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Quenching-triggered amorphous/crystalline-
heterostructure with tensile strain achieves
efficient alkaline HER kinetics by operating the
unique Co,—P-Co, electrocatalytic mechanismf
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Finding a feasible technique to introduce strain into phosphides to achieve Pt-like performance in the
hydrogen evolution reaction (HER) is a challenge. This work innovatively adopted phosphorization—
quenching technology to successfully construct CoOx/CoP-L nanosheets with an amorphous/crystalline
(a/c)-heterostructure and 2.65% tensile strain. Strikingly, quenching also triggered a distorted lattice struc-
ture, promoting the exposure of active sites. Surprisingly, the well-designed CoOx/CoP-L needs only
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56.6 mV and 98 mV to drive a current density of 10 mA cm™ for alkaline and acidic HER, respectively.
Especially for alkaline HER, its performance exceeds that of Pt/C at high current density. Overall, this work
provides a new design idea for transition-metal-based catalysts to optimize the catalytic mechanism of

rsc.li/greenchem alkaline HER and achieve a performance surpassing that of Pt.

Green foundation

1. CoOx/CoP-L with a crystalline/amorphous-heterostructure and 2.65% tensile strain was obtained by a facile phosphorization-quenching strategy, achieving
low-energy consumption and high-efficiency hydrogen production, in accord with the principles of Green Chemistry for the utilization of renewable
resources.

2. CoOx/CoP-L exhibits superior performance and ultra-high stability compared to Pt/C in the alkaline HER process, laying the foundation for further indus-
trial applications.

3. This work innovatively induced an a/c-heterostructure and lattice strain in phosphides through a quick-freezing strategy, and made a big step towards rea-
lizing the exceptional HER activity of phosphides beyond Pt and industrial applications. To enhance environmental sustainability, future studies could opti-
mize the synthesis to reduce energy consumption and potential waste. Further enhancing the long-term stability and recyclability of the catalysts would con-

tribute to even greener catalytic oxidation processes.

1. Introduction

With proposals and advocacy for a “dual carbon” target strat-
egy, the adjustment of the energy structure is imminent,
requiring the vigorous development of clean, renewable, and
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environmentally friendly alternative energy.'™ Hydrogen
energy has become a hot topic in the global search for an ideal
energy source.””® Transition metal phosphides (TMPs), due to
their characteristics of a hydrogenase-like catalytic mechanism
and low cost, have satisfying prospects for the hydrogen evol-
ution reaction (HER).” "> However, their real catalytic activity is
far from comparable to that of Ptbased catalysts.”*™°
Therefore, activating the active sites of bulk TMPs to achieve
HER performance beyond that of Pt is an important challenge.

As an effective strategy to improve the electrocatalytic per-
formance from the kinetic level,*®™® strain engineering funda-
mentally promotes the adsorption/desorption of reaction inter-
mediates and the exposure of more highly active sites by pre-
cisely regulating the electronic structure, d-band center, and
lattice distortion."®™' Notably, chemical ways of introducing
strain, like doping or grain boundary mismatch, also change
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the material’s structure and composition, which makes it hard
to identify the true source of catalytic activity. Furthermore,
methods of preparing strained structures mostly involve
complex synthesis processes, expensive equipment, or cumber-
some post-treatment processes (ion exchange, etching, calcina-
tion, etc.), hampering their use in large-scale industrial
applications.”®?* Therefore, designing TMPs with a strained
structure and enhanced reaction kinetics by a rapid, low
energy, and universal strategy will be of great value, but it is
still challenging.

As a non-equilibrium thermochemical reaction, quenching
technology has the characteristics of simple operation, lower
time-consumption, low-energy consumption, and green
environmental protection, showing great application potential
in the directional construction of catalysts and industrial-scale
production.”**° Interestingly, Shen, Guan, and Bajdich et al.
confirmed that rapid quenching of transition-metal-based
oxides (or alloys) directly induced the lattice to produce com-
pressive strain®*® and tensile strain***° and then optimized
its electronic structure and electrocatalytic kinetics.
Meanwhile, Hu’s group also pointed out that quenching treat-
ment can lead to a large number of dislocations on the surface
of Pt particles and IrNi alloys, inducing a lattice strain
effect.’’**> Moreover, Zhang et al. introduced different degrees
of tensile strain in MoS, by heat-quenching treatment, promot-
ing more electrons to occupy the bonding orbitals to weaken
the Li-S and S-S bonds.*’ In summary, quenching technology
shows great potential for application in inducing strain struc-
ture in oxides or alloys.****> However, the use of quenching
technology to regulate strain structures in TMPs with promis-
ing applications remains underexplored. In addition, the real
mechanism of influence of quenching-induced strain structure
on the electrocatalytic performance of TMPs needs to be
further clarified.

Based on the above considerations, CoOx/CoP-L nanosheets
with an amorphous/crystalline (a/c)-heterostructure and 2.65%
tensile strain were creatively constructed by the ‘phosphoriza-
tion-liquid nitrogen quenching’ treatment of amorphous
CoOx nanosheets. Moreover, liquid nitrogen quenching also
triggered distortion of the lattice structure, facilitating the
exposure of active sites. Density functional theory (DFT) calcu-
lations and in situ Raman results confirm that construction of
the a/c-CoOx/CoP heterostructure with 2.65% tensile strain
optimizes the energy barrier to H' adsorption for acid HER
and water adsorption-dissociation for alkaline HER.
Strikingly, the a/c-CoOx/CoP heterostructure with 2.65%
tensile strain creates a unique electrocatalytic pathway for alka-
line HER. Strikingly, a unique Co;-P-Co, electrocatalytic
pathway for alkaline HER is innovatively proposed for the
a/c-CoOx/CoP heterostructure with 2.65% tensile strain.
Among the sites, the Co, site at the a/c-heterointerface and the
Co, site at the amorphous CoOx are a hydrophilic site and site
for the adsorption of OH™, respectively, effectively avoiding
poisoning of the hydrophilic site and accelerating the alkaline
HER kinetics. As anticipated, the well-designed CoOx/CoP-L
nanosheets require ultra-low overpotentials of only 128.1 mV
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and 163.6 mV to drive 100 mA cm > for alkaline and acidic
HER, which is significantly better than for most developed
non-noble-metal-based catalysts. Overall, this work introduces
an innovative quick-freezing strategy to induce the a/c-heteros-
tructure and lattice strain in phosphides, marking a significant
step towards achieving exceptional HER activity surpassing
that Pt and advancing their industrial application.

2. Experimental section
2.1. Ultrathin CoOx nanosheets

145.5 mg of Co(NO3),:6H,0 and 0.91 g of CTAB were sonicated
in 20 mL of deionized water, denoted solution A. Solution A
was sonicated in deionized water. 47.29 mg of NaBH, was dis-
solved in 5 mL of deionized water to prepare solution
B. Solution B was added dropwise to the stirred solution A,
then the mixture was stirred for 12 h, centrifuged, and washed
several times with deionized water.

2.2. CoOx/CoP-L

0.6 g of sodium hypophosphite and 20 mg of CoOx nanosheets
were placed upstream and downstream of the tube furnace,
respectively. The tube furnace was then heated to 300 °C. After
heating for 1 h, the product was quickly poured into a beaker
containing 50 mL of liquid nitrogen and cooled for 10 min.
Finally, the cooled product was placed in a vacuum drying
oven at 30 °C for use as CoOx/CoP-L.

2.3. Other comparison samples

The products obtained by replacing liquid nitrogen with dry
ice and ice water were recorded as CoOx/CoP-D and CoOx/
CoP-1, respectively. The sample obtained by natural cooling
after phosphatization is CoOx/CoP.

At the same time, the amount of sodium hypophosphite
was also adjusted in this work. The samples obtained with
0.2 g and 1 g of sodium hypophosphite were named CoOx/
CoP-10-L and CoOx/CoP-50-L, respectively.

3. Results and discussion

The ordinary amorphous-CoOx/crystalline-CoP model (CoOx/
CoP), the amorphous-CoOx/crystalline-CoP model with 2.65%
tensile strain (CoOx/CoP-L) and the pure crystalline CoP model
with 2.65% tensile strain (CoP-L) were constructed and are
shown in Fig. 1a. As shown in Fig. 1b and Table S1,7 the Gibbs
free energies of adsorbing H* (AGy-) in the CoOx/CoP-L and
CoOx/CoP models are 0.201 eV and 0.507 eV, respectively,
implying that the tensile strain structure accelerates H*
adsorption on the CoOx/CoP-L model. In particular, the ultra-
high AGy- value of CoP-L (0.630 eV) implies the importance of
the construction of the a/c-heterostructure to enhance the H*
binding ability. Generally speaking, the alkaline HER process
includes the following steps: adsorption of H,O molecules, dis-
sociation of H,O molecules (*H, — *H-OH), adsorption of

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5gc02044a

Published on 23 Juli 2025. Downloaded on 24.03.26 07:39:44.

Green Chemistry

" |—CoOx/ CoP-L

0.63

.6 —— CoOx/ CoP,

. “H *+H,

—— CoOx/ CoP-L

—— CoOx/ CoP

CoP-L

Free energy (eV)
=
2

CoOx/CoP CoOvCoPL *H,0 *H+*OH *H

Fig. 1 (a) Theoretical models of CoOx/CoP and CoOx/CoP-L, (b) calcu-
lated free energy diagrams of the acid HER pathway, (c) water adsorption
energy diagram, and (d) calculated free energy diagrams of the alkaline
HER pathway.

hydrogen (*H-OH — *H), and escape of hydrogen. Obviously,
Fig. 1c and Table S21 show that the adsorption energies of
H,0 on the CoP-L and CoOx/CoP-L models are —0.18 and
—0.34 eV, respectively, indicating that the amorphous CoOx
and the crystalline CoP synergistically promote the adsorption
of water molecules. Moreover, the difference (0.11 eV) in hydro-
philicity between the CoOx/CoP and CoOx/CoP-L models indi-
cates that the strain structure significantly enhances the water
absorption capacity of the well-designed CoOx/CoP-L model,
which is a prerequisite for faster alkaline HER Kkinetics.
Notably, Fig. 1d and Table S3} show that the H,O dissociation
process is the rate-determining step of the above models in
alkaline HER. The H,O dissociation barrier of CoOx/CoP-L
(0.90 V) is lower than that of CoOx/CoP (1.21 eV), manifesting
that the strain structure effectively reduces the energy barrier
to water dissociation and fundamentally accelerates the alka-
line HER kinetics. Generally, the construction of the amor-
phous/crystalline-CoOx/CoP heterostructure and the 2.65%
tensile strain synergistically accelerate the HER kinetics by
optimizing the energy barriers to H" adsorption for acid HER
and to water adsorption-dissociation for alkaline HER.

Under the guidance of the above DFT models, Scheme 1
shows that CoOx/CoP and CoOx/CoP-L nanosheets consisting
of amorphous CoOx and crystalline CoP were prepared by gas-
phase phosphorization. Strikingly, the directional construction
of strain structures in phosphides is achieved by regulating the
cooling process. Specifically, natural cooling treatment yields
CoOx/CoP materials with a normal CoP crystal structure. In
contrast, the huge temperature difference generated by the
liquid nitrogen (—196 °C) quenching induces a tensile strain
in CoP with minor kinks and dislocations, culminating in the
formation of the well-defined CoOx/CoP-L catalyst.

As can be seen in Fig. S1 and S2,t the CoOx precursor has
an amorphous nanosheet structure, and its thickness is only
about 1 nm. To further explore the effect of cooling treatment
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Scheme 1 Synthesis schematic of the CoOx/CoP nanosheets and the
CoOx/CoP-L with strain structure.

on the structure of phosphide, the normal CoOx/CoP
nanosheets prepared by natural cooling and the well-con-
structed CoOx/CoP-L prepared by liquid nitrogen quenching
were carefully monitored. As can be seen in Fig. S3a,f CoOx/
CoP maintains the shape of the nanosheets. However, its thick-
ness in Fig. S47 is significantly greater (~2 nm) than that of
the original CoOx precursor. Meanwhile, the HRTEM image in
Fig. S3bf confirms the presence of amorphous CoOx (marked
by yellow dashed circles), indicating incomplete phosphoriza-
tion of the CoOx precursor. The lattice fringes of 0.186 nm and
0.280 nm belong to the (211) and (011) crystal planes of CoP,
respectively. Additionally, the diffraction spots in the selected
area electron diffraction (SAED) in Fig. S3ct also demonstrate
the emergence of crystalline CoP (Area I) and amorphous CoOx
(Area II).

It is apparent from Fig. 2a and b that the as-prepared CoOx/
CoP-L well maintains the ultrathin nanosheet structure, indi-

Height (o)

%’, Y

Dislocations

#f 1000 &

Fig. 2 Physical characterization of CoOx/CoP-L: (a) SEM image, (b)
TEM image, (c) thickness measurement diagram (inset: the atomic force
microscope image), (d—f) HRTEM images (the illustration inside Fig. 1d is
the selected area electron diffraction image), (g) ACTEM image and (h)
TEM mapping images.
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cating that the quenching treatment has no destructive effect
on the nanosheet structure. However, Fig. 2c shows that the
thickness of the CoOx/CoP-L nanosheets is similar to that of
CoOx/CoP, which is about 2 nm, disclosing that the phosphati-
zation process thickens the nanosheets. Similarly, its HRTEM
image (Fig. 2d) displays that CoOx/CoP-L consists of crystalline
CoP and amorphous CoOx (marked by yellow dashed circles).
Notably, the related SAED patterns of crystalline CoP and
amorphous CoOx also proved the formation of amorphous/
crystalline (a/c)-heterostructures (Fig. S5a-bt). In particular,
the presence of the a/c-heterointerface provides a bridge for
electron migration and lays the foundation for optimizing the
electronic structure of CoP species. Moreover, the amorphous
CoOx phase can expose more unsaturated sites for improving
catalyst activity. Further analysis of region I (Fig. 2e) finds that
the lattice spacings belonging to the (211) and (011) lattice
planes of CoP increase to 0.193 nm and 0.287 nm, respectively.
This lattice expansion phenomenon confirms that the quench-
ing treatment induces tensile strain in the CoP crystal.
Interestingly, the lattice of CoP exhibits obvious kinks (marked
by a red shadow) in region II (Fig. 2f). This is because the
newly-formed CoP species, created in a thermodynamically
non-equilibrium state, are rapidly cooled during the quench-
ing process. As a result, some active Co and P atoms are
instantly immobilized in place rather than arranging them-
selves according to the normal crystal structure. Strikingly, the
high-angle annular dark-field scanning electron microscope
(HAADF-STEM) image in Fig. 2g displays that there are obvious
dislocations in the CoP crystal, further confirming that a
plunge in temperature has a great influence on the crystal
structure and atomic arrangement of phosphide. Moreover,
the corresponding elemental energy dispersive X-ray (EDX-
mapping) images (Fig. 2h) prove that the Co, O, and P
elements in the well-designed CoOx/CoP-L ultrathin
nanosheets are uniformly distributed.

To further explore the effect of quenching on the strain
structure and electronic configuration of CoOx/CoP-L, the
strain structure, chemical composition, and bonding state
were analyzed using geometric phase analysis (GPA), X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS).
Notably, GPA is considered an intuitive method for determin-
ing the strain type and strain value. Fig. S6 and S7{ show that
the CoP crystal of CoOx/CoP-L has an obvious tensile strain,
and the tensile strain value is as high as 2.65%, while the
tensile strain value of CoOx/CoP without quenching is very low
(0.11%) and can be ignored. This phenomenon further con-
firms the important regulation effect of quenching treatment
on the strain structure of CoP. As can be observed in Fig. 3a,
both CoOx/CoP and CoOx/CoP-L have a large broad peak
corresponding to amorphous CoOx, along with sharp diffrac-
tion peaks assigned to the CoP phase (PDF# 29-0497). This
implies that the amorphous CoOx is partially transformed into
CoP crystals after gas-phase phosphorization. However, the
peaks corresponding to CoP in CoOx/CoP-L slightly shift to a
smaller angle, indicating that the quenching treatment leads
to expansion of the CoP lattice. This result is consistent with
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Fig. 3 (a) XRD patterns of CoOx/CoP and CoOx/CoP-L, (b) the tensile
strain coefficient diagram obtained by XRD fitting, (c—e) XPS spectra of
CoOx/CoP and CoOx/CoP-L.

the phenomenon in Fig. 2e, disclosing that quenching treat-
ment induces tensile strain in CoP. In addition, the lattice
strain was investigated by Williamson-Hall (W-H) analysis. As
shown in Fig. 3b, CoOx/CoP-L exhibits a significantly higher
strain (e) value (4.51 x 10~°) compared to CoOx/CoP (0.93 x
107%), further revealing that the tensile strain induced by the
quenching treatment aligns well with the negative shift of the
CoP peaks in Fig. 3a. Moreover, in Fig. 3¢, CoOx/CoP-L displays
three pairs of peaks. A pair of peaks located at 780.54 eV and
795.53 eV are assigned to the Co-P species, indicating the for-
mation of the CoP phase. The peaks at 782.92 eV and 798.93
eV belong to Co-O bonds, implying the presence of amor-
phous CoOx. In the P 2p spectrum (Fig. 3d), the peaks located
at 129.44 eV and 130.52 eV are ascribed to P-Co bonds, con-
firming the presence of the CoP phase. The peak at 133.49 eV
corresponds to P-O bonds. Moreover, the O 1s spectrum in
Fig. 3e decomposes into three peaks at 529.89 eV, 531.35 eV,
and 531.9 eV, corresponding to O-Co bonds, O-P bonds, and
H,0, respectively. The peak corresponding to O-Co bonds
indicates the presence of amorphous CoOx. Notably, compared
with the ordinary CoOx/CoP catalyst, both Co-P and Co-O
species in the Co 2p spectrum of CoOx/CoP-L shift toward

This journal is © The Royal Society of Chemistry 2025
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higher binding energy, implying that Co atoms in CoOx/CoP-L
carry more positive charges under the action of lattice tensile
strain. In contrast, the peaks belonging to the P-Co species in
CoOx/CoP-L have a reverse shift, indicating that the lattice
strain induced by quenching treatment causes P sites to have
more electrons.

In summary, the introduction of a strained structure effec-
tively promotes the electron reset of CoOx/CoP-L. Interestingly,
the decrease in the P-O bond content for CoOx/CoP-L suggests
that the N, volatilized during the liquid nitrogen quenching
process inhibits the peroxidation of the phosphides and effec-
tively protects the CoP active species.

Considering the structural superiorities of the CoOx/CoP-L
nanosheets, the HER performances of CoOx/CoP-L and other
counterparts were monitored in 1.0 M KOH solution. As can be
observed in Fig. 4a, the overpotentials of CoOx/CoP-L and
CoOx/CoP electrocatalysts with a/c-heterostructures at the
same current density are significantly superior to those of
their amorphous CoOx counterparts, indicating that inte-
gration of crystalline CoP and amorphous CoOx drastically
enhances the alkaline HER activity. Surprisingly, the alkaline
HER activity of CoOx/CoP-L begins to exceed that of Pt/C at a
current density of 68 mA cm ™2,

As shown in Fig. 4b and Table S4, the overpotentials of
CoOx/CoP-L at current densities of 50, and 100 mA cm™2 are
106.4 mV, and 128.1 mV, respectively, which are much lower
than those of CoOx/CoP without quick-freezing treatment
(127.4 mV and 149.6 mV), or commercial Pt/C (101.6 mV and
134.2 mV). It is noteworthy that the ultrahigh alkaline HER
activity of CoOx/CoP-L arises mainly from the local strain
effect on the CoP crystals induced by the rapid freezing treat-
ment. Moreover, the Tafel slope of CoOx/CoP-L (63.2 mV
dec™) is also close to that of commercial Pt/C (61.9 mV dec ™)
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Fig. 4 HER electrocatalytic properties of CoOx/CoP, CoOx/CoP-L,
CoOx precursor and Pt/C in 1.0 M KOH: (a) LSV curves, (b) comparison
diagram of voltage at current densities of 10, 100, and 200 mA cm™2, (c)
Tafel slopes, (d) Cq4 curves, (e) Nyquist plots at a specific voltage of
—-0.15 V, (f) chronoamperometry test of CoOx/CoP-L and (g) compari-
son diagram of recently reported Co-based electrocatalysts.
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in Fig. 4c, showing that CoOx/CoP-L possesses exceptional
alkaline HER kinetics. The electrochemical surface area
(ECSA) is a vital indicator to reveal the intrinsic activity of cata-
lysts. Generally, the electric double-layer capacitance (Cq)
obtained from the cyclic voltammetry (CV) test (in Fig. S8 and
Table S57) is proportional to the value of ECSA. Fig. 4d demon-
strates that the Cq value of CoOx/CoP-L is 80.3 mF cm™2,
which is considerably larger than those of CoOx/CoP (54.3 mF
em™?) or CoOx (17.7 mF cm™?). This result means that CoOx/
Co P-L exposes abundant electrocatalytically active sites, which
is closely related to the lattice strain (tensile strain, lattice dis-
tortion, dislocation) of CoP crystals. In conclusion, the strain
structure in CoP crystals significantly contributes to the
exposure of the active sites. Moreover, the electrochemical
impedance spectroscopy (EIS) in Fig. 4e and Table S6} reveals
that CoOx/CoP-L has the smallest charge transfer resistance
(R.) among all the as-prepared catalysts, suggesting that the
lattice strain of CoP crystals promotes the conductivity of the
material to a certain extent. Except for electrochemical activity,
stability is a vital indicator for describing the industrial-scale
application of catalysts. As can be seen in Fig. 4f, CoOx/CoP-L
maintains a stable current density of 100 mA em™> for 100 h
under a constant potential of 0.106 V. To further investigate its
durability of composition and structure after the alkaline HER
test, XPS and TEM characterizations were conducted. Fig. S9F
displays that there is no change in the XPS spectrum of CoOx/
CoP-L after the HER test. Meanwhile, the TEM and HRTEM
images of CoOx/CoP-L (in Fig. S10t) after HER show that the
nanosheet morphology and the strain structure of CoP are well
maintained. Overall, the above characterizations confirm the
remarkable durability of CoOx/CoP-L in terms of physical
structure, chemical composition and HER performance. In
particular, the strain structure stabilized in CoP crystals plays
an important role in the stable and efficient HER process of
CoOx/CoP-L. Significantly, the HER activity of the CoOx/CoP-L
nanosheets exceeds that of the most commonly reported non-
noble-metal-based catalysts (Fig. 4g and Table S77), further
verifying that the lattice strain and the a/c-CoOx/CoP hetero-
structures jointly promote the improvement in HER
performance.

Surprisingly, Fig. 5a shows that CoOx/CoP-L also exhibits
excellent HER activity with an ultra-low 7,4 of 85.6 mV in 0.5 M
H,S0,, benefiting from the presence of a/c-CoOx/CoP hetero-
structures and lattice strain (tensile strain, lattice distortion,
dislocation). Notably, although the acidic HER performances
of CoOx/CoP-L in Fig. 5b and Table S8+ are still far from those
of Pt/C, only 85.6 mV, 138.4 mV, and 163.6 mV are required to
achieve current densities of 10, 50, and 100 mA cm™2, which
are significantly lower than those of CoOx/CoP (117.4 mV,
169.2 mV, and 195.6 mV), revealing the significance of the
lattice strain induced by the quick-freezing treatment.
Meanwhile, Fig. 5¢ demonstrates that CoOx/CoP-L shows expe-
dited acidic HER kinetics. The Cg value demonstrates the
huge ECSA of CoOx/CoP-L (Fig. S11,1 Fig. 5d, and Table S97),
suggesting that the lattice strain inside the CoP crystal effec-
tively promotes the exposure of abundant active sites. The
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Fig. 5 HER electrocatalytic properties of CoOx/CoP, CoOx/CoP-L,
CoOx precursor and Pt/C in 0.5 M H,SO4: (a) LSV curves, (b) comparison
diagram of voltage at current densities of 10, 50, and 100 mA cm™2, (c)
Tafel slopes, (d) Cq curves, (e) Nyquist plots at a specific voltage of
—-0.15 V, (f) chronoamperometry test of CoOx/CoP-L and (g) compari-
son diagram of recently reported non-noble—metal-based
electrocatalysts.

tensile strain and appropriate dislocation of CoOx/CoP-L
induced by the quenching treatment can promote more
exposure of active sites, thereby achieving a larger electroche-
mically active area. Fig. 5e and Table S107 reveal the excellent
conductivity of CoOx/CoP-L. In addition, the I-T test in Fig. 5f
confirms the outstanding electrochemical stability of CoOx/
CoP-L under acidic conditions. Surprisingly, as exhibited in
Fig. S12,1 the morphology of CoOx/CoP-L hardly changes after
an acidic HER test, and the lattice strain region still exists in
the CoP region. At the same time, the differences in the XPS
spectra of Co, P, and O (Fig. S131) are also negligible, revealing
the superior durability of CoOx/CoP-L in terms of chemical
composition. Additionally, the acidic HER activity of CoOx/
CoP-L is also preeminent compared to most reported non-pre-
cious-metal-based catalysts and self-supported electrodes
(Fig. 5g and Table S117). As expected, CoOx/CoP-L also has
excellent neutral HER performance (Fig. S147), indicating that
CoOx/CoP-L has excellent hydrogen evolution ability in all pH
ranges, making it suitable for all electrolytic cells.

To comprehensively reveal the HER catalytic mechanism of
CoP/CoOx-L, in-depth DFT calculations on different active sites
of CoP/CoOx-L were performed. Fig. 6a and Table S121 show
that the Co sites at the a/c-CoP/CoOx heterointerface in the
CoP/CoOx-L and CoP/CoOx models have better water adsorp-
tion capacity than the P sites, confirming the Co site at the
a/c-CoP/CoOx heterointerface as the main hydrophilic site.
Furthermore, the adsorption energy of H,O at Co sites in the
CoP/CoOx-L model was much better than that in the CoP/CoOx
model, indicating that the 2.65% tensile strain further opti-
mizes the hydrophilicity. As can be seen in Fig. 6b and
Table S13,t the H* adsorption sites of the CoP/CoOx model are
still Co sites at the a/c-CoP/CoOx heterointerface, consistent
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Fig. 6 (a) H,O absorption capacity of site at CoOx/CoP and CoOx/
CoP-L, (b) calculated free energy diagrams of H*, (c) OH™ absorption
capacity of Co site at different positions in the CoOx/CoP-L model;
in situ Raman spectra of (d and €) CoOx/CoP-L and (f and g) CoOx/CoP
in the alkaline HER process.

with the hydrophilic sites. However, the H* adsorption site of
the CoP/CoOx-L model changes to a P site at the heterointer-
face, suggesting that water adsorption and hydrogen desorp-
tion in the tensile-strain-driven CoP/CoOx-L model occur at the
Co site and the P site at the heterointerface, respectively.
Moreover, the |AGy«| value of the P site in the CoP/CoOx-L
model is much lower than that of the Co site in the CoP/CoOx
model, confirming that tensile strain induces a transition of
the H* adsorption site to achieve a sudden drop in the energy
barrier to hydrogen evolution. Strikingly, OH~ produced by
water-splitting during alkaline HER is severely toxic to the
hydrophilic sites. Therefore, it is vital to optimize the OH™
adsorption path. Fig. 6¢c and Table S141 demonstrate the OH™
adsorption capacity on Co sites at different positions in the
CoP/CoOx-L model. Surprisingly, a Co site located in amor-
phous CoOx has much better OH™ adsorption ability than that
at the a/c-heterointerface. The above results reveal that the Co
site located at the a/c-heterointerface in the CoP/CoOx-L model
dissociates water molecules as a hydrophilic site during alka-
line HER. The H' and OH™~ formed by water dissociation are
then spontaneously transferred to the P site at the a/c-heter-
ointerface and the Co site at the amorphous CoOx, respect-
ively. This unique Co;-P-Co, catalytic mechanism for alkaline
HER avoids poisoning of the Co; hydrophilic site, thus achiev-
ing a great enhancement in alkaline HER kinetics. To further
corroborate the unique Co;-P-Co, mechanism of the CoP/
CoOx-L model for alkaline HER, in situ Raman testing of CoP/
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CoOx-L and CoP/CoOx was performed. Fig. 6d-f show that the
peaks belonging to Co-P bonds are almost unchanged during
alkaline HER for both CoP/CoOx-L and CoP/CoOx, implying
that the Co-P species of CoP/CoOx and CoP/CoOx-L are stable
during the alkaline HER process. Surprisingly, with increasing
voltage, the intensity of the Co-OH peaks strengthens signifi-
cantly in CoP/CoOx-L and CoP/CoOx, further proving that the
OH™ formed by dissociation of water is transferred to the CoOx
phase of CoP/CoOx and CoP/CoOx-L to form Co-OH species.
As shown in Fig. 6e, as the voltage increases, a continuously
enhanced peak attributed to the P-H bond appears at
2690 cm™" for CoP/CoOx-L, indicating that the P atom in CoP/
CoOx-L is the active site for *H adsorption. However, Fig. 6g
shows that there is no peak belonging to the P-H bond in CoP/
CoOx during the alkaline HER process, indicating that the *H
adsorption site in CoP/CoOx has always been the Co site,
which is consistent with the DFT calculation results. In con-
clusion, the above results confirm that the tensile strain
induces a change in the *H adsorption site in CoP/CoOx-L.
Notably, CoP/CoOx-L follows a unique Co,-P-Co, electro-
catalytic mechanism in the alkaline HER process. The simul-
taneous transfer of H" and OH~ intermediates effectively
avoids poisoning of the hydrophilic site, thereby enhancing
the alkaline HER kinetics.

To further explore the effect of quick-freezing temperature
on crystal structure and electrocatalytic performance, the
material in this work was quenched using Drikold (—79 °C)
and ice water (0 °C) to prepare CoOx/CoP-D and CoOx/CoP-I
comparison samples, respectively. As shown in Fig. S15a and
S16a,T CoOx/CoP-D and CoOx/CoP-I still maintain the mor-
phology of ultrathin nanosheets. The related HRTEM images
(Fig. S15b, ¢ and S16b, ct) show that both CoOx/CoP-I and
CoOx/CoP-D nanosheets are composed of amorphous and crys-
talline regions. The lattice stripes in their crystalline regions
all belong to the CoP phase, but there are different degrees of
lattice expansion. As the freezing temperature decreases, the
lattice spacing belonging to the same crystal faces of the CoP
phase tends to increase, indicating that the tensile strain in
CoP is also gradually increasing. Notably, the CoP phase in
CoOx/CoP-I has the smallest lattice expansion and its lattice
remains free of kinks. Although CoOx/CoP-D has similar
lattice kink regions to CoOx/CoP-L, its lattice expansion is
lower than that of CoOx/CoP-L. Simultaneously, the related
GPA test (Fig. S17 and 18%) confirms that the tensile strain of
CoP in CoOx/CoP-I (1.05%) is much lower than those of CoOx/
CoP-D (1.85%) or CoOx/CoP-L (2.65%). Above all, the quick-
freezing treatment causes tensile strain in the CoP lattice, and
the degree of the tensile strain is inversely proportional to the
quick-freezing temperature.

In a traditional three-electrode system, the alkaline/acid
HER activities of catalysts obtained by three different quick-
freezing methods were determined from LSV and Tafel curves.
As can be seen in Fig. S19 and S20,f CoOx/CoP-L shows dis-
tinct superiority over CoOx/CoP-I and CoOx/CoP-D in terms of
alkaline HER performance and acid HER performance, con-
firming that the appropriate lattice tensile strain can greatly
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accelerate HER kinetics. Above all, the huge temperature differ-
ence brought about by the lower quenching temperature
induces a larger tensile strain of the CoP crystals, regulating
the electronic structure and optimizing the intrinsic activity of
the active sites.

In addition, the amorphous/crystalline ratio in CoOx/CoP-X-
L (X = 10, 50) was also regulated by adjusting the feeding ratio
of CoOx to sodium hypophosphite (specifically, the feeding
ratios were 10 and 50) during phosphorization. Strikingly, as
can be seen in Fig. S21a and S22a,} the CoOx/CoP-X-L (X = 10,
50) counterparts also have the structure of ultrathin
nanosheets, implying that the degree of phosphorization has
little effect on the morphology of CoOx/CoP-X-L. However,
Fig. S21bt shows that CoOx/CoP-10-L contains abundant amor-
phous CoOx regions, indicating that insufficient P source is
not conducive to the formation of phosphide. As can be seen
in Fig. S22b,T when the feed ratio is as high as 50, amorphous
CoOx is almost completely converted into CoP crystals due to
excessive phosphorization. Simultaneously, a distorted lattice
is also observed in the CoP phase of CoOx/CoP-10-L and CoOx/
CoP-50-L (Fig. S21c and S22cf), implying the presence of
tensile strain induced by quenching treatment. The XPS
spectra of CoOx/CoP-X and CoOx/CoP-X-L (X = 10, 50) are
shown in Fig. S23.1 Moreover, according to the peak area ratio
of Co-P and Co-O bonds in the Co 2p spectra of CoOx/CoP-X
and CoOx/CoP-X-L (X = 10, 50), the relative content of Co-P
and Co-O bonds was calculated. Obviously, with an increase in
X value, the content of Co-P bonds in CoOx/CoP-X-L increases,
while the content of Co-O bonds decreases. This phenomenon
further confirms that increasing the P source can promote the
transformation of amorphous CoOx into CoP crystals.
Furthermore, an alkaline HER test was carried out on CoOx/
CoP-L and CoOx/CoP-X-L (X = 10 and 50). The LSV curves (in
Fig. S24%) display that CoOx/CoP-30 has the best electro-
chemical activity and the lowest Tafel slope among them. As
expected, acidic HER showed similarly excellent activity
(Fig. S257). These results indicate that the appropriate phos-
phorization optimizes the content ratio of amorphous CoOx to
CoP crystal, thereby stimulating its superior electrocatalytic
activity. Fig. S26 and S277 confirm that CoOx/CoP-L maintains
the best HER property in both alkaline and acidic media. At
the same time, these catalysts show optimized HER activity
after quick-freezing treatment, indirectly confirming the uni-
versality of quick-freezing treatment for the improvement of
properties in this system.

4. Conclusions

In summary, a facile ‘phosphorization-liquid nitrogen quench-
ing’ method was used to construct well-designed CoOx/CoP-L
heterostructure nanosheets consisting of amorphous CoOx
and crystalline CoP with 2.65% tensile strain. As anticipated,
the CoOx/CoP-L nanosheets require ultra-low overpotentials of
only 128.1 mV and 163.6 mV to drive 100 mA cm™? for alkaline
and acidic HER, which is significantly better than most devel-
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oped non-noble-metal-based catalysts. Remarkably, it also
achieves excellent HER stability and has commendable value
in industrial applications. DFT calculations and in situ Raman
results confirm that the construction of the a/c-CoOx/CoP
heterostructure with 2.65% tensile strain optimizes the energy
barrier to adsorption of H' for acid HER and water adsorp-
tion-dissociation for alkaline HER. Strikingly, a unique Co,-P-
Co, electrocatalytic pathway for alkaline HER is innovatively
proposed in the a/c-CoOx/CoP heterostructure with 2.65%
tensile strain. Among the sites, the Co, site at the a/c-heteroin-
terface and the Co, site at the amorphous CoOx are a hydro-
philic site and a site for the adsorption of OH™, respectively,
effectively avoiding poisoning of the hydrophilic site and accel-
erating the alkaline HER kinetics. This work creatively stimu-
lated the a/c-heterostructure and lattice strain structure by
quenching during the phosphorization process, providing a
novel method for the construction of non-noble-metal phos-
phide catalysts with a performance surpassing that of Pt for
HER.
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