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Surface amorphization enables robust
catalyst for industrial-level low-potential
electrooxidation reactions
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% Check for updates Electrooxidation of pollutants at potentials near or below the thermodynamic

hydrogen evolution potential offers transformative opportunities for energy-
efficient pollutant valorization and diverse energy devices. However, existing
catalysts suffer from rapid deactivation due to the inevitable overoxidation.
Herein, we present an amorphous phosphorus-doped CoFe,04 catalyst that
achieves industrial-level current densities (1 A cm2) at ultralow potentials
(0.06, 0.65, and -0.17 V vs. reversible hydrogen electrode) for hydrazine,
sulfion, and borohydride electrooxidation, respectively, along with 400-hour
stability at 300 mA cm™2 in a hydrazine-assisted electrolyzer. Mechanistic
studies reveal electron transfer from Co-P ligands to Co-O ligands, which
enhances the involvement of Co-O ligands in low-potential electrooxidation
while protecting Co-P ligands from overoxidation. Furthermore, more positive
charges on Co centers lower the activation barrier for such pollutant electro-
oxidation. This work opens a paradigm for designing robust electrocatalysts
by decoupling catalytic activity from oxidative deactivation.

There are some pollutants in wastewater with extremely low equili-
brium potentials (Eg) near or below OV vs. reversible hydrogen elec-
trode (RHE), such as hydrazine (N,H;+40OH™ -> N,+4H,0 +4e",
Eo = —0.33Vvs.RHE)}, sulfion (S* —2e” > S,%, Eo=0.14 V vs. RHE)?, and
borohydride (BH, +80H™ > BO, + 6H,0 +8e”, E=-1.24 V vs. RHE)’.
The electrocatalytic oxidation of these pollutants can occur at low
potentials, which makes them promising alternative energy carriers for
use in various energy-related applications and devices. Implementing
these low-potential electrooxidation reactions (LPEOR) in diverse
energy conversion systems, such as water electrolysis* (particularly
seawater electrolysis), direct liquid fuel cells*®, CO, reduction
reactions’, electrochemical synthesis of H,05’, nitrate electroreduction
reactions®, and others, is anticipated to facilitate the large-scale

application of wastewater-to-energy technologies’ (Supplementary
Note 1). Up to now, two types of LPEOR have been widely demon-
strated: one involves the formation of electrophilic oxygen species or
hydroxyl radicals, whose oxidation potential typically exceeds 1V vs.
RHE, thereby limiting the energy-saving potential'®". The other involves
direct adsorption and oxidation of substrates onto coordinatively
unsaturated active metal centers, which exhibit an oxidation potential
closer to the theoretical value of LPEOR™". Therefore, developing
coordinatively unsaturated active metal sites to enable direct adsorp-
tion and oxidation of substrates is essential for substantially reducing
energy consumption in various LPEOR-based energy devices**".
Noble metal-based catalysts generally exhibit high activity for
LPEOR™¢, but their practical applications are hindered by scarcity and
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high costs. Developing non-precious metal-based catalysts is an
inevitable choice for advancing LPEOR. However, the coordinatively
unsaturated highly active sites in non-precious metal-based catalysts
for LPEOR are redox-active under low potential, making them sus-
ceptible to deactivation through electrooxidation or oxidation by
0,". The low-redox-potential substrate could dynamically recover
the oxidized active sites to a certain extent in a timely manner’. But it
remains a significant challenge to enhance the catalytic activity of
LPEOR while simultaneously inhibiting the oxidative deactivation of
active sites. To date, reported non-noble metal-based catalysts could
operate for a maximum duration of 100 h at a current density not
exceeding 100 mA cm™. Metal phosphides, metal nitrides, metal sul-
fides, and metal borides all exhibit promising activity for LPEOR?*%,
Because the lower electronegativity of these elements compared to
that of oxygen enables more delocalized electrons to stabilize coor-
dinatively unsaturated active metal sites”. This enables the metal
active sites to rapidly gain and lose electrons during LPEOR, thereby
exhibiting faster reaction kinetics. With metal phosphide catalysts as
an example, the numerous strategies to improve the activity for LPEOR
can be classified into two primary categories. One involves polarization
of active centers by built-in electric fields, which can be established by
heterojunctions®,  single-atom  heterojunctions®,  Schottky
heterojunctions®, and so on. The polarization induces electron
transfer from metal centers to P atoms, which enhances the activation
of substrate on metal centers but also makes P atoms more susceptible
to oxidative deactivation. The other one is exposing more active metal
centers by reducing catalysts”, such as via chemical reduction®® or
electrochemical reduction”. However, the reduction processes
increase negative charges on both the metal centers and P atoms,
making P atoms more susceptible to oxidation. Therefore, developing
a strategy to enhance LPEOR activity while preventing oxidative
deactivation of active sites is the key to breaking the bottleneck in the
practical application of LPEOR.

Due to its high stability and ease of modulation, spinel is fre-
quently selected as a model catalyst for various electrooxidation
reactions® 2, Here, we employed amorphization engineering to
create anti-oxidizing catalytic sites on P-doped spinel oxides, which
exhibit not only high catalytic activity but also robust antioxidant
properties. The low-coordination environment of Co sites results in
strong electron transfer between Co-P ligands and Co-O ligands.
Moreover, more positive charges on Co sites enhance the adsorption
and activation of substrates, while fewer electrons on P atoms endow
Co-P ligands with higher resistance to oxidative deactivation. In
addition, more electrons on Co-O ligands participate in LPEOR,
improving the stability of Co-P ligands and the activity of active Co
centers. Furthermore, the surface amorphization avoids compro-
mising the bulk of the catalyst, which serves as a stable template for
the epitaxial grafting of highly active sites. Significantly, the catalyst
requires extremely low potentials of 0.06, 0.65, and -0.17 V vs. RHE
to achieve a high current density of 1000 mA cm™ with hydrazine,
sulfion, and sodium borohydride as substrates, respectively. The
hydrazine-assisted water electrolyzer with the catalyst serving as
both cathode and anode demonstrated an exceptional stability of
400 h operation without decay at 300 mAcm™2.

Results and discussion

Design and realization of P-doping induced surface
amorphization

The catalysts were prepared according to the experimental steps in
Supplementary Fig. 1. All the catalysts present a uniform spherical
morphology (Supplementary Figs. 2-5). As shown in Fig. 1a, the sample
(CFO) exhibits a well-defined lattice stripe with a spacing of 0.486 nm
corresponding to the (111) facet of spinel CoFe,0,, indicating its
excellent crystallinity. The energy-dispersive X-ray spectroscopy (EDS)
reveals that the Co, Fe, and O atoms in the CFO are uniformly

distributed and conform to stoichiometric ratios (Supplementary
Fig. 6). The (311) and (111) facets belonging to spinel CoFe,0, indicate
the crystalline structure is retained in the P-CFO (Fig. 1b, ¢). And EDS
results confirm the successful doping of P atoms into the P-CFO (Fig. 1d
and Supplementary Fig. 7). The lattice incompleteness at the yellow
dashed circles in Fig. 1c can be attributed to lattice defects on the
P-CFO resulting from the P-doping process. Evidently, the introduction
of P atoms into intact crystals inevitably results in a gradient dis-
tribution of P atoms. After incorporating thiourea in the preparation
process, a defective layer on the d-CFO surface was constructed, as
confirmed by high-resolution TEM (HRTEM) images (Fig. 1e). The sig-
nificant decrease in oxygen content suggests that the defect layer is
predominantly composed of oxygen defects (Supplementary Fig. 8).
Interestingly, an amorphous layer with a thickness of about 8 nm
appears on the d-P-CFO surface, while the internal of d-P-CFO exhibits
well-defined (111) facets belonging to CoFe,O, (Fig. 1f, g). Further
combined with the EDS results (Fig. 1h and Supplementary Fig. 9), it
can be inferred that the P atoms in d-P-CFO are mainly present within
the amorphous surface layer. This may be due to the preferential dif-
fusion of P atoms along the surface defect layer during P-doping of d-
CFO, leading to the formation of a P-doped amorphous surface on the
d-P-CFO sample.

It was further verified by theoretical calculations that different
catalyst structures result from P atom doping under various condi-
tions. Crystalline and amorphous models of P-doped CoFe,O, with
oxygen vacancies (marked as c-P-CFO and a-P-CFO, respectively) were
constructed using density functional theory (DFT) calculations (Sup-
plementary Fig. 10). The energy barriers computed by the nudged
elastic band method™ for diffusion of a P atom in ¢-P-CFO and a-P-CFO
are depicted in Fig. 2a (Supplementary Data 1-3). The amorphization
facilitates the diffusion of P atoms via reducing the energy barriers by
half. This is likely due to the loose atomic arrangement in a-P-CFO,
which allows the transfer of P atom accompanied by the movement of
an adjacent metal atom (Supplementary Fig. 11). As the energy barriers
for P atom diffusion in all directions are the same in the crystal
structure (CFO), P-doping driven by a concentration gradient will lead
to a gradient distribution of P atoms in the near-surface region (P-CFO)
(Fig. 2b). Defective surface layer on the crystal structure (d-CFO) leads
the incorporated P atoms to preferentially migrate in the defective
layer with loose atomic arrangement rather than in the internal crystal
structure (d-P-CFO) (Fig. 2c). Because the higher energy barrier for P
atom diffusion in the crystal structure than that in the defective
structure hinders P atoms from diffusing into the internal crystal
structure. As a result, an amorphous skin enriched with P atoms can
form on the surface of crystal (Fig. 2d), consistent with the structure
in Fig. 1g.

Unique low-coordination environment of active sites

The X-ray diffraction (XRD) and inductively coupled plasma mass
spectrometry (ICP) results collectively indicate that in the d-P-CFO,
P atoms are mainly located in the amorphous surface layer without
compromising the bulk (Supplementary Figs. 12-13). Additionally, P
doping has no significant effect on the catalyst’s surface pore
structure (Supplementary Fig. 14). X-ray photoelectron spectra
(XPS) verify the oxygen-deficient layer on d-CFO surface (Supple-
mentary Figs. 15-17). Interestingly, compared with P-CFO, d-P-CFO
presents higher oxidation states of Fe and Co in the XPS spectra
(Fig. 3a, b). Furthermore, the Co 2p XPS spectra exhibit a stronger
Co-P signal for d-P-CFO, which implies a greater propensity for P
atoms to coordinate with Co atoms. Correspondingly, the P 2p XPS
spectrum of d-P-CFO exhibits a more pronounced M-P signal with
fewer negative charges (Fig. 3c). The XPS spectra of O 1s (Supple-
mentary Fig. 18) show a lower binding energy of lattice oxygen in
d-P-CFO, suggesting an increased electron density on O atoms. The
quantitative XPS analysis revealed (Supplementary Fig. 19) that the
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a

Fig. 1| Structural characterization of P-doping-induced surface amorphization. TEM images of CFO (a) and P-CFO with different magnifications (b, ¢). d STEM-EDS
elemental mapping of P-CFO. TEM images of d-CFO (e) and d-P-CFO with different magnifications (f, g). h STEM-EDS elemental mapping of d-P-CFO.

surface of P-CFO and d-P-CFO exhibited comparable levels of O
content, while more P atoms were observed on the d-P-CFO surface.
This is because the amorphous surface of d-P-CFO facilitates the
confinement of P atoms within the amorphous layer. The distinct
signal at g=2.004 in the electron paramagnetic resonance (EPR)
spectra (Supplementary Fig. 20) indicates the presence of oxygen
vacancies in all samples*. The d-CFO has more oxygen vacancies
than CFO, as suggested by XPS. P-doping introduces a substantial
number of oxygen vacancies in P-CFO, because P-doping process is a
thermal reduction of CFO by PH;. Conversely, P-doping of d-CFO
leads to a small increase in oxygen vacancies. This indicates that
P-doping coupled with surface amorphization avoids generation of
abundant oxygen vacancies by forming low-coordinated metal
active sites.

The Co K-edge X-ray absorption near-edge structure (XANES)
spectra of different samples are compared in Fig. 3d. The oxidation
state of Co in d-P-CFO is much higher than that in CoO (+2), and
significantly lower than +2 in P-CFO, indicating more positively

charged Co atoms in d-P-CFO, as revealed by XPS. Similarly, the
increase in oxidation state of Fe is observed in d-P-CFO (Fig. 3e). The
Fourier transformation of the extended X-ray absorption fine structure
(EXAFS) compares the coordination environments of active sites on
d-P-CFO and P-CFO. d-P-CFO presents a significant increase in both Co-
O and Co-P bond lengths (Fig. 3f, Supplementary Fig. 21, and Supple-
mentary Table 1), indicating a looser atomic arrangement in the
amorphous surface of d-P-CFO. In comparison to d-P-CFO, P-CFO
exhibits a reduced oxygen coordination number due to its higher
concentration of oxygen vacancies, as revealed by EPR. Raman spectra
also reveal an increase in oxygen coordination sites in the amorphous
layer of d-P-CFO (Supplementary Fig. 22). Interestingly, amorphization
decreases the coordination number between Co and P atoms from 2.1
to 1.1, while the Co/P atomic ratio in both P-CFO and d-P-CFO is nearly
identical, as revealed by ICP (Supplementary Fig. 13). This phenom-
enon indicates that P atoms coordinate with fewer Co atoms in d-P-
CFO than in P-CFO, which is due to the low-coordinated environment
induced by amorphization (Supplementary Fig. 23)**. The EXAFS
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Fig. 2 | P-doping-induced surface amorphization triggered by defects. a Energy variations for migration of P atoms in different structures. b, ¢ Schematic diagram of P
atom diffusion in CFO (b) and d-CFO (c). d Schematic illustration of formation of P-CFO and d-P-CFO. Source data for Fig. 2a are provided as a Source Data file.

Fourier transform presented similar results for Fe atoms, including a
higher coordination number between Fe and O and a lower coordi-
nation number between Fe and P (Fig. 3g, Supplementary Fig. 24, and
Supplementary Table 2). Based on the above results, the coordination
environments of Co sites in P-CFO and d-P-CFO are schematically
compared in Fig. 3h. The electron transfer from Co-P ligands to Co-O
ligands is favored in d-P-CFO, indicating fewer electrons on P and more
electrons on O involved in LPEOR. This feature could improve
the catalytic activity and alleviate the overoxidation of Co-P
bonds. Moreover, the upward shift of Co atom’s d-band towards Eg
results in a higher valence band in d-P-CFO than in P-CFO (Supple-
mentary Fig. 25), which benefits the adsorption and activation of
reactive substrates.

Enhancing electrocatalytic LPEOR performance

Iron foam (IF) substrate exhibits electrochemical inertness toward the
hydrazine electrooxidation reaction (HzOR) (Supplementary Fig. 26).
Both d-CFO and CFO show a limited HzOR activity, with a potential of
0.25V vs. RHE at a current density of 100 mA cm (Fig. 4a). The HzOR
activities of d-P-CFO and P-CFO were significantly enhanced by intro-
duction of the M-P bonds, exhibiting potentials of -0.05V and 0.01V
vs. RHE at 100 mA cm™, respectively. The P-CFO becomes passivated
when the current density exceeds 300 mA cm™, while the d-P-CFO
requires a potential of only 0.06 V to achieve a high current density of
1000 mA cm™. In comparison to commercial Pt/C, the d-P-CFO exhi-
bits notable advantages with extremely low potential for high current
densities. Moreover, the Tafel slope of 15mV dec? for d-P-CFO is
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Fig. 3 | Coordination environment of active sites. High-resolution XPS spectra of
Co 2p (a), Fe 2p (b) and P 2p (c). K-edge XANES spectra of Co (d) and Fe (e) for
catalysts and reference compounds. EXAFs results of Co K-edge (f) and Fe K-edge

(g) for catalysts and reference compounds. h Coordination environment of
active sites in different catalysts. Source data for a-g are provided as a Source
Data file.

significantly lower than that for other catalysts (Fig. 4b), indicating the
ultrafast kinetics of d-P-CFO for HzOR. We examined the improvement
in energy efficiency of the HzOR within the water electrolysis system
for hydrogen production. Compared to OER, HzOR exhibits an
impressive reduction of 1.56 V in the input voltage at 300 mA cm™
(Fig. 4c). Consequently, substituting OER with HzOR can significantly
diminish the energy consumption for hydrogen production.

The double-layer capacitance (Cq)) values of catalysts during the
non-Faradaic region (Fig. 4d and Supplementary Fig. 27) are associated
with their electrochemical active surface area (ECSA). Evidently, the
d-P-CFO exhibits the highest Cq value of 407 mF cm™, signifying its
superior ECSA compared to other samples. The mass activity, specific
activity (Supplementary Fig. 28), and TOF values (Supplementary
Fig. 29) of d-P-CFO and P-CFO at 0.06V vs. RHE are compared in
Fig. 4e. The d-P-CFO exhibits a fivefold increase in mass activity, spe-
cific activity, and TOF values compared to the P-CFO, indicating its
exceptional catalytic performance for HzOR. The electrochemical
impedance spectra (EIS) of catalysts during HzOR were examined
(Supplementary Fig. 30a) and fitted with the equivalent circuit pre-
sented in Supplementary Fig. 30b. The fitted EIS results (Fig. 4f) reveal
that amorphous surface leads d-P-CFO to have the lowest charge
transfer resistance (R of 0.39 Q (Supplementary Fig. 31), enabling

fast charge transfer during HzOR. Furthermore, the d-P-CFO presents a
significantly reduced high-frequency semicircle resistance (Ry) value of
only 0.05 Q°, which indicates a large contact area at the gas-solid-liquid
three-phase interface. This feature facilitates the continuous and rapid
oxidation of NyH, in the electrolyte. The LSV curves of the d-P-CFO at
different scan rates during HzOR remain unchanged (Supplementary
Fig. 32), demonstrating fast mass transfer and charge transfer at the
electrode-electrolyte-gas three-phase interface”.

Non-noble metal catalysts may exhibit a propensity to facilitate
N-N bond cleavage in HzOR, resulting in the generation of by-product
NH,*. The Faraday efficiencies of d-P-CFO are observed to be 96.17%,
98.58%, and 95.25% at current densities of 300, 400, and 500 mA cm™?,
respectively (Supplementary Fig. 33a-c). No NH; was detected in the
gas product (Supplementary Fig. 33d), indicating remarkable N,
selectivity for HzOR on d-P-CFO. To date, reported non-noble metal-
based catalysts could operate for a maximum duration of 100 h at a
current density not exceeding 100 mA cm™%. The Pt/C shows a fast
decay of current density in a short time, while the d-P-CFO remains
essentially unchanged (Supplementary Fig. 34). The d-P-CFO also
demonstrates an exceptional catalytic stability at an industrial current
density level of 300 mA cm™ (Fig. 4g), as further supported by the
SEM, TEM, XRD, XPS, ICP, and LSV characterizations of the d-P-CFO
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Fig. 4 | HzOR performance. Linear sweep voltammetry (LSV) curves (a) and Tafel
slopes b of catalysts in 1M KOH +1M N,H,. ¢ Comparison of HzOR and OER

polarization curves of d-P-CFO. d Linear fitting of capacitive currents of catalysts.
e Comparison of performance parameters of d-P-CFO and P-CFO. f Fitted Nyquist

plots of catalysts. g Stability test of d-P-CFO under 300 mA cm™ h Comparison of
potential at 1000 mA cm™ and stability between d-P-CFO and reported HzOR cat-
alysts. Source data for a-h are provided as a Source Data file.

after stability test (Supplementary Figs. 35-38, Supplementary Table 3,
and Supplementary Note 2). By comparing with the majority of
reported HzOR catalysts, including noble metal-based catalysts
(Fig. 4h and Supplementary Table 4), to our delight, the d-P-CFO
stands out as the state-of-the-art one for achieving superior catalytic
activity and stability at industrial-level current densities. Importantly,
the d-P-CFO also exhibits outstanding catalytic activity and stability for
the hydrogen evolution reaction (HER) (Supplementary Figs. 39-46),
which enables it act as a bifunctional catalyst for LPEOR-assisted water
electrolysis.

Stable low-redox-potential active sites for LPEOR

A pair of redox peaks at low potential is observed in the cyclic vol-
tammetry (CV) curves of both d-P-CFO and P-CFO measured in 1M
KOH (Fig. 5a, b), indicating the presence of low-redox-potential active
sites on the catalysts. The much stronger oxidation peak of d-P-CFO
(108 mA cm™) compared to that of P-CFO (76 mA cm™) suggests a
higher number of active sites for LPEOR on d-P-CFO. This can be fur-
ther confirmed by the higher density of acidic sites on d-P-CFO com-
pared to P-CFO for the adsorption and oxidation of substrates such as
N,H, (Supplementary Fig. 47). The low-potential electrooxidation
reaction on HzOR catalysts containing M-P bonds has been evidenced
to be the electrochemical conversion between M-P and M-PO,>>%. After
the introduction of low-redox-potential substrate N,H, in a 1M KOH

solution, the CV curves of both catalysts exhibit an increase in current
density for oxidation reaction. This is because N,H, can reduce the
active sites deactivated by the electrooxidation of M-P bonds and thus
dynamically recover them. For d-P-CFO, the current densities of oxi-
dation exhibit a nearly linear increase with increasing potential even at
a small N,H,4 concentration of 0.01 M, indicating a faster recovery rate
than the oxidation rate for stabilizing the low-redox-potential active
sites. In contrast, the CV curves of P-CFO exhibit an oxidation peak
even at a high N,H, concentration of 1M, which is attributed to a
limited recovery rate of oxidized M-P bonds during HzOR. Importantly,
the oxidized active sites, if not dynamically recovered in time, would
gradually lose their activity. As a result, P-CFO exhibits a remarkable
deactivation in HzOR during four consecutive LSV tests (Supplemen-
tary Fig. 48a), with the performance of the fourth test presented in
Fig. 4a. In contrast, d-P-CFO maintains HzOR activity continuously at
high current densities (Supplementary Fig. 48b).

The M-P bonds in d-P-CFO can be oxidized by O, after exposure to
air for 2 h, resulting in irreversible deactivation (Fig. 5c and Supple-
mentary Figs. 49-50). The higher O content and lower proportion of
Co-P bonds confirm the overoxidation of Co-P bonds (Supplementary
Fig. 51). In addition, HzOR at a high current density in a low con-
centration N,H, solution also led to irreversible deactivation (Sup-
plementary Figs. 52-53), owing to the slow recovery of active sites via
N,H,4-driven reduction. The in-situ Raman spectra of d-P-CFO during
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Fig. 5 | LPEOR mechanism. CV curves (without iR compensation) of d-P-CFO (a)
and P-CFO b in different electrolyte solutions. ¢ Comparison of HzOR performance
in 1M KOH +1M N,H,4 of d-P-CFO before and after exposure to air for 2 h. d, In situ
electrochemical Raman spectra of d-P-CFO in 1M KOH +1M N,H,. LSV curves of

d-P-CFO and P-CFO in 1M NaOH + 2 M Na,S (e) and 1M NaOH + 1M NaBH, (f),
respectively. Polarization curves g and stability tests h of d-P-CFO for overall
hydrazine-assisted water splitting (OHzS) and overall water splitting (OWS) in AEM
(without iR compensation). Source data for a-h are provided as a Source Data file.

HzOR are presented in Fig. 5d. Three peaks prior to 700 cm™ corre-
spond to the stretching modes of M-O bonds®. As the potential
increases, the signal of *N,H4 diminishes and the signal of *N,H; pro-
gressively strengthens*’, indicating the gradual enhancement of HzOR.
The P-O signal emerges after the potential exceeds 0.2 V and gradually
becomes stronger with increasing potential. This further verifies the
crucial involvement of low-redox-potential active M-P bonds in the
HzOR. The low-redox-potential active sites of d-P-CFO stabilized in
LPEOR were further assessed in sulfion oxidation reaction (SOR) and
borohydride oxidation reaction (BOR). The LSV curves in Fig. 5e, f
demonstrate the exceptional performance of d-P-CFO in SOR and BOR,
even at high current densities (Supplementary Tables 5-6). In contrast,
deactivation of M-P bonds still occurs in P-CFO (Supplementary
Figs. 54-56), when even using 1M NaBH, with a theoretical redox
potential of -1.24 V vs. RHE. The bifunctional d-P-CFO for LPEOR and
HER was further investigated by assembling an anion-exchange
membrane hydrazine-assisted water electrolyzer (Supplementary
Fig. 57). This hydrogen production system requires a low input voltage
of 1.15 V to achieve a high current density of 1000 mA cm™ (Fig. 5g) and
can stably work for over 400 h at 300 mA cm™ (Fig. 5h). In light of the
extremely low energy consumption (energy saving by 74% as shown in
Fig. 5h) and excellent stability, the practical industrial application of
such LPEOR coupled hydrogen production seems to be feasible
(Supplementary Fig. 58).

Synergy effect of amorphization and P-doping by computa-
tional analysis

Comparing with ¢-P-CFO, the density of states (DOS) near the Fermi
level (Er) in a-P-CFO is enhanced by near threefold due to its relatively
loose atomic arrangement (Supplementary Fig. 59), thereby facilitat-
ing fast charge transfer. The projected density of states (PDOS) for
each element in ¢c-P-CFO and a-P-CFO were analyzed, as presented in
(Fig. 6a, b)*2. Amorphization leads to an upward shift in the 3 d bands of
Co and Fe atoms (-0.17 eV) towards Eg, which benefits the adsorption
and activation of substrates. Importantly, the 2p band of O atoms shifts
upward significantly (0.72 eV), while the 3p band of P atoms presents a
small upward shift (0.06 eV). Therefore, amorphization increases the
distance between the 3d bands of metal atoms and the 3p band of P
atoms, but significantly decreases the distance between the 3d bands
of metal atoms and the 2p band of O atoms. M-P bonding and (M-P)*
antibonding bands form when metal atoms bond with P atoms.
According to the Mott-Hubbard theory, (M-P)* undergoes splitting into
an occupied lower Hubbard band (LHB) and an empty upper Hubbard
band (UHB)*. The increased distance between the 3d bands of metal
atoms and the 3p bands of P atoms in a-P-CFO leads to an increased
energy gap between the LHB and M-P bands, posing a challenge for
electron extraction from the M-P band for electrooxidation (Fig. 6c, d).
In contrast, the decreased distance between the 3d bands of metal
atoms and the 2p band of O atoms in a-P-CFO results in greater overlap
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between the LHB and M-O bands, facilitating electron extraction from
the M-O bands. Therefore, fewer electrons on M-P bonds and more
electrons on M-O bonds in a-P-CFO could participate in LPEOR, which
enhances both the stability of P-M bonds and the activity of active

metal centers.

Bader charge analysis of the two structures was performed, and
the charges on the surface atoms are presented in Fig. 6e, f. The

average number of electrons on P atoms decreases from 0.18 |e| in c-P-
CFO to 0.01 |e] in a-P-CFO (Fig. 6g). In contrast, more electrons are
observed on the O atoms of a-P-CFO, as revealed by XPS and XANES.
Notably, the Co atoms exhibit a significant electron loss after amor-

phization, implying their potential as the active metal centers for

LPEOR. To validate the aforementioned assertion, the free energy
variations of hydrazine oxidation reaction (HzOR) as a model LPEOR at
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distinct sites on c-P-CFO and a-P-CFO are calculated (Supplementary
Figs. 60-61). The energy barriers on the Co site exhibit the lowest
values in both structures, indicating that the Co atoms act as the active
metal centers for LPEOR (Fig. 6e, f). The adsorption and activation of
N,H, is the rate-determining step (RDS) on c-P-CFO with an energy
barrier of 0.67 eV. In contrast, the adsorption and activation of N,H, on
the more positively charged Co sites of a-P-CFO are thermo-
dynamically feasible. And the energy barrier for RDS on a-P-CFO is
reduced to 0.24 eV. Therefore, the amorphous P-doped oxide (a-P-
CFO, i.e., d-P-CFO) possess highly active sites for exceptional LPEOR
performance.

The synergy between amorphization and P-doping of spinel
oxide was demonstrated to construct anti-oxidizing active Co sites,
achieving both high activity and high stability for LPEOR even under
high current densities. P-doping-induced surface amorphization was
achieved by pre-forming a defective surface layer on crystalline spi-
nel oxide. Low-coordinated environmental engineering leads to a
strong electron transfer from Co-P ligands to Co-O ligands. More
electrons on Co-O ligands and fewer electrons on Co-P ligands par-
ticipate in LPEOR, which prevents the oxidative deactivation of low-
redox-potential active sites and simultaneously enhances the activity
of these active sites. In addition, more positively charged Co centers
facilitate the adsorption and activation of substrates. Consequently,
the d-P-CFO can achieve a high current density of 1000 mAcm™ in
HzOR, SOR, and BOR under extremely low potentials of 0.06, 0.65,
and -0.17V vs. RHE, respectively, surpassing the majority of pre-
viously reported LPEOR catalysts. Moreover, the d-P-CFO can act as a
bifunctional catalyst in a hydrazine-assisted water electrolyzer with
an exceptional stability of 400h operation without decay at
300mA cm™ Importantly, based on the amorphization-induced
robust catalyst, the activity and stability of LPEOR can be further
enhanced by integrating with conventional strategies, such as het-
erojunction engineering.

Methods

Materials

Iron foam (thickness of 2 mm, pore size 110 ppi, Kunshan Tengerhui
Electronic Technology), Cobalt nitrate hexahydrate (Co(NO3),-6H,0,
aladdin, AR, 98%), Thiourea (CS(NH,),, aladdin, AR, 99%), Nitric acid
(HNOs), Hydrazine monohydrate (N,H,4-H,O, 80 wt%), Pt/C (Sigma-
Aldrich, 20 wt% Pt), Potassium hydroxide (KOH, AR, 85%), Sodium
sulfide nonahydrate (Na,S-9H,0, aladdin, AR, 98%), Sodium hydro-
borate (NaBH,, aladdin, AR, 98%), Sodium hypophosphite (NaH,PO,,
aladdin, AR, 99%), Nafion D-520 dispersion (5wt%, Dupont China
Holding Co., Ltd.). Anion exchange membrane (AEM, FAA-3-50, Suz-
hou Sinero Technology Co., Ltd). The chemicals were utilized without
additional purification.

Preparation of CFO catalyst

The CFO catalyst was synthesized on iron foam using a facile method.
The iron foam was immersed in a 0.5M HNOj; solution for 30 min to
eliminate surface oxides. Subsequently, the treated iron foam was
placed into a 0.1M Co(NOs), solution and reacted at 90 °C for 24 h.
After the reaction, the iron foam with catalyst was washed with deio-
nized water and alcohol, and then dried in a vacuum oven at room
temperature for 12 h. The weight of iron foam substrate per unit area is
~300 mg cm™. The catalyst loading, defined as the weight fraction of
the catalyst, was determined to be 4.98 wt%.

Preparation of d-CFO catalyst

The d-CFO catalyst was synthesized following a procedure analogous
to that used for the CFO catalyst, with the exception that the 0.1M
Co(NO3), solution contained 0.125M CS(NH,),. The catalyst loading
was 4.96 wt%.

Preparation of P-CFO catalyst

The P-CFO catalyst was synthesized by a phosphide reaction of CFO in
a tubular furnace. In a typical preparation process, the CFO catalyst
was positioned in a porcelain boat away from the vent, while 2.0 g of
NaH,PO, was placed in another porcelain boat upstream of the vent.
Subsequently, the CFO catalyst was heated at 326 °C for 2h with a
heating speed of 2 °Cmin™ in Ar atmosphere, and the P-CFO catalyst
was finally obtained after cooling to room temperature in Ar atmo-
sphere. The catalyst loading was 4.97 wt%.

Preparation of d-P-CFO catalyst

The d-P-CFO catalyst was prepared following the same procedure as
that of the P-CFO catalyst, with the exception that d-CFO was used as
the precursor. The catalyst loading was 4.99 wt%.

Preparation of Pt-C/IF catalyst

The commercial Pt/C catalyst (15 mg) was dispersed in 960 pL of iso-
propanol, followed by the addition of a Nafion solution (40 pL). The
mixture was ultrasonicated for 60 min to ensure homogeneity. Sub-
sequently, the resulting ink solution was uniformly drop-coated onto a
1cm™ iron foam, achieving a Pt/C loading of 5 mg cm™.

Materials characterization

The microstructures of catalysts were investigated by scanning elec-
tron microscopy (SEM, Hitachi Regulus8100, Hunan Navi New Mate-
rials Technology) and transmission electron microscopy (TEM, JEOL
JEM-F200). The elemental compositions of catalysts were measured by
Oxford energy-dispersive X-ray spectrometer (EDX), attached to TEM
equipment. The crystalline structures of catalysts were identified by
powder X-ray diffraction (XRD, Rigaku SmartLab SE) using Cu-Ka
radiation. The X-ray photoelectron spectroscopy (XPS) analysis was
performed on a Thermo Scientific K-Alpha X-ray photoelectron spec-
trometer using Al-Ka radiation. Raman (HORIBA, LabRAM Odyssey)
spectra were obtained using a DXR2 Raman Microscope with an exci-
tation wavelength of 532 nm. The metal contents of catalysts were
determined using inductively coupled plasma mass spectrometry (ICP-
MS) employing an Agilent instrument. The K-edge X-ray absorption
spectra (XAS) were measured at beamline 4B9A of the Beijing Syn-
chrotron Radiation Facility (BSRF) in transmission mode. The NH;
temperature-programmed desorption (NH;-TPD) experiment was
conducted using a PCA-1200 chemisorption analyzer equipped with a
thermal conductivity detector (TCD). The gas products from the cells
were collected and analyzed using gas chromatography (GC, Shimadzu
GC-2014C) equipped with a thermal conductivity detector (TCD)
operating at a constant temperature of 25°C following the internal
standard method.

Electrochemical measurements

All the electrochemical measurements were carried out in a typical
three-electrode system using a Gamry Interface 1000 electro-
chemical workstation at room temperature (26 °C). The as-prepared
catalysts were used directly as the working electrode. A Pt plate and
Hg/HgO (1M KOH) served as the counter electrode and the reference
electrode, respectively. Linear scanning voltammetry (LSV) analysis
was conducted with 100% ohmic potential drop (iR) correction when
using a typical three-electrode system. In testing the LSV curve for
the hydrogen evolution reaction, a sweep rate of 2mVs™’ was
employed. In testing the LSV curves for the hydrazine oxidation
reaction, the sulfion oxidation reaction, and the borohydride oxida-
tion reaction, the scan rate was set to SmVs™. The measured
potentials were normalized to a reversible hydrogen electrode (RHE)
based on the Nernst Eq. (1):

E (RHE) =E (Hg/HgO) +0.0591x pH + 0.098 6))
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The Tafel slopes were calculated based on the Eq. (2):
n=>bxlog|j|+a )

Where 1, a, b, and j are denoted as the overpotential, the Tafel con-
stant, the Tafel slope, and the current density, respectively, which were
derived from LSV curves.

The ECSA of each sample can be evaluated from electrochemical
double capacitance (C) according to the following equation:

Ca

ECSA= C.

3

Where C; is the specific capacitance of the sample or the capacitance of
an atomically smooth planar surface of the material per unit area under
identical electrolyte conditions. Cy in the Faradaic potential region is
calculated by linear fitting. The C; are usually found to be in the range
of 0.02 - 0.06 mF cm™, and it is assumed as 0.04 mF cm™ in the cal-
culations of ECSA. The Faradaic efficiency (FE) is calculated according
to the following relationship:

z><F><n,\,2 4F><nN2

Q It

FE 4)

Where ny; is the amount of argon (mol), F is the Faraday constant
(96500 C mol™), Q is the total amount of charges passed through the
cell, /is the current, and ¢ is the collection time.

Turnover frequency (TOF) calculations

In this work, the Co sites in the d-P-CFO and P-CFO catalyst are con-
sidered as the active sites for HzOR. During the HzOR process, Co
atoms undergo oxidation by transferring electrons to the external
circuit*.

Co** —e™ — Co** 5)

Therefore, the determination of the number of Co sites partici-
pating in HzOR can be achieved by calculating the redox charge Qeqox
associated with Co*/Co*". The cyclic voltammetry (CV) curves in 1M
KOH solution at a scan rate of 10 mV s™ are illustrated in Supplemen-
tary Fig. 29, where the oxidation peak areas were measured as 3.56 and
5.75mAYV for d-P-CFO and P-CFO catalysts, respectively. The calcula-
tion of Qeq0x Can be determined by Eqs. (6) and (7).

For d-P-CFO:

Qyedox =3.56MAV/0.01Vs ' =356mC (6)
For P-CFO:

Qredox =5.75mAV/0.01Vs 1 =575mC 7)
The number of Co sites can be determined using Eq. (8).

- Qredox
n 2 F ©))

Where z; denotes the number of electrons transferred during redox at
the Co sites, F is the Faraday constant, and Q4o is the redox charge.
The value of TOF can be determined by employing Eq. (9):

TOF = A 9
znF

Where j denotes the current density at a certain overpotential, A
denotes the geometric area of the electrode, Z denotes the number of

electrons transferred during HzOR, and n denotes the number of
active sites.
The incorporation of Eq. (8) into Eq. (9) results in the Eq. (10).

JAz

TOF =
A Qredox

10)

DFT calculation details

The first-principles calculations based on the Density Functional
Theory (DFT) were performed within spin-polarized generalized
gradient approximation (GGA). Core electron states were repre-
sented by the projector augmented-wave method* as implemented
in the Vienna ab initio simulation package (VASP)*. The wave func-
tions are expanded using a plane-wave basis-set with an energy cutoff
of 450 eV, and the convergence criteria for energy and force are set
to be 10°eV and 0.01eV A, respectively. Based on the ICP analysis
results for various catalysts, the atomic ratios within the distinct
structural compositions were accurately determined. The amor-
phous structure of d-P-CFO is constructed by the melt-quench
method*’*%, Based on the defective crystal CFO structure, the initial
temperature is set to 326 °C (the same temperature as the material
preparation temperature) with NPT thermal ensemble state for
1000 ps, followed by another 1000 ps molecular dynamics step with
target temperature of 30°C. The final structure is geometrically
relaxed before the adsorption calculation of intermediates for HzOR
reaction. A 10-layer slab of crystal and amorphous CFO structure with
1.2nm and 1.6 nm in length of a-b axis for the simulation. The Bril-
louin zones are sampled by 6 x 6 x1 Monkhorst-Pack meshes* after
K-mesh test. The vacuum space of 20 A is set to avoid the interaction
between adjacent images.

Data availability
The paper and Supplementary Information contain all the data sup-
porting the study findings. Additional information can be obtained
from the corresponding authors upon request. Source data are pro-
vided with this paper.
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