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Broader context

Epitaxial heterointerfacial electron bridge
synchronizes oxygen evolution activity and
stability on a layered double hydroxide surfacef

Jia Wang,?® Zelin Zhao,” Min Guo, Liang Xiao, {2 ° Haolin Tang, (2% Jiantao Li,*'
Zongkui Kou @ *9 and Junsheng Li () *°¢

Scalable green hydrogen production via electrocatalytic water splitting is largely restricted by the
insufficient activity and stability of oxygen evolution reaction (OER) catalysts at the anode. As a class of
the most active OER catalysts in alkaline electrolyzers, the application of layered double hydroxides
(LDHs) remains a main challenge owing to the unstable lattice oxygen dissolution due to the dominant
lattice oxygen-involving OER mechanism during long-term operation. Herein, we found that using an
epitaxial hetero-interfacing nickel hydroxide (namely Ni(OH),) as an electron bridge between an active
FeCo LDH and Ni foam support to form an LDH*/NFO catalyst, the electronic storage capacity around
the Fermi level (-0.5 to +0.5 eV, e-Dgg) sharply increases from 0.93 per cell to 151 per cell
Subsequently, we demonstrate that this high e-Dge enables ceaseless and fast power injection into the
kinetic process of intermediate species conversion and inhibits lattice oxygen dissolution in the active
FeCo LDH. Consequently, it demonstrated a low OER overpotential of 246 mV at a current density of
100 mA cm™2 and ultrahigh stability for up to 3500 hours with an ultraslow overpotential increase rate
of 9.4 x 10~ mV h™™. Therefore, we developed an epitaxial hetero-interfacial electron bridging strategy
to synchronize the activity and stability of available catalysts for scalable green hydrogen production via
electrocatalytic water splitting.

The green production of hydrogen via water electrolysis is a promising solution to sustain a zero-carbon emission society. However, owing to the high activation
barrier (requiring a large overpotential) and harsh corrosive environment of the anodic oxygen evolution reaction (OER), the cost-effectiveness of
electrocatalytic water splitting is considerably hampered by the insufficient activity and stability of OER catalysts. In this work, highly active and durable
LDH-based catalysts (LDH*/NFO) were designed for the anodic OER through the introduction of hetero-interfacing Ni(OH),, acting as an electron bridge
between LDHs and the Ni support. This innovative strategy successfully enhanced the durability and activity of the LDH*/NFO catalyst during the OER process,
particularly at increasing current densities, resulting in more cost-effective hydrogen production. This study serves as the first-ever demonstration of an

electron bridge strategy, showcasing its effectiveness in synchronizing the activity and stability of available catalysts for scalable green hydrogen production.

1. Introduction
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the combustion of carbon-based fossil fuels.'™ In this case,
hydrogen is widely considered a perfect alternative energy
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purity hydrogen nowadays. However, alkaline water electrolysis
faces the limitation of sluggish kinetics in the anodized oxygen
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high activation barrier due to the limitation of the “scaling
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In addition, a catalyst undergoes dynamic struc-
tural changes, which may lead to its rapid deterioration, especially
in the case of the lattice oxygen mechanism (LOM)-dominated
OER process.”>'* Practically, water splitting on an industrial
scale should be conducted at a large current density (ie.
>500 mA ¢cm™*) to make hydrogen production cost-effective."”
Thus far, most of the investigations on OER catalysts have focused
on the exploration, fabrication and understanding the mecha-
nism of novel catalysts under laboratory conditions (a low current
density of 10-50 mA cm ™ > over a short period), indicating a large
gap in industrial application.'® Consequently, bridging the gap
between laboratory investigations and industrial application is
critical for the future development of OER catalysts."” ™

Layered double hydroxides (LDHs) are considered promis-
ing catalysts for the practical alkaline OER owing to their
unique electronic states in the 3d-band of metal sites and 2D
micro-structure, which lead to moderate adsorption and
desorption energy towards the OER intermediates and improved
mass transfer of reactants and products, respectively.?®™*
However, due to the coordinatively saturated nature of most
metal sites in LDHs, they cannot directly participate in the multi-
step adsorption and desorption of oxygen intermediates.**
Consequently, the electro-transfer process during an LDH-
catalyzed OER primarily follows the oxygen redox chemistry
referring to the LOM, rather than metal redox chemistry, which
is known as the adsorbate evolution mechanism (AEM).”
However, LOM-based electrocatalysts will undergo surface
reconstruction, given that the cations are prone to leaching to
achieve charge equilibrium due to the slower speed of refilling
of oxygen vacancies compared to their formation.?”?® The
LOM-introduced surface reconstruction will lead to an unstable
structure and a sharp performance decay, especially at a large
current density and during long-term operation.”® In practical
alkaline water electrolysis, the anode should function properly
at a large current density for thousands of hours at a high
potential.>>?%*! A pressing issue in the development of LDH
electrocatalysts is improving their long-term stability at large
current densities because typical LDH-based catalysts suffer
from rapid performance decay guided by LOM.>**>* Thus far,
only few studies focused on enhancing the long-term durability
of LDH electrodes. Moreover, most of the reported LDH catalysts
exhibit a reasonable OER performance at a current density lower
than 100 mA cm ™. Currently, the apparent OER activity of LDH
is typically regulated through cation doping, anion intercalation,
defect engineering, etc. However, these strategies usually lead to
adverse crystal destruction and lattice distortion, which sacrifice
the long-term stability of LDHs under strong oxidative OER
conditions.

Given that the surface of the catalyst experiences possible
compositional and morphological changes during OER, immo-
bilization of the catalyst on the electrode is critical to ensure
the robustness of the anode.>*® In the case of the commonly
used integrated electrodes with the metal substrate and catalyst
in situ grown on the substrate, fine control of the heteroepitaxy
growth process of catalytic species on the substrate is of vital
importance for the performance of the electrode.’” On the one
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hand, constructing a conformal interface not only helps to
generate a strong linkage between the catalyst and substrate
but may also improve the crystallinity of the catalyst.*®*° On the
other hand, the “electron bridge” (electron density around the
Fermi level [—0.5 eV, 0.5 eV], e-Dgg) of the catalyst can be also
modulated by the underlying substrate to optimize the adsorp-
tion/desorption of the OER intermediates on the catalysts.**™**
Currently, active LDH layers are introduced directly on the
surface of nickel foam.*>™*” It has been noted that a high in-
plane lattice mismatch (12.8%) exists between the cubic Ni(001)
and typical facets of hexagonal/rhombic LDH. This lattice
mismatch may limit both the stability and activity of the
electrode.**”>! From this perspective, optimization of the inter-
face between LDH and Ni foam is expected to improve the
performance of the electrode. Herein, an in situ-grown inter-
mediate Ni(OH), layer as an electron bridge was rationally
designed and introduced between Ni foam and Fe/Co LDH.
The ultra-low in-plane lattice mismatch (0.04%) between
Ni(OH), and FeCo-LDH reduced the strain from the in-plane
lattice mismatch and suppressed the lattice distortion. Specifi-
cally, the capacity of the electron pocket increased from 0.63
per cell for LDH and 0.93 per cell for LDH/NF to 1.51 per cell of
LDH*/NFO, indicating more electrons being enriched at the
active site, show then inject more power into the kinetic
progression and restrain the leaching of the lattice oxygen
(Fig. S1, ESIt). The above-mentioned benefits altogether
resulted in the electrocatalyst exhibiting outstanding OER
activity (1100 = 246 mV) and ultra-high stability (stable for at
least 3500 h at 100 mA cm™?).

2. Results and discussion

2.1 The role of Ni(OH), electron bridge on LDH*/NFO
identified by DFT calculations

The degree of lattice matching between the catalyst and the
support is an important factor that governs both the activity
and stability of the catalyst.***> Thus, to demonstrate the favor-
able regulation of the electron bridge Ni(OH), on the heterojunc-
tion structure and the electron structure, density functional theory
(DFT) calculations were conducted. The formation energy of FeCo-
LDH on NFO and NF substrates was analyzed using the optimal
configuration of LDH*/NFO and LDH/NF, respectively (Fig. 1a).
The result revealed a much lower formation energy of FeCo-LDH
on NFO than that on NF (—27.10 eV vs. —9.06 eV), suggesting that
LDH*/NFO is more thermodynamically stable. In addition, the
optimized molecular configuration demonstrated high interfacial
structural ordering for LDH*/NFO, expressing a high lattice
matching between LDH* and NFO, which will restrain the metal
cation leaching caused by the LOM-introduced surface recons-
truction.>>*® Furthermore, the formation energy of Ni/Ni(OH),
was calculated to be lower, i.e. —28.45 eV, indicating the excellent
thermodynamical stability of the Ni/Ni(OH), interface (NFO).
Considering the effect of the electronic structure on the intrinsic
activity of catalysts, the total density of states (DOS) was com-
pared. As shown in Fig. 1b-d, the electron density around the
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Fig.1 Thermodynamic analysis of the catalyst. (a) Geometric structure of LDH/NF and LDH*/NFO. DOS curves of (b) LDH, (c) LDH/NF and

(d) LDH*/NFO.

Fermi level (—0.5 eV, 0.5 eV) of LDH*/NFO (1.51 per cell) is higher
than that in LDH (0.63 per cell) and LDH/NF (0.93 per cell),
indicating a large electron capacity in LDH*/NFO. The large
electron capacity around the Fermi level (Eg) is beneficial for
electron enrichment and electron storage at the active sites, which
will inject more power into the kinetic progression. To gain a
comprehensive understanding of the effect of the electron bridge
on the interaction between the reaction intermediates and the
metal sites, we computed the position of the d-band center (¢4) of
the LDH*/NFO. The ¢4 value of the Fe sites (Fig. S2a-c, ESIt) was
calculated to be —0.25, —2.55 and —1.74 eV for LDH, LDH/NF and
LDH*/NFO, respectively. According to the d-band center theory,
when the ¢4 shifts to approach the E;, the electrons in the
antibonding orbitals transfer to the bonding orbital, resulting in
the increased adsorption of intermediates on the metal sites.>**°
Therefore, the intermediate ¢4 value for LDH*/NFO (1.74 eV) will
contribute to regulating the adsorption and desorption capacities
of the reaction intermediates on the Fe sites. In the case of the
Co sites (Fig. S2d and e, ESIf), LDH*/NFO exhibited the lowest
¢q value (—2.02 eV) compared to LDH (—1.78 eV) and LDH/NF
(—1.64 eV). This discrepancy will lead to an increase in filled

864 | EES Catal, 2024, 2,862-873

electrons in the antibonding orbital, consequently facilitating O,
desorption. Thus, according to the DFT calculations, the Ni(OH),
electron bridge demonstrates feasibility to enhance the OER
performance via the regulation of its electron structure.

2.2 Material synthesis and characterization

The two-step fabrication process of LDH*/NFO is exhibited in
Fig. 2a, where the in situ oxidization growth of Ni(OH), is the
key to constructing the electron bridge between LDH and NF.
For comparison, FeCo-LDH (LDH) was also prepared directly on
NF. The optical photos showed a salient color evolution in NF
after electrochemical oxidation and a distinct color difference
between LDH*/NFO and LDH/NF (Fig. S3, ESIt). This color
difference suggests that the epitaxial growth behavior of FeCo-
LDH may be influenced by the underlying support. Powder
X-ray diffraction (PXRD) measurements were performed to ana-
lyze the lattice matching of LDH* and LDH with their underlying
substrates. In the case of LDH/NF (Fig. 2b and Fig. S4a, ESIY), its
characteristic diffraction peaks can be indexed to standard cubic
Ni phase (PDF#04-0850) with the lattice constant of 3.52 A and
hexagonal FeCo-LDH (PDF#50-0235) with the in-plane lattice

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structural characterization of LDH*/NFO. (a) Schematic illustration of the fabrication process of LDH*/NFO. (b) and (c) XRD patterns of LDH, LDH/
NF and LDH*/NFO. (d) SEM images of LDH*/NFO. HRTEM images (e) LDH*/NFO and (f) LDH/NF. (g) EDX-mapping images of LDH*/NFO.

constant of 3.120 A, revealing a large in-plane lattice mismatch
exceeding 12.8% between NF and LDH. According to the epitax-
ial growth theory, the epilayer quality and the stability of the
heterointerface will deteriorate when the lattice mismatch
exceeds 10% because of the presence of strain and the formation
of a vulnerable semi-collegial structure between the epilayers
and substrates.**”">> In the PXRD spectrum of LDH*/NFO
(Fig. 2b), the diffraction peaks centered at 19.2° 33.0° and 38.5°
can be indexed to the (001), (100) and (101) facets of hexagonal
Ni(OH), (PDF#14-0117). The lattice constant of Ni(OH), is 3.126 A,
which yields significantly lower lattice mismatch (~0.19%)
between FeCo-LDH and the underlying substrate for LDH*/NFO.
The higher intensity of the diffraction peaks in the PXRD spec-
trum of LDH*/NFO compared to that of LDH/NF indicates that
the introduction of the electron bridge contributed to reducing
the lattice mismatch. This observation is consistent with the DFT
results. The poor crystallinity of LDH on LDH/NF is due to the
interfacial stress induced by the prominent lattice mismatch
between LDH and NF, disrupting the formation of an in-plane

© 2024 The Author(s). Published by the Royal Society of Chemistry

periodic arrangement of LDH.>*> The (003) diffraction peak of
LDH* shifted toward a lower diffraction angle compared to that of
pure FeCo-LDH synthesized without NF support (Fig. 2c), indicat-
ing a larger interlayer space, which is beneficial for mass transfer
in the electrocatalytic process. LDH/NF displayed a broad diffrac-
tion peak at 11.75° (Fig. 2c), indicating its lower crystallinity.
Additionally, this diffraction peak (20 = 11.75°) for LDH/NF shifted
positively compared to that for pure FeCo-LDH, suggesting the
smaller interlayer space of LDH/NF. The positive shift in peak
position may be attributed to the compressive strain induced by
the NF substrate. The DFT analysis revealed this lattice distortion
of FeCo-LDH in LDH/NF, with the in-plane lattice constant
changing from 3.12 A to 3.04 A (Table S1, ESIt), thereby altering
the interlayer space.’®”” These findings demonstrate the advanta-
geous role of the Ni(OH), electron bridge in regulating the micro-
structure of epitaxial-grown FeCo-LDH toward a more efficient
catalytic process.

The characteristic 3D porous configuration of NFO and the
evenly cross-distributed ultrathin nanosheet of LDH* on the

EES Catal., 2024, 2, 862-873 | 865
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framework of NFO were observed in the SEM images (Fig. 2d and
Fig. S5a, ESIt). A single LDH* nanosheet was gently isolated
from the substrate by ultrasound sonication and further char-
acterized. The ultrathin nanosheet of LDH* possessed a size of
about 360-380 nm, as revealed in the TEM images (Fig. S5b—-d,
ESIt). Moreover, a distinct hetero-interface between Ni(OH), and
LDH* could be observed (Fig. 2e). The crystal fringes exhibit
interplanar spacings of 0.48 nm and 0.24 nm, corresponding to
the (006) and (104) facets of FeCo-LDH, respectively. The fringe
with the spacing of 0.27 nm can be attributed to the (100) facets
of Ni(OH),, confirming the successful synthesis of the Ni(OH),
and FeCo-LDH heterostructure. The TEM images of LDH/NF
(Fig. 2f and Fig. S6, ESIT) show a blurry lattice fringe, indicating
the poor crystallinity of LDH/NF, in agreement with the broa-
dened diffraction peaks in its XRD spectra. The interfacial stress
introduced by lattice mismatch could be responsible for the
atomic arrangement and low crystallinity of LDH/NF.*®>° This
difference in crystallinity proved that the introduction of Ni(OH),
as an electron bridge regulated the ordered epitaxial growth of
FeCo-LDH. Besides, EDS-mapping analysis showed the uni-
formly distributed Fe, Co and O both on the surface of LDH*
(Fig. 2g) and LDH (Fig. S7c-f, ESIT) on NFO and NF, respectively.
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XPS was performed to elucidate the regulation of the Ni(OH),
electron bridge on the electron structure. All the binding ener-
gies in the XPS spectra were calibrated using the peak of the C-C
component at 284.8 eV. As depicted in Fig. S8a and b (ESIt), Fe,
Co, Ni and O can be observed in the XPS survey spectra of LDH*/
NFO and LDH/NF. In the case of LDH/NF, the Fe 2p spectra
could be deconvoluted into two sets of spin-orbit doublets of
2psp (711.6 €V) and 2p,y, (724.1 eV) and two satellite peaks
(716.7 eV and 734.8 eV) (Fig. 3a), which are assigned to Fe** in
FeCo-LDH.>>° The peaks for Co species related to Co>" could be
also fitted with binding energies of 780.5 eV (2ps,,) and 796.4 eV
(2p1/2) in the Co 2p spectra (Fig. 3b).°*~* The peaks for Fe 2p and
Co 2p shifted to a higher binding energy in the XPS spectra of
LDH*/NFO compared to LDH/NF, providing the successful intro-
duction of the Ni(OH), electron bridge and its role in facilitating
efficient electron transfer.'® To analyze the origin of the change
in the oxidation states of Fe and Co in LDH*/NFO, the XPS
spectra of NF, NFO and NF after hydrothermal treatment (with-
out the growth of FeCo-LDH, denoted as NF;,) were also collected
and compared. As shown in Fig. S8d (ESI{), the signal of Ni° is
detected in the Ni 2p fine spectra of the pure NF, which was not
observed in the spectrum NFO. The disappearance of Ni® peaks
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Fig. 3 XPS and XAS characterizations of LDH*/NFO. High-resolution XPS spectra of (a) Fe 2p and (b) Co 2p of LDH/NF and LDH*/NFO. (c) Raman spectra
of LDH, LDH/NF and LDH*/NFO. (d) Co K-edge XANES curves, (e) FT-EXAFS and (f)-(h) Wavelet transform EXAFS (WT-EXAFS) of LDH, LDH/NF and LDH*/
NFO, respectively. (i) Fe K-edge XANES, (j) FT-EXAFS and (k)-(m) WT-EXAFS of LDH, LDH/NF and LDH*/NFO, respectively.
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suggests the formation of a compact Ni(OH), covering layer on
the surface of NF. The position of the Ni 2p,,, and Ni 2p;/, peaks
for LDH*/NFO shifted negatively compared to that of NFO, NF},
or LDH/NF (Fig. S8e and f, ESI{).** Furthermore, the valence
band spectra (VBS) of LDH*/NFO were measured by XPS. The d-
band center of VBS was calculated to be 5.6838 eV and 5.8044 eV
for LDH and LDH*/NFO, respectively (Fig. S9, ESI}). Careful
inspection of the VBS revealed a clear increase in the density of
states near the Fermi level of LDH/NFO, corresponding with the
proven DFT result of the higher electron capacity around e-Dyg.
According to these results, it can be concluded that a strong
electronic interaction exists between the Ni(OH), electron bridge
and the epitaxial layer of LDH*. DFT analyses were conducted to
understand the electronic properties of the electron bridge. The
charge density differential diagram showed the electron transfer
from the FeCo-LDH layer to the electron bridge (Fig. S10, ESIT).
Also, Bader charge analysis was performed to gain deep insight
into the charge transfer introduced by the electron bridge
(Table S2, ESIT). In the case of the Fe sites, the average number
of transferred electrons to neighboring O is 1.38, 1.59 and 1.70 for
LDH, LDH/NF and LDH*/NF, while 1.31, 1.27 and 1.44 electrons
are subtracted from Co for LDH, LDH/NF and LDH*/NF, respec-
tively. LDH*/NF shows the highest electron deficiency for both Fe
and Co. Due to the high intrinsic OER activity of the high-
oxidation-state metal site, LDH* with electron-deficient Fe and
Co sites is expected to show a promising OER performance.®*
This result further confirms that the Ni(OH), electron bridge
contributes to the superior OER performance by modulating the
electron structure of FeCo-LDH. The O 1s spectra shown in Fig.
S6c (ESIT) could be deconvoluted into three peaks at 530.5 eV,
531.1 eV and 531.8 eV, which are ascribed to the oxygen species in
the interlayer anion CO;*>", M-O and -OH, respectively.®”%®
Compared to LDH/NF, the CO;*>~ and M-O contents in LDH*/
NFO are higher than that in LDH/NF, indicating an increase in the
interlayer anion concentration. The enlarged interlayer spacing,
suggested by the PXRD results, is responsible for the increase in
CO;>~ contents. As shown in Fig. 3c, Raman peaks centered at
449.2 ecm ™" and 529.1 cm™ ', which are the characteristic peaks for
the stretching vibration of M-O (M denotes Fe and Co, respec-
tively), were observed for LDH*/NFO.'®*** Meanwhile, these
characteristic peaks of M-O were found at higher wavenumbers
for LDH/NF (456.7 cm ™" and 531.6 cm™ ') and unsupported LDH
(458.3 cm™" and 530.6 cm ™), respectively. The Raman shift for
the M-O bands toward a lower wavenumber reflects a longer M-O
bond,***> which agrees with the DFT calculations (the average
length of Fe-O bond for LDH*/NFO, LDH/NF and FeCo-LDH is
2.18, 2.11 and 2.08 A, respectively). The results confirm the
influence of the electron bridge on the LDH*/NF lattice structure,
which may contribute to optimizing the intermediate conversion
process.

Subsequently, we conducted a further investigation into the
local coordination environment and electronic structure of the
LDH*/NFO heterointerfaces using X-ray absorption spectro-
scopy (XAS). Fig. 3d displays the Co K-edge XANES of LDH*/
NFO in comparison with LDH and LDH/NF. An energy shift was
observed in the edge absorption energy of the XANES spectrum.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Further amplification (the inset of Fig. 3d) revealed that the K-
edge of LDH*/NFO shifted to a higher energy than that of LDH
and LDH/NF, implying the high oxidation state of Co in LDH*/
NFO.”° A similar result was observed in Fe K-edge XANES
(Fig. 3i), corresponding with the XPS results. These results
further verify the significant modulation of the Ni(OH), elec-
tron bridge on the electron structure LDH*/NFO, leading to the
formation of an electron-deficient metal site. The unique
electronic structure strengthens the covalency of Co-O and
Fe-O, which is beneficial for suppressing the dissolution of
Co and Fe during the OER process and enhancing the dur-
ability of the catalyst.”" The local coordination of Co and Fe was
further characterized by the corresponding Fourier transforma-
tions of EXAFS (FT-EXAFS). As shown in Fig. 3e, the peaks at
1.56 A and 2.69 A correspond to the Co-O bond and the Co-Co
distances between two octahedral units, respectively. Similarly,
the peaks at 1.50 A and 2.71 A in Fig. 3j correspond to the Fe-O
bond and Fe-Co distances, respectively. Notably, the signals of
the Co-O and Fe-O peaks in LDH*/NFO exhibit a weak positive
shift compared to that in LDH/NFO, which is consistent with
the valence change in XANES,”>”? providing additional con-
firmation of the regulatory effect of the interaction between the
Ni(OH), electron bridge and FeCo-LDH epitaxial layer on the
electronic structure. The corresponding wavelet transform
EXAFS (WT-EXAFS) spectra of Co (Fig. 3f-h) and Fe (Fig. 3k-
m) were also calculated. A positive shift in the peaks corres-
ponding to Co-O and Fe-O was observed in WT-EXAFS as well.
More importantly, the peak intensity of the Co-Co bond and
Fe-Co in LDH*/NFO was significantly higher than that of LDH/
NF, demonstrating the ordered structure of LDH*/NFO.”? This
finding is consistent with the XRD result, further confirming
the lattice matching for high-quality epitaxial growth. Thus, the
characterization results suggest that LDH*/NFO guided by DFT
calculations can be synthesized. The impact of the Ni(OH),
electron bridge on the OER performance, through the regulation
of the large electron capacity around e-Dgr and ordered lattice
structure, was further confirmed by the electrochemical results.

2.3 Electrocatalytic performance of LDH*/NFO in OER

The OER performance of the catalysts was evaluated in 1 M
KOH electrolyte using the standard three-electrode system. The
polarization curves were recorded in a steady state at a low scan
rate of 1 mV s~ " without iR compensation (Fig. 4a). Compared
to NF, NFO showed a reduction in overpotential, indicating that
the introduction of Ni(OH), optimized the OER performance of
the carrier itself. In addition, NFO exhibited a slightly higher
ECSA than that of NF, further confirming the formation of
Ni(OH),. However, it should be noted that the OER activity was
significantly lower than that for LDH*/NFO, demonstrating the
neglectable contribution of NFO in the catalytic process. Note-
worthy, LDH*/NFO exhibited the optimal OER activity with an
overpotential (1) of 201 mV and 246 mV to achieve a current
density of 10 mA em > and 100 mA cm™ 2, respectively. This
performance of LDH*/NFO is superior to that of LDH/NF
(256 mV and 346 mV) and RuO, (301 mV and 448 mV). To
confirm that the recorded current was generated from oxygen
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Fig. 4 Electrochemical evaluation of LDH*/NF towards the OER. (a) and (b) OER LSV curves (dash lines represent uncompensated and solid lines
represent 85% iR-corrected) and (c) corresponding Tafel plots of NF, LDH, LDH/NF, LDH*/NF and RuO; in 1 M KOH electrolyte. (d) Comparison of
overpotential at 100 mA cm™2 (i7100) and Tafel slope of LDH*/NFO with other representative LDH-based catalysts. (e) Nyquist plots at 1.53 V (vs. the RHE). (f)
Step stability from 10 mA cm™2 to 100 mA cm~2 of LDH*/NFO. (g) Chronopotentiometric curve of LDH*/NFO at a high current density of 100 mA cm™2. (h)

Comparison of the stability of LDH*/NFO with other representative OER catalysts at 100 mA cm

evolution entirely, LSV curves were also recorded from a higher
potential to lower potential at the same scan rate to avoid the
effect of metal oxidation (Fig. 4b). The minor difference
between the LSV curves (a potential difference of 1.42 mV@
100 mA cm %) suggests negligible side reactions of LDH*/NFO
during the OER process. The OER Tafel slopes were
derived from the LSV curves. The Tafel slope of LDH*/NFO is
38.24 mV dec™ ' (Fig. 4c), which is much lower than that of
LDH/NF (60.26 mV dec '), RuO, (86.65 mV dec ') and NF
(142.13 mV dec™'), suggesting a lower energy barrier for the

868 | EES Catal, 2024, 2, 862-873
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OER rate-limiting step on LDH*/NFO. The results indicate that
the introduction of the Ni(OH), electron bridge, with an
enlarged electron capacity around e-Dgg, injects more power
into the kinetic progression, resulting in excellent OER activity.
The comparison of the OER performance in terms of over-
potential and Tafel slope between LDH*/NFO and representa-
tive LDH catalysts showed that the LDH*/NFO outperformed
most of its counterparts (Fig. 4d and Table S3, ESIf). The
electrochemical impedance spectroscopy (EIS) curves of the
catalysts were measured at 1.53 V (vs. RHE) in the range of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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100 kHz to 0.01 Hz to achieve a mechanistic understanding of
the OER kinetics. The Nyquist plots are shown in Fig. 4e. The
Nyquist plots of all the samples demonstrate a typical semi-
circle structure, indicating that the limitation for the OER
kinetics is the electron transfer rather than mass transfer in
the self-supported electrode. Compared with the charge trans-
fer resistance (R.) of LDH/NF (0.50 Q) and RuO, (0.67 Q), a
small R, of 0.21 Q was identified for LDH*/NFO, verifying the
fast electron transfer in LDH*/NFO. The smaller R is probably
caused by several reasons, as follows: (1) the higher lattice
matching between FeCo-LDH and Ni(OH), reduces the inter-
face resistance, facilitating the electron transfer at the inter-
face. (2) The introduction of Ni(OH), as an electron bridge
modulates the electron structure, creating a larger electron
capacity around e-Dpz and suitable position of the d-band
center. This modulation optimizes the adsorption and
desorption capacities of the reaction intermediates on the
metal sites, resulting in fast electron transfer on the metal
sites.®”* The electrochemical active surface areas (ECSA) of the
electrodes were calculated based on the double-layer capaci-
tance (Cq;) measured in the non-faradaic region (1.0-1.1 V vs.
RHE). As shown in Fig. S12 (ESIt), LDH*/NFO showed a larger
Cq than that in LDH/NF, which could be a result of its enlarged
interlayer space. The intrinsic activity of the electrodes, ana-
lyzed by normalizing the LSV curves to the corresponding ECSA
value, was compared (Fig. S13a, ESIt), and the results also
proved the excellent OER activity of LDH*/NFO. The turnover
frequency (TOF) was calculated based on the LSV curves after
ECSA-normalization to gain a quantitative view of the intrinsic
activity. As shown in Fig. S13b (ESIt), LDH*/NFO demonstrated
a higher TOF value of 0.5 s~ " at an overpotential of 270 mV and
2.65 s~! at 300 mV, which is about 2.6-times and 2.2-times
higher than that for LDH/NF (0.195 s~ and 1.19 s~ ') under
identical conditions, respectively. Moreover, LDH* and LDH
were separated from LDH*/NFO and LDH/NF, respectively, by
ultrasonication and characterized to gain further insight into
their intrinsic activity. The corresponding LSV curves and
Nyquist plots of the samples with a loading of 0.2 mg cm™>
(Fig. S14 and S15, ESIt) showed that LDH* still exhibited the
highest OER performance. In addition, the faradaic efficiency
(FE) was tested by collecting the gas volume at the anode. The
results (Fig. S16, ESIT) showed that the actual value of O,
volume agrees with the theoretical value and a half of the H,
volume, indicating the nearly 100% FE of LDH*/NFO for OER.
Therefore, we concluded that the excellent intrinsic OER activ-
ity of LDH*/NFO originated from the unique lattice structure
induced by the intermediate Ni(OH), layer.*®

The stability of the electrodes was first examined via
multi-step chronopotentiometric measurements from 10 to
100 mA cm 2. As shown in Fig. 4f, the potential of LDH*/NFO
responded quickly as the current density changed and no
obvious decay was observed. To evaluate the potential of
LDH/NF for practical application, its durability was examined
at a high current density of 100 mA cm™>. As shown in Fig. 4g,
LDH*/NFO displayed outstanding stability with an ultraslow
overpotential increase rate of 9.4 x 10> mV h™" during 3500 h

© 2024 The Author(s). Published by the Royal Society of Chemistry
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OER tests, proving its outstanding stability under conditions
relevant to practical application. Meanwhile, there was no
evident degradation in the LSV curves of LDH*/NFO after the
stability test (Fig. S10c, ESIT). The ultraslow overpotential
increase for LDH*/NFO may originate from the higher lattice
matching between Ni(OH), and FeCo-LDH, which contributes
to enhancing the thermal stability and restraining the metal
cation leaching during the OER process. The Nyquist plot of
LDH*/NFO after the stability test (A-LDH*/NFO) showed that the
R.; of the electrode remained almost unchanged, further con-
firming the advantageous stability of LDH*/NFO (Fig. S13d,
ESIt). In the case of LDH/NF, a drastic decay in potential was
observed after the 110 h test at 100 mA cm ™ (Fig. 4g). The ICP
results exhibited a lower metal leaching rate (7.03 x 10~* pgh™,
3.70 x 10 * ug h ' and 1.92 x 10~* pg h™" of Fe, Co and Ni) for
LDH*/NFO than that in LDH/NF (2.01 x 10> pg h™', 1.34 x
107> ug h™" and 4.55 x 10~* ug h™" of Fe, Co and Ni) after the
stability test, respectively (Fig. S17, ESIf). The in situ Raman
spectra (Fig. S18, ESIf) showed that with the application of
voltage, neither the peak position or relative peak intensity had
a dramatic change, indicating the excellent stability of LDH*/
NFO. This indicates the larger electron pocket for electron
storage and electron enrichment, which retarded the LOM-
induced cation leaching for charge equilibrium. The excellent
stability is a combined result of the excellent lattice matching of
LDH*/NFO and larger electron density around the Fermi level
caused by the introduction of Ni(OH), as an electron bridge. The
comparison of the stability at 100 mA cm™> between LDH*/NFO
and representative catalysts exhibited the excellent durability of
LDH*/NFO (Fig. 4h and Table S4, ESIY).

2.4 Insights into the OER mechanism

SEM, XRD, XPS and Raman characterizations were conducted
with the electrodes after the stability test to gain further
insights into the structure stability of the samples. The SEM
results (Fig. S19, ESIt) revealed that LDH*/NFO retained its
nanosheet morphology after the stability test, and the corres-
ponding EDS mapping also proved the uniform distribution of
Fe, Co, Ni and O. The XRD pattern (Fig. S20, ESIt) of LDH*/NFO
remained almost unchanged, proving the retention of the LDH
structure. Besides, the XPS survey spectra for LDH*/NFO after
the stability measurement (Fig. S21, ESIT) were similar to that
of the fresh electrode, except for the presence of characteristic
peaks of K species, which can be attributed to electrolyte
adsorption during the OER process. Besides, no significant
differences were observed between the Raman spectra of
LDH*/NF and A-LDH*/NFO (Fig. S22, ESIY), indicating the
excellent stability of LDH*/NFO.

To understand the origin of the enhanced OER performance
on LDH*/NFO and the effect of the electron bridge on the OER
activity, DFT calculations were performed to confirm the OER
mechanism. Two different OER mechanisms, namely the adsor-
bate evolution mechanism (AEM) and LOM, were considered.
The free energy barrier of AEM is 0.69 eV at 1.23 V for LDH*/NFO
(Fig. S23, ESIT), which is significantly higher than that of LOM
(0.65 eV), demonstrating that LDH*/NFO follows the LOM
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Fig. 5 Identification of the catalytic mechanism using DFT calculations. (a)—(c) Four-electron associative process of LOM and (d) Gibbs free energy
diagrams of LDH, LDH/NF and LDH*/NFOQ. (e)-(g) PDOS of the d orbital of Fe and Co and p orbital of O for LDH, LDH/NF and LDH*/NFO.

mechanism. The four-electron associative process of LOM over
LDH, LDH/NF and LDH*/NFO is presented in Fig. 5a-c, respec-
tively. As depicted in the free energy landscape (Fig. 5d), the free
energy barrier of LDH*/NFO (0.65 eV) is much lower than that of
LDH (1.9 eV) and LDH/NF (1.12 eV), demonstrating the higher
activity of LDH*/NFO. Besides, different rate-determining steps
(RDS) were found between LDH*/NFO, LDH/NF and LDH.
Briefly, the RDS is the O, desorption step for pristine LDH and
LDH/NF, coinciding with previous reports that O, desorption is
the RDS for LDH.”> The RDS of LDH*/NFO transformed into the
formation of an oxygen-oxygen bond. According to the d-band
center, the change in RDS may be caused by the strong inter-
action between Ni(OH), and FeCo-LDH, leading to a lower
energy level of &, and consequently reducing the adsorption
energy of the intermediates on the metal sites. The results
indicate that the introduction of Ni(OH), as an electron bridge
can modulate the reaction mechanism by tailoring the electron
structure. Subsequently, we collected information at the atomic

870 | EES Catal, 2024, 2, 862-873

and electronic levels to further understand the structure of
LDH*/NFO. The average bond length of Fe-O in the step of O,
desorption was calculated first to determine the reason for the
change in the limiting step. Evidently, LDH*/NFO exhibits the
largest average bond length of 2.15 A (Fig. $24, ESIY), which is
2.09 A and 2.04 A for LDH/NF and LDH, respectively. Generally,
an increase in M-O bond length suggests a weakened M-O
bond, and thus facilitates O, desorption.®®

According to the d-band center theory, the d-band center of
the catalyst determines its intrinsic activity by modulating the
adsorption and desorption behavior of the intermediates.”®
Therefore, we estimated the hybridization between the O 2p
orbital and Fe(Co) d orbital by the density of states (DOS),
which was calculated to elucidate the underlying reason for the
improvement in activity. The corresponding projected density
of state (PDOS) of LDH, LDH/NF and LDH*/NFO is shown in
Fig. 5e-g, respectively. The 3d states of the Fe and Co sites in
LDH*/NFO show the strongest hybridization with the 2p states

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of O, which leads to enhanced OER activity.”” The Fe(Co)-O d-p
hybridization for LDH/NF is slightly weaker than that in LDH,
which can be caused by the electrostatic interaction of Ni.
Meanwhile, the antibonding orbitals at high energy formed
from the splitting of the Fe and Co d-band for LDH and LDH/
NF shifted away from Ef compared with that in LDH*/NFO.
Specifically, the electrons in the antibonding orbitals tend to
transfer to the bonding orbitals, which leads to an enhance-
ment in the adsorption of the OER intermediates on the surface
of LDH and LDH/NF, resulting in prohibited O, desorption.”®
Hence, the strongest hybridization between the O 2p states and
Fe(Co) 3d states and optimized adsorption/desorption caused
by the electronic state modulation between the Ni(OH), elec-
tron bridge and LDH* contribute to improving the OER activity.

2.5 Application for hydrogen production from water
electrolysis

Overall water electrolysis using the LDH*/NFO electrode was
also demonstrated. Phosphorus-doping was conducted to
endow LDH*/NFO with good HER activity (Fig. S25a-c, ESIT).
Given its excellent OER performance and HER activity, a two-
electrode system employing LDH*/NFO and P-doped LDH*/
NFO was constructed. The LSV curves (Fig. S25d, ESIf) show
that a low voltage of 1.49 V is required for the LDH*/NFO-based
electrolyzer to afford a current density of 10 mA cm ™2, which is
20 mV lower than that of RuO,//PtC (1.51 V). Furthermore, the
current density of the LDH*/NFO-based electrolyzer showed
a slight attenuation in current density, which decayed to
9.1 mA cm 2 after the 140 h chronoamperometry test at
1.49 V (Fig. S25e, ESIf), while the RuO,//PtC electrolyzer
exhibited a prominent current decay from 10 mA cm > to
5.8 mA cm ? after 140 h test at 1.51 V.

3. Conclusions

In summary, the LDH*/NFO catalyst, with an Ni(OH), layer as
an electron bridge between the FeCo LDH and Ni support, was
delicately designed. The resulting LDH*/NFO catalyst exhibited
a higher electron capacity around e-Dgg (increased from 0.93
per cell of LDH/NF to 1.51 per cell of LDH*/NFO) after the
introduction of the electron bridge. According to the DFT
calculations, the free energy barriers decreased from 1.12 eV
for LDH/NF to 0.65 eV for LDH*/NFO, demonstrating that the
electron bridge accelerates the intermediate conversion kinetic
process. With the help of meticulous XAS and ICP characteriza-
tion, we found that the electron bridge strengthened the metal-
oxygen covalency and inhibited the cation leaching. Benefiting
from this synergistic effect, LDH*/NFO exhibited remarkable
OER activity and exceptional durability, sustaining 3500 h at a
high current density of 100 mA cm™ 2. Moreover, the assembled
electrolyzer, featuring LDH*/NFO as the anode and PLDH*/NFO
as the cathode, demonstrated superior water electrolysis cap-
abilities, operating a low voltage of 1.49 V at 10 mA cm™>. This
marks the inaugural demonstration of synergistically modulat-
ing OER activity and stability through the electron bridging

© 2024 The Author(s). Published by the Royal Society of Chemistry
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strategy. This work holds significant promise for the develop-
ment of efficient electrocatalysts, not only for water electrolysis
but also for various other energy storage and conversion
devices.
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