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ABSTRACT: Twinning, as an effective strain engineering strategy, has demonstrated significant potential in modifying cost-effective
transition metal electrocatalysts. However, controllable construction and structure−activity relationships of twinning in
electrocatalysts remain formidable challenges. Here, we engineered a lattice-matched Co/CoO heterostructure with enriched
twin boundaries through flash Joule heating, where the twins form via lattice matching within homogeneous space groups. XAFS
analysis reveals significantly reduced Co coordination numbers in the heterostructure, indicating substantial atomic displacement
from the equilibrium positions. The coherent twinning interfaces induce trapped strain, downshifting the d-band center by 0.4 eV
and flattening bands near the Fermi level, optimizing the electronic structure for the hydrogen evolution reaction. Consequently, the
engineered heterostructure exhibits exceptional performance with an ultralow overpotential of 49 mV at 10 mA cm−2 in alkaline
media and remarkable stability over 500 h. Notably, the water splitting can be driven with an ultralow cell voltage of 2.05 V at 1 A
cm−2.
KEYWORDS: twins, lattice match, thermal shock, lattice distortions, hydrogen evolution reaction

The accelerating global energy crisis and environmental
concerns have intensified the pursuit of sustainable and

clean energy technologies. Water electrolysis for hydrogen
production represents a promising avenue, offering an
environmentally benign approach to storing renewable energy
in chemical bonds. However, the high cost and limited
availability of noble metals, commonly used in commercial
electrocatalysis, restrict their widespread application in the
clean energy field.1−7 Hence, the development of affordable,
efficient, and stable nonprecious metal electrocatalysts has
emerged as a crucial issue in this area.
Transition metal-based catalysts show promise for water

splitting due to their malleable structural attributes, commend-
able stability, and substantial storage capacity.8−10 These
catalysts include oxides,11 phosphides,12 LDHs,13 MOFs,14 and
their respective composites. Among them, Co-based catalysts,
such as Co3O4,

15 CoP,16,17 and CoS,18 offer advantages in
natural abundance and unique physicochemical properties.
However, transition metal compounds typically show sub-

optimal hydrogen binding energies. Integrating the superior
electrical conductivity of metals with the hydrogen adsorption
affinity of transition metal compounds is an effective strategy
that can modulate the adsorption and desorption kinetics of
intermediates through strain and coupling effects, thereby
optimizing the catalytic activity. For instance, Zhu et al.19 have
reported the epitaxial Co−Ni3N heterostructures, which
facilitated electron transfer across different structural domains
at the epitaxial interface, leading to a significant enhancement
in catalytic activity for both hydrogen and oxygen evolution
reactions. However, conventional heterostructures often
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exhibit substantial differences in crystalline phases, and
traditional modification methods based on elemental tuning
have reached a bottleneck. This situation highlights the
ongoing challenge in the design of lattice-matched hetero-
structures to overcome these limitations.
Twin boundaries are generated when two separate crystals

share a common subset of lattice points symmetrically,
resulting in the intricate interplay of growth between the two
distinct crystalline entities in a variety of specific crystallo-
graphic orientations. Such twinning interfaces can significantly
alter the intrinsic material properties, including but not limited
to the enhancement of mechanical robustness and the

augmentation of thermal resilience. Song et al.20 demonstrated
that rational interface engineering in electrospun nanomaterials
enables strong electronic interactions between distinct phases
within heterostructures, significantly enhancing active site
density and charge transfer efficiency, thereby improving
electrocatalytic performance for water splitting. Ye et al.21

revealed that Co and CoO heterojunctions rich in oxygen
vacancies, introduced via O plasma treatment, significantly
enhanced activity by modulating the surface electronic
structure, increasing defect density, and promoting charge
transfer kinetics in zinc−air battery systems. The formation of
twin boundaries leads to variations in interatomic distances,

Figure 1. (a) Schematic diagram of the preparation of Co/CoO. (b) Schematic diagram of the lattice-matched Co/CoO heterostructures-induced
twins. Structural characterization of Co/CoO nanosheets. (c) The SEM image of Co/CoO. (d) The TEM image of Co/CoO. (e, f) High
resolution TEM of Co/CoO. (g) SAED pattern of Co/CoO. (h) EDS elemental mappings of Co, O, and C.
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which in turn affect the overlapping distribution of electronic
energy bands, demonstrating a unique potential that surpasses
the limitations of conventional elemental modulation. It is
noteworthy that the d-band center of transition metal
compounds is highly susceptible to strain effects, thereby
enabling the modulation of the hydrogen adsorption
thermodynamics on strained solid surfaces. This insight is
crucial for the design of materials with tailored properties for
applications, such as catalysis and energy storage.
The flash Joule heating (FJH) method represents a novel

approach to material synthesis, characterized by the induction
of nonequilibrium, extremely high temperatures through rapid
Joule heating, which also introduces strain, dislocations, and
twins into an electrocatalyst.22 The FJH method has been
successfully exploited for various applications such as the
synthesis of single atoms,23 high-entropy alloys (HEA),24

oxides,25 and sulfides,26 showing great potential for expedited
and straightforward material fabrication. The strain effect
engendered by the presence of twins and dislocations serves to
optimize the electronic structure of the catalyst, thereby
enhancing its catalytic activity.27

Herein, we demonstrate a rational design strategy for
engineering twins within a lattice-matched Co/CoO hetero-
structure via Joule heating. By leveraging the homogeneous
space group between Co and CoO, we achieve controllable
twin boundary construction through oxygen incorporation
under nonequilibrium conditions. The rapid cooling process

effectively traps the interfacial strain induced by the lattice
mismatch, leading to extensive atomic displacement from
equilibrium positions, as confirmed by XAFS analysis. This
strain engineering approach fundamentally modulates the
electronic structure by downshifting the d-band center by 0.4
eV and flattening bands near the Fermi level, thereby
optimizing the hydrogen binding energy and charge transfer
kinetics. As a result, the engineered heterostructure achieves
exceptional HER performance with an ultralow overpotential
of 49.1 mV at 10 mA cm−2 and remarkable long-term stability
exceeding 500 h. More significantly, when coupled with RuO2,
it enables industrial-level water splitting (1 A cm−2) at a
notably low cell voltage of 2.05 V. This work not only
demonstrates an effective approach for boosting electro-
catalytic activity through twin engineering but also provides
fundamental insights into structure−activity relationships in
transition metal-based catalysts.
The synthesis strategy for engineering a lattice-matched Co/

CoO heterostructure is schematically illustrated in Figure 1a.
The Co/CoO catalyst is fabricated via flash Joule heating
(FJH), where oxygen molecules from the air are strategically
incorporated into the metal lattice under nonequilibrium
conditions. Due to the inherent lattice mismatch between Co
and CoO, the rapid thermal shock and subsequent cooling
process effectively trap significant interfacial strain energy. As
depicted in Figure 1b, this localized stress induces plastic
deformation in Co nanoparticles, triggering the formation of

Figure 2. (a, b) HRTEM image of Co/CoO. (c) IFFT patterns of (111) and (200) planes. (d, e) Strain distributions of εxx and γxy. (f) HRTEM
image of CoO@Co. (g) Normalized XANES spectra at the Co K-edge. (h) Fourier-transformed EXAFS spectra. (i) Wavelet transform analysis for
the Co K-edge of Co/CoO.
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extensive twin boundaries. The trapped strain fundamentally
modulates the electronic structure by downshifting the d-band
center, thereby optimizing the hydrogen adsorption energy for
enhanced catalytic activity. The synthesized nanosheets
(thickness <20 nm) uniformly coat carbon cloth fibers (Figure
1c), with no significant damage to morphology or conductivity
after the FJH treatment (Figures S1−S4). TEM images (Figure
2d,e) reveal distinct fringes for Co at approximately 0.204 and
0.177 nm, corresponding to the (111) and (200) crystal
planes, respectively. Similarly, CoO displays fringes at around
0.244 and 0.212 nm for the (111) and (200) planes,
respectively. Oxidation to varying extents is observed around
the periphery of Co grains, with these regions being identified
as CoO. As illustrated in Figure 1f, significant lattice
distortions are evident, encompassing atomic displacements
from the regular lattice sites and slip (twinning). Selected area
electron diffraction (SAED) patterns confirm the crystallinity
of both Co and CoO (Figure 1g). Furthermore, the energy
dispersive spectroscopy (EDS) elemental mapping images
(Figure 1h) exhibit a distribution of Co, O, and C elements.
Oxygen shows a uniform distribution across the particles, yet
its mapping intensity is marginally lower than that of cobalt,
indicating that it does not entirely cover the surface of the Co
crystals.
The unique lattice-matched design enables extensive lattice

distortion by leveraging the homogeneous space group
between Co and CoO (Fm3̅m, No. 225). High-resolution
transmission electron microscopy (HRTEM) analysis (Figure
2a) directly visualizes the interface structure, where oxygen

incorporation leads to controlled CoO formation while
maintaining the crystallographic coherency. The inherent
lattice constant mismatch between Co and CoO generates
significant interfacial stress throughout the grains. This stress
manifests as horizontal shear strain, resulting in the formation
of symmetric twin boundaries along the (200) plane, as
evidenced by HRTEM images (Figure 3b,c). The fast Fourier
transform (FFT) image also exhibits two symmetric sets of
spots, confirming the formation of twin crystals. Figure 3d,e
display geometric phase analysis (GPA) images, which reveal
minimal stresses along the vertical y-axis but significant strains
along the horizontal x-axis and shear strains. In contrast, the
Co sample is prepared under vacuum conditions, exhibiting a
nanosheet morphology similar to that of Co/CoO (Figure S9).
As depicted in Figure 2f, subsequent thermal treatment of the
specimen in air facilitated the uniform deposition of CoO on
the surface of Co (denoted as CoO@Co), with no discernible
twinning observed at the interface. This observation suggests
that conventional surface oxidation is not conducive to the
formation of twin structures at the interface. Notably, transient
high-temperature thermal shocks under nonequilibrium
conditions are instrumental in inducing the formation of Co/
CoO lattice-matched twins. Subsequently, X-ray absorption
spectroscopy was employed to discern the chemical states of
Co within the heterostructures. The K-edge is examined for
shifts in the absorption threshold along the arrow, indicating
an increase in the valence state. Notably, the observed valence
state of cobalt in the sample appears to be intermediate
between that of the pristine metallic cobalt (Co foil) and the

Figure 3. (a) XRD patterns of Co/CoO prepared at different temperatures (b) XRD patterns indexed to (111) diffraction planes of Co, extracted
from (a). (c, d) PDF analysis of Co/CoO and Co. (e) Raman spectra of Co/CoO and Co. XPS survey spectra of Co/CoO and Co: (f) Co 2p; (g)
O 1s.
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oxidized form CoO. The local atomic structure was then
revealed through analysis of the Fourier-transformed (FT)
extended X-ray absorption fine spectrum (EXAFS). The radial
distribution function (R-space), in conjunction with the fitting
results, predominantly exhibited Co−O and Co−Co coordi-
nation environments within the sample, corroborating the
coexistence of elemental Co and CoO. A detailed comparison
of the fitting data reveals a significant decrease in the
coordination number of Co−Co in the sample relative to the
benchmark sample, while the coordination distance remains
unchanged. This observed decrease in coordination number
may be associated with the occurrence of lattice distortion,
suggesting that many atoms have deviated from their
equilibrium positions within the crystalline lattice. As shown
in Figure S12, the fitting curve matches the experimental curve
very well, indicating that the results in the aforementioned
table are true and reliable. The specific coordination numbers
and other parameters are listed in Table S1.

The X-ray diffraction patterns of all samples match those of
JCPDS cards 89-7093 (Co) and 89-7099 (CoO) (Figure 3a),
with tensile strain increasing proportionally to thermal input.
Higher-magnification analysis at 44° reveals a 0.38° leftward
shift of the Co(111) crystal plane (Figure 3b). This shift stems
from CoO formation within the homogeneous space group, as
incorporated oxygen atoms expand the cobalt lattice. The
precise control of oxidation level and resultant strain through
current modulation leads to an optimized electronic structure,
enhancing hydrogen adsorption−desorption kinetics and
overall catalytic performance. Pair distribution function
(PDF) analysis indicates smaller grain sizes than observed by
TEM (Figure 3c), reflecting the defect-rich, multidomain
nature of Co/CoO nanosheets. The PDF profile shows a
leftward shift for Co/CoO compared with Co (Figure 3d),
confirming reduced interatomic spacing from oxygen incorpo-
ration. Raman spectroscopy reveals enhanced first-order
phonon scattering, typically forbidden in NaCl-type structures,
suggesting structural defects and cobalt vacancies. A character-

Figure 4. Electrocatalytic activities of Co/CoO toward hydrogen evolution reaction (HER). (a) LSV curves. (b) LSV curves at different
temperatures. (c) LSV curves normalized by ECSA. (d) Tafel plots. (e) EIS spectra. (f) LSV after 500 h durability test. (g) Radar diagram of some
key HER activity metrics of different catalysts. (h) Chronoamperometric curve recorded on Co/CoO at 10 mA cm−2. (i) Photo diagram of AEM
electrolyzer operation. (j) Performance comparison for our work and other similar electrocatalysts reported.
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istic second-order LO peak appears at ∼1060 cm−1.28,29 XPS
tests are performed to analyze the valence states and electronic
structure. For Co 2p spectra (Figure 3f), a pronounced shift
toward higher binding energy in the Co/CoO system, in
contrast to the Co sample counterpart, implies a reduction in
electron density at the cobalt sites. This observation is
indicative of charge transfer occurring between the cobalt
and oxygen constituents.17 The oxygen content (Figure 3g)
within the lattice, denoted as O1, exhibits a significant increase,
corroborating the formation of CoO crystallizing in the same
space group.30 The more distinct O2 peak and EPR (Figure
S14) spectra also indicate that the thermal shock method has
successfully introduced oxygen vacancies while fabricating the
nanosheet structure.
The LSV curves of Co/CoO nanosheets, Co nanosheets,

CoO@Co, Pt/C, and pristine carbon cloth are shown in Figure
4a. Co/CoO nanosheets show superior activity with the lowest
overpotentials (49.1 mV at 10 mA/cm2). The optimal sample
was obtained at 1400 °C (Figure 4b). As shown in Figure 4c,
the normalized LSV curves show that the Co/CoO catalyst
demonstrates superior intrinsic activity compared to Pt/C and
other controls, confirming the high catalytic efficiency of the
Co/CoO interface. As shown in Figure 4d, it is noted that the
Tafel slopes exhibited the lowest of ∼82 mV dec−1 which
indicated that the formation of well-matched lattice structures
is beneficial to the promotion of the kinetics of the HER
reaction and thus improved the performance of the HER. EIS
spectra reveal that Co/CoO nanosheet arrays display the
smallest semicircle radius (Figure 4e), suggesting minimal

charge transfer resistance and superior reaction kinetics. To
determine the operational stability of the resulting samples,
HER stability measurements are performed on the best
samples at 1400 °C for up to 500 h at 10 mA cm−2. The
radar chart visually highlights the superior performance of the
Co/CoO catalyst in terms of lower overpotential and Tafel
slope as well as comparable or better electrochemical
properties compared to the other catalysts (Figure 4g). As
shown in Figure 4h, the catalyst electrodes exhibited consistent
potential curves and displayed no significant decay in
overpotentials, demonstrating excellent electrochemical stabil-
ity. The electrochemical, morphological, structural, and
compositional properties (Figure 4g) demonstrate the
remarkable long-term durability of the Co/CoO hetero-
structure catalyst, affirming its potential for practical
applications in alkaline water electrolysis. Under harsh
industrial conditions (80 °C and 6 M KOH), the Co/CoO||
RuO2 electrode pair demonstrates remarkable electrocatalytic
performance, achieving a current density of 1 A cm−2 at an
exceptionally low cell voltage of 2.05 V (Figure 4i),
highlighting its potential for practical hydrogen production.
A comparative analysis of hydrogen evolution reaction
performance among analogous material systems reported
over the past five years (Figure 4j) demonstrates that the
lattice-matched Co/CoO heterostructure surpasses the ma-
jority of contemporary electrocatalysts.16−19,31−45

To reveal the nature of the heterojunction’s role in boosting
HER performance, we conducted DFT calculations and
identified optimal H adsorption sites in the heterostructure

Figure 5. Theoretical calculation results of Co/CoO. (a, b) Atomic model of matched interface. (c) Free energy diagram of the HER for different
adsorption sites. (d) PDOS with calculated Co d-band centers of Co in pure CoO, pure Co, Co of Co, Co of Co/CoO, and CoO of Co/CoO. (e)
d-band centers of pure Co and Co of Co/CoO. The electronic energy band structure: (f) Co; (g) Co@Co/CoO; (h) CoO@Co/CoO.
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model, as depicted in Figure 5a,b and Figure S18. Figure 5c
illustrates a reduction in the Co site energy from 0.53 to 0.38
eV, and notably, the Co site within CoO decreases from 4.4 to
1.6 eV. This significant energy modulation originates from the
interfacial strain induced by lattice matching (Figure 2d),
which optimizes the electronic structure for HER catalysis.
Further analysis via projected overlap density of states (PDOS)
calculations elucidates the pivotal role of the matched interface
in augmenting the hydrogen evolution reaction (HER). The
electronic structures of Co at different sites benefit from tensile
or compressive strain, which could be the origin of the
weakened hydrogen adsorption free energy, and thus, HER
activity is improved. As detailed in Figure 5d,e, the d-band
center of the Co@Co/CoO site shifts away from the Fermi
level. This shift improves the adsorption of hydrogen. The
heightened electronic density of states at the CoO@Co/CoO
interface across the Fermi level facilitates an enhancement of
the electrical conductivity, which is advantageous for catalytic
performance. Figure S28 demonstrates that the electrons
around Co centers decrease while those around the O centers
increase. Accordingly, the average valence of Co atoms
becomes higher resulting from the introduction of O atoms,
which is consistent with XPS analysis in Figure 3f. Band
structure analysis (Figures 5f−h) reveals minimal dispersion
near the Fermi level, indicating a high density of states and low
electron momentum change. At the same time, the matched
interface induces a flattening of the CoO bands, thereby
enhancing the density of states near the Fermi level.
In summary, we have developed a flash Joule heating

strategy to engineer twins within lattice-matched Co/CoO
heterostructure through controlled oxygen incorporation
under nonequilibrium conditions. Taking advantage of the
homogeneous space group between Co and CoO, we achieve
coherent twinning interfaces with trapped strain, as evidenced
by significantly reduced Co coordination numbers in the XAFS
analysis. The trapped interfacial strain fundamentally modu-
lates the electronic structure, leading to a 0.4 eV downshift of
the d-band center and flattened bands near the Fermi level,
thereby optimizing the hydrogen binding energy and charge
transfer kinetics. This rational design results in exceptional
HER performance with an ultralow overpotential of 49 mV at
10 mA cm−2 and remarkable stability over 500 h. More
importantly, when paired with RuO2, the catalyst enables
industrial-level water splitting at 1 A cm−2 with a notably low
cell voltage of 2.05 V. These findings establish a fundamental
understanding of twin engineering in electrocatalysts and
demonstrate its effectiveness in enhancing catalytic activity,
providing new insights for the rational design of high-
performance energy conversion materials.
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