni68 Mo32 
nd the interfacial region) for statistical HER
Page 9 of 12
calculations. As shown in Fig. 4 h and Fig. S27, 
the interfacial region exhibits consistently more 
favorable hydrogen adsorption behavior than 

the two amorphous phases. The statistical dis- 
tribution of �G_H* further indicates that the 
enhanced HER activity is a general characteristic 
of the amorphous–amorphous interface rather 
than a single optimized adsorption site ( Figs S26
and S28). In OER, the interface structure re- 
duces the rate-determining step energy barrier 
(G*O 

–G*OOH ), yielding a substantially lower over- 
potential ( η = 0.349 V) compared to Ni68 Mo32 ( η
= 0.813 V) and Ni78 Mo22 ( η = 0.741 V), as shown
in Fig. 4 i and Fig. S29. These results suggest that
the abundant amorphous–amorphous interfaces 
within the NiMo nanoglass heterostructure 
provide electronically favorable catalytic envi- 
ronments, thereby contributing to the enhanced 
bifunctional electrocatalytic performance. 

Evaluation of the overall water-splitting 

performance 

The NiMo@G demonstrate exceptional HER 

and OER performance, rendering them highly 
suitable for overall water-splitting applications. 
A dual-electrode electrolyzer was assembled us- 
ing NiMo@G as both the anode and cathode. 
The polarization curves (Fig. 5 a) reveal that 
this system achieves current densities of 100 
and 500 mA cm−2 at ultra-low cell voltages of 
1.438 and 1.707 V, respectively—significantly 
lower than that of the benchmark IrO2 //Pt/C 

system (1.783 V @ 100 mA cm−2 ). High-speed 
imaging of bubble dynamics at 100 mA cm−2 

clearly demonstrates the operational advantages 
of this design: while the bubble-release behaviors 
of conventional porous IrO2 electrodes suffer 
from persistent bubble adhesion and coalescence 
into large ( > 500 μm) gas pockets that block
active sites (Fig. 5 b and Video S1), the NiMo@G 

catalyst enables rapid release of small ( ∼70 μm) 
bubbles (Fig. 5 c and Video S2). Stability testing 
via chronopotentiometry (Fig. 5 d) confirms the 
excellent durability of NiMo@G, with negligible 
current density loss over 200 h of continuous op- 
eration at 1.438 V. Interestingly, the overall water- 
splitting performance slightly improved after the 
200-h test, as shown by the enhanced polarization 

curve (pink line in Fig. 5 a). Post-OER X-ray 
photoelectron spectroscopy (XPS) analyses reveal 
the disappearance of the peak of Ni0 together 
with the emergence of Ni3 + peak. Meanwhile, the 
O 1s spectra show the appearance of OH− peak, 
suggesting the formation of NiOOH-rich surface 
phases during prolonged electrolysis ( Fig. S30). 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
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https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
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Figure 5. Overall water-splitting performance of NiMo@G. (a) Overall water-splitting-polarization curves before and after a 200-h stability test, 
demonstrating performance retention. (b) Bubble size distribution of the IrO2 electrode and (c) NiMo@G electrode. (d) Chronopotentiostatic 
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he formation of NiOOH has been widely
ecognized as the catalytically active phase for
lkaline OER and is therefore likely responsible
or the enhanced catalytic activity after long-term
peration [41 –43 ]. In addition, the Mo 3d spectra
hift toward higher binding energies after the
ER test, indicating the formation of higher-
alent Mo species, which may act synergistically
ith the Ni3 + to further promote the OER ki-
etics. Meanwhile, post-stability SEM and EDX
haracterizations confirm that both the hierarchi-
al NiMo coating and the underlying MG scaffold
emain structurally intact without obvious mor-
hology degradation or elemental segregation
fter 200 h electrolysis ( Fig. S31), demonstrating
he excellent durability of the multiscale catalyst
rchitecture. 

Furthermore, during the initial operation,
he NiMo@G//NiMo@G configuration demon-
Page 10 of 12
strated one of the lowest cell voltages among re- 
ported catalysts at high current densities (1.438 V 

@ 100 mA cm−2 ; Fig. 5 e). This work high- 
lights the synergistic combination of 3D printing 
technology, which enables precise geometric 
control, flexible design capabilities and tunable 
mechanical/mass-transfer properties, with PED 

that addresses the limitations in microstructural 
control. Compared to conventional porous metal 
catalysts, precious metal catalysts and metal mi- 
crolattices, the NiMo@G MG metamaterial cat- 
alysts uniquely combine the multiple advantages 
of structural strength, super hydrophobic and 
superhydrophilicity, low economic costs and ex- 
traordinary catalytic activity (Fig. 5 f), establishing 
a new paradigm for designing high-performance 
electrocatalytic system. The proposed multiscale 
metamaterial catalyst framework is not restricted 
to the NiMo system investigated in this work. 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag442#supplementary-data
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reliminary experiments ( Fig. S32) on NiMoFeCo
oatings deposited on the same TPMS MG scaf-
old reveal distinct amorphous/nanocrystalline
eterostructures together with promising electro-
atalytic performance. These observations suggest
hat the framework can be readily extended to a
roader range of catalyst compositions. 

ONCLUSION 

n summary, this work proposes a multiscale
etamaterial catalyst design strategy that in-

egrates topology-engineered transport path-
ays, architected MG scaffolds and nanoglass
eterointerface-regulated catalytic activity within
 single catalyst architecture. Drawing inspiration
rom the stereom architecture of echinoderms,
e translated their unique coupling of mechanical
esilience and matter-transport efficiency into
G scaffolds with TPMS geometries. To achieve

ierarchical control over structure and compo-
ition, PED was employed to integrate NiMo
morphous particles onto TPMS MG scaffolds.
his strategy enables concurrent optimization of
acro-scale mechanical robustness, micro-scale

urface wettability and atomic-scale catalytic ac-
ivity. Among the architectures, the Gyroid-based
iMo@Zr MMCs exhibited superior compressive
trength ( > 300 MPa), enhanced mass transfer and
utstanding bifunctional catalytic performance,
equiring only 1.438 V to reach 100 mA cm−2 with
table operation for 200 h. More importantly, this
ork extends the concept of metamaterial cat-
lysts beyond conventional topology-controlled
ransport optimization toward the integration
f micro-/nano-scale catalyst structure regula-
ion. The proposed multiscale design framework
rovides a generalizable pathway for designing
ext-generation metamaterial catalysts. 
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