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Abstract

Perovskites are highly promising candidates in future energy conversion and storage due to
their rich diversities and readily tunable electronic properties. However, the poor morphology
controllability and limited surface areas have severely limited their applications. We present a
generalizable synthesis strategy to fabricate a library of one-dimensional (1D) inorganic
perovskite nanomeshes via pyrolysis of metal salt-polymer fibers. Within the evaluated
perovskite nanomeshes, Lao sBaosCo00.sNig203 delivers the most remarkable performance for
the oxygen evolution reaction (OER). Combined X-ray absorption spectroscopy experiments
and density functional theory calculations reveal that introduction of additional metals endows
more flexible electronic structures to realize the electron transfer in 1D perovskite nanomeshes.
This work demonstrates a scalable and retrosynthetic route to easily synthesize the inorganic
perovskite nanomaterials with tunable composition.
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Introduction

Advances in energy conversion and storage systems are essential for exploring renewable
energy to address the rapidly growing energy demands and environmental issues.'”
Electrocatalysts play a crucial role in many sustainable energy technologies such as fuel cells,
rechargeable metal-air batteries, water splitting and carbon dioxide/nitrogen reduction, to
increase the rate, efficiency, and selectivity of the chemical transformations involved.>’
Currently, platinum group metals (PGM) (e.g., Pt, Pd, Ir and Ru) represent the most efficient
and commonly used electrocatalysts, but their high cost and scarcity greatly impede their
practical applications and widespread adoption of the relevant technologies.®!'* Therefore,
developing efficient and cost-effective PGM-free alternatives is of great significance to meet
the global energy and environmental needs.

In the past decades, perovskite oxides (ABOs3, where A are alkaline-earth or rare-earth metals
and B are transition metals) have attracted great interest for their flexible compositions and
crystal structures, which endows the highly tunable electronic properties that can be used for
realizing active, selective, and stable catalysis.!>!® To date, multiple theories (e.g., bulk
formation energy, e; occupancy, outer electrons, ionic electronegativity, oxidation state and
multi-physicochemical material properties, efc.) have been proposed to elucidate the principles
between parameter and intrinsic activity of perovskites, which give rational guidance toward
the development of improved electrocatalysts for targeting electrocatalysis, such as oxygen
reduction reaction (ORR), oxygen and hydrogen evolution reactions (OER and HER).!7-!
Despite these significant efforts, the perovskite electrocatalysts still suffer from poor practical
performances. For example, the most reported perovskites for OER usually required
overpotential > 350 mV to achieve the current density of 10 mA cm™, which is still much
inferior to the precious metal catalysts (Table S1). A key reason is the poor morphology control
of conventional synthesis methods under extra-high calcination temperature, which usually
results in irregular particle shape with low specific surface area.’>?*> Generally, tailoring the
geometrical factors including creating smaller size or porous nanostructures will help to expose
more accessible active sites and result in a ready promotion on catalysis.> 2°3° In addition,
compared to the assembly of individual discrete particles, it is believed that the cross-linked
network feature of one-dimensional (1D) structure is favorable for the diffusion of reactants
and electrical transport, and simultaneously more resistant to agglomeration and Oswald
ripening, enabling enhancement in both activity and durability.?!-

Herein, we report a general route to produce highly porous 1D inorganic perovskite
nanomeshes by the pyrolysis of metal salt-polymer fibers. Using this approach, we have
successfully obtained various multielement perovskites with up to six dissimilar metal
elements. The created perovskites have a high-quality 1D structure with densely dispersed
pores. By combining the advantages of flexible compositions, porous structure with high
specific surface area, and cross-linked network structure, advanced perovskite electrocatalyst
with exceptional performance is expected. As a proof of concept, we evaluate the OER
performance of a series of Co-based 1D perovskite nanomeshes, in which the
Lao.sBao.5C00.s8Nip203 (LBCNO) exhibits an outstanding activity that can achieve a current
density of 100 mA c¢cm™ at an overpotential of only 364 mV, and superior stability at large
current densities (50 mA cm™) for at least 30 h, which already exceeds the state-of-the-art
commercial RuO,. X-ray absorption spectroscopy (XAS) analysis combined theoretical
calculations indicate that the introduction of Ba and Ni results in the lower oxidation state and
regulated spin state of Co, associating with the compressed Co-O bond in LBCNO nanomesh,



which has contributed to the intermediate adsorption and the electron transfer in the OER
catalysis.

Results and Discussion

An illustration of the route to create 1D perovskite nanomeshes is shown in Figure 1a. In a
typical procedure, the metal nitrates and polymer (polyvinyl pyrrolidone, PVP) were mixed in
a certain proportion and dissolved in N, N-dimethylformamide (DMF), to form a uniform
viscous solution. The resulting solution was then loaded into a plastic syringe equipped with a
thin nozzle. During the electrospinning process, a high voltage (~16 kV) is applied between
the nozzle and collector, which induces a charge on the surface of the polymer solution. Once
the strength of the electric field is high enough to allow the repulsive electrostatic force to
overcome the surface tension of the polymer solution, a liquid jet (known as the Taylor cone)
forms and moves towards the collector.’”® Before reaching the collector, the discharged
polymer solution jet undergoes an instability and elongation process to become longer and
thinner. Meanwhile, the solvent evaporates gradually, and solid fibers are finally precipitated
on the collector. Using this approach, various metal precursors can be evenly (ideally at the
atomic level) dispersed in the prepared polymer fibers, which makes a unique start for the
formation of perovskites. Subsequently, the metal salt-polymer fiber is calcined at 600 ~ 700
°C under air to generate phase-pure perovskite oxides. During this process, a large quantity of
gaseous products is produced, which is the key to the formation of the porous 1D mesh-like
structure.

Taking 1D LaCoO3 (LCO) perovskite nanomesh as a representative example. La(NO3)3-6H>O
(1 mmol) and Co(NO3)2:6H20 (1 mmol) were dispersed in a PVP/DMF solution (14 wt.%
based on the mass of DMF) to form a precursor solution for electrospinning. The obtained
pristine metal salt-polymer fibers have high-quality 1D morphology and smooth surface, with
a diameter of about 200~400 nm and a length of dozens of microns (Figure S1a,b). The pristine
metal salt-polymer fibers were then calcined at 600 °C for 3 h in air atmosphere to generate the
1D perovskite nanomesh (Figure Slc,d). Significantly, the proposed synthetic strategy is
robust, which is able to fabricate the 1D perovskite nanomeshes library by readily introducing
desired metal nitrates at the beginning of the synthetic procedure. Figure 1b-f and Figures S2-
S20 show the detailed characterizations for the 1D perovskite nanomeshes library. We
synthesized binary (La-Mn, La-Fe, La-Ni, Pr-Mn, Pr-Fe, Pr-Co) 1D perovskite nanomeshes,
which have similar structural features with 1D LCO nanomeshes, as revealed by the SEM and
HAADF-STEM images (Figure 1b). Elemental mappings show the homogeneous spatial
distributions of metal elements and oxygen in 1D nanomeshes. Their perovskite phases were
confirmed by XRD. Moreover, we have further successfully synthesized a series of ternary
(La-Pr-Co, La-Ba-Co, La-Y-Co, La-Co-Mn, La-Co-Fe and La-Co-Ni) 1D perovskite
nanomeshes (Figure 1c¢). In all cases, the high quality of 1D nanostructures can be well
maintained, and the unique dense porosity is also observed. Beyond the common binary and
ternary structure, we have innovatively extended the library to much more complicated
quaternary (La-Pr-Co-Fe, Pr-Y-Co-Mn and La-Ba-Co-Ni), quinary (La-Pr-Co-Ni-Mn, La-Pr-
Ba-Co-Fe) and even senary (La-Pr-Ba-Co-Ni-Fe) 1D perovskite nanomeshes (Figure 1d-f).
As confirmed by SEM, elemental mappings and XRD, clearly showing the versatility of the
synthesis reported herein.

As shown in Figure 2a, the synthesized 1D LCO perovskite nanomeshes maintain the uniform
1D morphology without aggregation and fracture. More interestingly, there are dense pores



distributed across the 1D structure, forming a highly porous mesh-like feature that is connected
to the small crystalline grains, as revealed by the magnified HAADF-STEM images (Figure
2b and Figure S21a,b). The selected-area electron-diffraction (SAED) pattern of an individual
1D nanomesh reveals its polycrystalline feature (Figure 2c¢). The crystal phase of obtained
nanomesh was further confirmed by X-ray diffraction (XRD) pattern, in which all the
diffraction peaks could be indexed to LCO perovskite (JCPDS number 75-0279) with no signal
of possible crystalline impurities detected, suggesting its pure perovskite phase (Figure 2d).
High-resolution TEM (HRTEM) image shows lattice fringes with the interplanar spacing of
0.38 nm and 0.22 nm, which can correspond to the (100) and (111) planes of perovskite-type
lanthanum cobaltite, respectively (Figure 2e). Energy-dispersive X-ray spectroscopy (EDS)
analysis demonstrates that La (green), Co (blue), and O (red) are distributed uniformly at the
nanomesh (Figure 2f and Figure S21c¢). Therefore, by combining the metal salt-polymer fiber
and pyrolysis strategy, we have successfully created highly porous 1D LCO perovskite
nanomeshes. Naturally, such obtained perovskite nanomesh holds a high specific area (13.4 m?
gy (Figure S21d), which is one order of magnitude higher than most reported perovskites
made by conventional methods.***! Moreover, lots of edge sites in such unique nanostructure
can also provide numerous coordinatively unsaturated atoms, which would be favorable for
advanced electrocatalysis.?”4>4

To gain an in-depth understanding of the formation mechanism of the 1D perovskite nanomesh,
thermogravimetric analysis (TGA) measurements were carried out to investigate the evolution
during the calcination process. As shown in Figure S22, La(NO3)3-6H>O and Co(NO3)2:6H>0
lose their weight gradually and finally steadied at ~30%, revealing the decomposition to
corresponding oxides. PVP showed an intense weight loss at around 400 °C and finally reached
~0 % before 600 °C, indicating the complete decomposition to gas products. TEM, XRD, and
Fourier transform infrared (FTIR) were further employed to check the products obtained at
different calcination temperatures. As shown in Figure 2g-j and Figure S23, there are
negligible morphology changes after 300 °C calcination treatment, and corresponding XRD
indicates the amorphous feature (Figure 2k). FTIR spectra shows an enhanced absorption band
at 1500-1800 cm™!, which can be indexed to the C=O stretching vibration, implying the partial
oxidation of the PVP molecule (Figure 21).** In comparison, small pores can be observed at
the fibers after calcination at 400 °C, and there are two weak diffraction peaks assigned to the
La>03 and LaCoOs in the XRD pattern. After calcination at 500 °C, more obvious pores were
formed and the diffraction peaks of LaCoOs can be clearly observed in the XRD pattern,
indicating the further decomposition and gradual crystallization process. Meanwhile, the wide
FTIR absorption bands in the range between 1300 and 1600 cm™ were gradually weakened and
finally disappear at 600 °C, revealing the complete combustion of residual carbonaceous and
nitrogenous species.*’ In addition, two strong absorption bands at 665 and 567 cm™! can be
observed at 400 °C and disappeared at a higher temperature, while a new absorption band at
around 586 cm™' became stronger when the treated temperature raised gradually, suggesting
the formation of C0304 and finally converted to perovskite during the treatment. Figure 2m
summarizes the schematic illustration of the growth mechanism of the perovskite nanomesh.
The metal precursors are evenly distributed in the original polymer fiber after electrospinning.
During the calcination process, PVP molecules decompose into gaseous products (e.g., CO2,
NOx, and H>0), while the metal nitrates also gradually decompose to corresponded metal
oxides, which further migrate and finally crystallize to form the perovskite structure at high
temperatures. Meanwhile, the forces caused by generous gas evolution can lead to a large
number of pores and result in the highly porous nanomesh structure. It should be noted that too
intense of such evolution is also unfavorable to maintain the 1D structure, where a suitable



parameter (e.g., metal precursors, concentrations, heat treatment conditions) is pivotal to result
in the highly porous 1D perovskite nanomesh.

To understand the control mechanism behind the successful synthesis, the effects of various
experimental parameters on the synthesis of LCO nanomesh were further carried out. As we
mentioned before, the decomposition of metal nitrates and PVP to produce a large quantity of
gaseous products is the primary process in forming the highly porous structure. As shown in
Figure S24, nearly solid nanowires were obtained while using metal chlorides (i.e.,
LaCl3-6H,0 and CoCl2-6H0) as the metal precursors. This can be attributed to the difficult
decomposition of metal chlorides, as confirmed by XRD (Figure S24d). Additionally, the
concentration of metal precursor in the initial polymer solution is another important factor to
generate 1D nanomesh structure. As shown in Figure S25, the fibers have broken into small
particles when the concentration of metal precursor was too low, while the solid structure was
obtained when the concentration is too excessive. During the calcination process, polymer
molecules were completely decomposed into gas products and left out. Simultaneously, metal
precursors were decomposed to corresponding oxides and retain in the result products.
Consequently, if the metal species are too little to maintain the skeleton structure of pristine
fibers, the 1D structure would destroy after the polymer was left out. On the other hand, too
excessive concentration of metal precursor could cause a decreased polymer content, which
reduces the forces caused by gas evolution and thus unfavorable for the formation of the porous
structure. Therefore, a suitable concentration of the metal precursor was important to balance
the formation of porosity and the maintaining of 1D structure. Additionally, a mild
decomposition is important to obtain 1D nanomesh, where an over-fast heating rate would
result in serious aggregation and fracture (Figure S26).

In general, the flexibility of ABO3 perovskite structure could accommodate dopants of varied
metals with different size and charge in A-site and B-site, thus effectively tailoring their
catalytic properties via the electronic and local geometric structure regulation (e.g., orbital,
spin, bond covalency, valence state, and atom coordination).!>2%?? As a proof of concept, we
demonstrated an A-site and B-site replacement strategy to optimize the OER performance of
LCO substrate (Figure 3a). Benefited from the versatile synthesis methods, eight cobalt-based
1D perovskite nanomeshes, including LCO, Lao.sProsCoO3 (LPCO), Laos5Y0.5C0o03 (LYCO),
Lag.sBao.sCo0O3; (LBCO), LaCoo.sMno203 (LCMO), LaCoosFeo203 (LCFO), LaCoo.8Nip.203
(LCNO) and Lag.sBag.5Co0.8Nip.203 (LBCNO) were studied. To evaluate the OER performance
of various Co-based 1D perovskite nanomeshes, electrochemical measurements were
performed with a standard three-electrode system. As shown in Figure S27, the introduction
of Pr, Y and Ba demonstrated an obvious effect on the OER activity of pristine LCO nanomesh.
Compared to LPCO nanomesh, LBCO nanomesh exhibits a more notable activity enhancement
with a 55 mV reduction of overpotential at a current density of 20 mA c¢cm™, while the LYCO
shows degraded activity. Analogously, Ni presents the largest promotion among other
transition metals during the substitution in B-sites, which delivers 1.9 times of current density
to that of pristine LCO nanomesh at an overpotential of 370 mV (Figure S28). Accordingly,
Ba and Ni were introduced simultaneously to expect a further improvement of OER activity.
As summarized in Figure 3b, LBCNO nanomesh demonstrates the highest activity among
other perovskite nanomeshes, which can deliver a current density of 92.3 mA cm at potential
of 1.6 V vs. RHE, and is about 7.4 times higher than that of LCO nanomesh, implying its
optimal parameter towards OER. For further comparison, the OER performance of LCO
particles prepared by the Pechini process (Figure S29) and commercial RuO; were also
measured. Figure 3¢,d show the polarization curves and corresponding Tafel plots of LBCNO
nanomesh, LCO nanomesh, LCO particles and commercial RuO>. Compared to the common



LCO particles, the 1D LCO nanomesh exhibits an obvious enhancement in terms of current
density and Tafel slope. More excitingly, the optimized LBCNO nanomesh displays notable
catalytic characteristics even better than that of benchmark RuO»>. Remarkably, LBCNO
nanomesh requires the overpotential of only 287 mV and 339 mV for achieving a current
density of 10 mA cm 2 and 50 mA cm, respectively, much lower than that of RuO, (310 mV
for 10 mA cm 2 and 382 mV for 50 mA cm?, respectively). Moreover, the Tafel slope for
LBCNO nanomesh (61.3 mV dec) is also smaller than that for RuO, (80.4 mV dec™),
implying its faster OER kinetics. Furthermore, the Nyquist plot for LBCNO nanomesh exhibits
a smaller interface charge-transfer resistance than that of the RuO» and other catalysts (Figure
3e), suggesting that the LBCNO nanomesh possesses a faster charge-transfer capacity during
the OER process. Additionally, the mass activity (MA, normalized to the oxide mass loading)
and specific activity (SA, normalized to the oxide surface area) of different catalysts were
calculated for further comparison (Figure S30). As a result, both the MA and SA for 1D
LBCNO nanomesh are significantly higher than those for other catalysts studied, indicating the
indeed advantages of the simultaneous optimization of physical morphology and chemical
composition (Figure 3f and Figure S31). Moreover, the OER performance of well-known
Bao.5Sr0.5Co00.8Fe0203-5 (BSCF) perovskite and NiFeOOH was measured under the same
conditions for direct comparison (Figures S32-S35). Compared to the BSCF and NiFeOOH
catalysts, the LBCNO nanomesh exhibits an obvious superiority in terms of current density
and Tafel slope (Figure S35). Furthermore, the SA of LBCNO nanomesh is also higher than
that of BSCF and NiFeOOH, indicating the excellent OER activity of LBCNO nanomesh. The
durability of LBCNO nanomesh was then evaluated by chronopotentiometry (CP)
measurement at a constant current density of 50 mA cm 2. As shown in Figure 3g, the potential
for LBCNO nanomesh remains almost unchanged during 30 h test, while considerable
degeneracy was observed under the same testing conditions for commercial RuO». Further
SEM, HRTEM, and EDS element analyses reveal that the morphology and structure of LBCNO
nanomesh have largely maintained after OER. In addition, the continuous CV scans and XPS
analyses of LBCNO nanomesh show negligible change, indicating the excellent stability of
LBCNO nanomesh during OER (Figures S36-S39).

To gain insight into the origin of the intrinsic OER improvement of LBCNO nanomesh, the
electronic and local geometric structure of LBCNO and LCO nanomeshes were studied by X-
ray absorption spectroscopy (XAS). Firstly, we measured soft XAS spectra at the Co-L23 edges
in the total electron yield (TEY) mode. Figure 4a shows the Co L3-edge XAS spectra of the
LBCNO nanomesh, LCO nanomesh and several reference materials with different valence
states of Co, including CoO (divalent), Sr,CoRuQg (trivalent), and SrCoOj (tetravalent).*647 It
is well known that Co L»,3-edge is highly sensitive to Co ion’s valence states, increasing in the
Co valence state will cause a shift of the XAS spectrum toward higher energies. The edge peak
shifts to higher energy from CoO to LBCNO, LCO, SrCoRuQOg, and further SrCoOs,
suggesting the coexistence of Co?" and Co®" in LBCNO nanomesh and LCO nanomesh. To
extract the detailed valence and the spin state information of Co ions in LBCNO nanomesh and
LCO nanomesh, we simulated the experimental Co L>3-edge XAS spectral by superposing the
spectra of relevant references: CoO for Co**, EuCoO; for Co** in the low spin (LS) state,*® and
Sr2CoRuQs for Co** in the high spin (HS) state (Figure 4b,c).* As results, the average valence
state of Co ions for LCO nanomesh was calculated to be +2.88 based on the fitted result of 12
% Co?", 38 % LS Co>" and 50 % HS Co**. After the substitution with Ba and Ni, the average
valence state of Co ions in LBCNO nanomesh decreases to +2.60, resulted from the decreased
proportion of LS Co*" and accompanying more occupation of Co?". The X-ray absorption near
edge structure (XANES) analysis of Co K-edge spectra also verified the lower Co valence state
of LBCNO nanomesh relative to LCO nanomesh (Figure 4d). Previously theoretical and



experimental studies have shown that the high oxidation state Co (e.g., Co*") with enlarged
Co-0 bond covalency will weak the binding ability of metal cations with oxygen, which makes
the direct O-O bonding more favorable, and thus lead to lattice oxygen mechanism (LOM).*"
52 The nonexistence of Co*" in LBCNO and LCO nanomeshes implies the hard arousal of LOM.
Additionally, both OER activities of LBCNO and LCO nanomeshes exhibit negligible pH
dependence, which is in line with the concerted proton-electron transfer process, indicating the
adsorbate evolution mechanism (AEM) dominated OER (Figure S40).°! Furthermore, the local
ligand environment of LBCNO and LCO nanomeshes were investigated by extended X-ray
absorption fine structure (EXAFS) analysis at the Co K-edge XAS spectra. As shown in Figure
4e and Figure S41, the observed two main peaks in EXAFS spectra can be ascribed to the first
and second coordination shell of the central Co atom comprising the six O atoms of the CoOg
octahedron, and eight La/Ba atoms, respectively, as expected from perovskite structure. Further
simulation reveals that the Co-O bond distances in LBCNO nanomesh (1.909 A) is
substantially short compared with LCO nanomesh (1.934 A). Moreover, the intensity of the
Co-0 peak and fitted Co-O coordination number for LBCNO nanomesh are much lower than
that of LCO nanomesh, suggesting the changed coordination geometry after incorporation,
which can also be associated with the evolution of oxidation and spin states (Table S2). Figure
4f schematically depicts the electron configuration and charge-transfer models of Co ion. It has
been reported that the OER reaction kinetics are primarily determined by the metal-oxygen
binding. For instance, too weak of an oxygen binding results in the O* formation being the
rate-limiting step, whereas too strong of an oxygen binding energy results in the O*-to- HOO*
step becoming rate-limiting.>* In perovskites, previous studies have shown that tuning the
electronic configurations of transition metals by changing their oxidation states, orbital
occupancy and coordination geometry, etc. will affect the covalency and hybridization of metal
3d and O 2p states, thus influence its adsorption with OER intermediates (i.e., HO*, O*, and
HOO*).!8 In this regard, the regulated electronic configurations of LBCNO nanomesh are
anticipated to meet the requirement of Sabatier’s principle, which states that the interaction
between the catalyst and the reaction intermediates should be neither too strong nor too weak.>
Therefore, we conclude that the modifications of the spin state and oxidation state associated
with the Co-O binding configuration in LBCNO nanomesh are responsible for the enhanced
OER activity.

As demonstrated above, the ideal geometrical structure, as well as optimized intrinsic
parameters, makes 1D LBCNO nanomesh a promising catalyst for practice electrochemical
application. In order to demonstrate the applicability to water splitting, we constructed a two-
electrode electrolyzer using carbon paper loaded with LBCNO nanomesh as the anode catalyst
and commercial Pt/C (Johnson Matthey, 20 wt.% Pt on Vulcan carbon black) as the cathode
catalyst (Figure 4g and Figure S42). As shown in Figure 4h, LBCNO (+) || Pt (-) electrode
couple requires a cell voltage of only 1.57 V to achieve the water-splitting current density of
10 mA cm 2, even lower than that for RuO, (+) || Pt (-) electrode couple (1.61 V). The
electrolyzer with the LBCNO nanomesh anode also showed better durability than that with the
RuO> anodes.

To unravel the significantly improved OER performances in the 1D perovskite nanomesh, the
density functional theory (DFT) has been applied to investigate the electronic structures. For
the pristine LCO, it is noted that the electronic distribution near the Fermi level (Ef) is
dominated by the Co sites. The strong strain in the pristine LCO lattice limits the separation of
electronic distribution (Figure Sa). With the introduction of Ni and Ba, the anti-bonding and
bonding orbital distributions have been perturbed, where the electronic distribution of surface
Co and La sites have become significantly enriched due to the release of the lattice strain by



the doping, improving the electroactivity for OER. In addition, Ni sites also display highly
electroactive, which further improves the interactions with O-species intermediates (Figure
5b). To further interpret the electronic structure of both LCO and LBCNO, we have plotted the
projected partial density of states (PDOS). For the pristine LCO, the Co-3d orbitals display a
splitting of 2.75 eV, which also crosses the Er. The La-5d orbitals have occupied from Ev to
Ev-4.0 eV (Ev = 0 eV), which only contributes to the stability of the structure due to the
overlapping with both Co and O orbitals (Figure Sc). Meanwhile, the sharp Ni-3d orbitals are
noted under the Er, supporting the high electroactivity for electron transfer with adsorbates
during OER. The splitting of Co-3d orbitals has been reduced to 2.25 eV after doping,
indicating the slight change of the electronic environment of Co-sites, which is consistent with
the experimental results. Moreover, the Ba-5p orbitals locate at a deep position at Ev-9.0 eV,
which facilitates the stabilization of intermediates during OER owing to the p-p ¢ couplings
(Figure 5d). The site-to-site PDOS of each element in LBCNO is also demonstrated. Notably,
the La-5d orbitals show the relatively inert feature, which remains a similar electronic structure
from the bulk to the surface. This indicates that La is playing an important role in stabilizing
the lattice of doped LBCNO (Figure 5e). For the Ba doping, although the subtle difference of
the dominant peak of Ba-5p is identified, the overall p-bands show a similar covering range
from Ev-19.0 eV to Ev-9.0 eV, which are close to the O-2p bands in intermediates (Figure 5f).
The site-to-site PDOS also confirms the change of Co-3d orbitals induced by the doping. The
large 3d-splitting has been obviously alleviated from the bulk to the surface, which supports
the improved electroactivity of Co sites (Figure 5g). For Ni-doping, the high position of Ni-3d
orbitals is well preserved, in which the 3d orbitals become more concentrated at the surface.
These results confirm the significant role of Ni in boosting up the OER performances in
LBCNO through the enhanced electron transfer (Figure Sh). Within the s,p orbitals of the key
intermediates, the o orbitals offset of intermediates demonstrate the electron transfer process,
which is affected by the interaction with the catalyst surface. The optimized electronic structure
in LBCNO by doping has resulted in the relatively good linear correlation of the s,p orbitals in
OER intermediates. Such a linear correlation lays a benign foundation to achieve efficient
electron transfer during each reaction coordinate, which has successfully suppressed the
overbinding and non-bonding of intermediates to guarantee a reduced overpotential for OER
(Figure 5i).

Then, we have compared the reaction pathway of both LCO and LBCNO to demonstrate the
energetic preference (Figure 5j). Under the equilibrium reaction environment (U = 0 V), the
rate-determining step (RDS) occurs at the transformation of single adsorbed O* to HOO*,
which shows an energy barrier of 1.62 and 1.75 eV, respectively. The conversion from HO* to
O* is also much easier in LBCNO than in LCO (Figure Sk). With the applied standard potential
of 1.23 V, the uphill reaction trend has been changed. Although the reaction trend for initial
adsorption of HO* is more preferred in LCO, the large barrier in the reaction [O* + 20H"
+H>0] to [OOH + OH" + H>O] leads to the larger overpotential in OER. The overpotential has
been estimated to be 0.39 eV and 0.53 eV, respectively, which is close to the experimental
results in high current density (Figure 51). Therefore, the improved performances of the doped
1D perovskite nanomesh LBCNO have been confirmed from both electronic and energetic
perspectives.

Conclusion

In summary, we have reported a highly controllable modular strategy to fabricate 1D perovskite
nanomeshes library by first employing facile electrospinning with the following calcination
process, which is promising to realize the large-scalable production of well-defined



nanostructures. Growth mechanism investigations indicate that the gaseous decomposition
products of metal nitrates and polymer during calcination facilitate the formation of densely
distributed pores, and a suitable precursor concentration is the key for generating high-quality
1D structure. As an exemplified application, the 1D perovskite nanomesh was applied towards
the OER electrocatalysis. Benefit from the unique cross-linked and highly porous geometric
features, abundant active sites and favorable reactants and electrical transport is enabled, which
result in an apparent promotion to the OER electrocatalysis. The optimized 1D LBCNO
nanomesh displayed a low overpotential of only 339 mV to achieve a current density of 50 mA
cm 2, and exhibited excellent stability during continuous electrolysis, already surpassing that
of benchmark commercial RuO,. DFT calculations have revealed that the additional Ni have
demonstrated highly electroactive features and the Ba doping significantly enhances the
stabilization of O-species. The optimized electronic structure by the metal doping has led to
the improved performances of 1D perovskite nanomesh. Our work provides valuable guidance
for improving the performance of perovskites through simultaneous morphology control and
composition optimization and shows great potential for practice applications.
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Figure 1. Synthetic scheme and characterization of 1D perovskite nanomeshes. (a)
Schematic illustration for the synthetic process of 1D perovskite nanomeshes. HAADF-STEM
images and corresponding elemental mappings of (b) binary (La-Mn, La-Fe, La-Ni, Pr-Mn, Pr-
Fe, Pr-Co), (c) ternary (La-Pr-Co, La-Ba-Co, La-Y-Co, La-Co-Mn, La-Co-Fe, La-Co-Ni) 1D
perovskite nanomeshes. (d) quaternary (La-Pr-Co-Fe, Pr-Y-Co-Mn), (e) quinary (La-Pr-Co-
Ni-Mn, La-Pr-Ba-Co-Fe) and (f) senary (La-Pr-Ba-Co-Ni-Fe) 1D perovskite nanomeshes.
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Figure 2. Growth mechanism for 1D LCO nanomeshes. (a) SEM images and (b) HAADF-
STEM image of 1D LCO nanomeshes. (¢) SAED pattern of an individual 1D LCO nanomesh,
inset is the corresponding TEM image. (d) XRD pattern, (¢) HRTEM image and (f) EDS
elemental mapping of 1D LCO nanomeshes. TEM images of the products obtained at different
calcination temperatures of (g) 300 °C, (h) 400 °C, (i) 500 °C and (j) 600 °C. (k) XRD patterns
and (1) FTIR spectra of products obtained at different calcination temperatures. (m) Schematic
illustration of the growth mechanism of the perovskite nanomeshes.
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Figure 3. Electrochemical OER performance of 1D perovskite nanomeshes. (a) Doping
strategies for perovskite ABO3; (where A is an alkali or a rare earth metal, B is transition metal,
and O is oxygen. (b) Current densities at 1.6 V vs. RHE of 1D perovskite nanomeshes with
different compositions. (c) Polarization curves and (d) Tafel plots of 1D LBCNO nanomesh,
1D LCO nanomesh, LCO particle and commercial RuO». (e) Nyquist plots of the different
catalysts at 1.55 V vs. RHE. The inset is the equivalent circuit model that contains the
electrolyte resistance (Rso1), double layer capacitance (Cai) and charge-transfer resistance (Ret).
(f) Overpotentials (1) at 10 mA cm? (left axis) and current densities at 1 = 0.35 V (right axis)
of the different catalysts. (g) Chronopotentiometric (CP) curves of the 1D LBCNO nanomeshes
and commercial RuO> at 50 mA c¢cm 2. Inset in (g) is the elemental mappings of 1D LBCNO
nanomeshes after the CP test.
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Figure 4. XAS analysis and overall water splitting experiments. (a) Co L3-edge XAS spectra
of the LCO and LBCNO nanomeshes, and several reference materials. Simulation of the Co
L>3 XAS spectra of (b) LCO nanomesh and (c) LBCNO nanomesh by superposition of the
spectral information from relevant reference materials. Data were collected using soft XAS
with the total electron yield (TEY) mode. (d) Fourier transforms of EXAFS spectra collected
at the Co K-edge and (e) XANES spectra of the LCO and LBCNO nanomeshes. Data were
collected using hard XAS with transmission mode. (f) Schematic representations of the
electronic structure and charge-transfer models for Co. (g) Schematic illustration of the overall
water splitting setup and micro geometric structure of 1D perovskite nanomeshes. (h)
Polarization curves of LBCNO nanomeshes and commercial RuO- for overall water splitting
at pristine and after 500 cycles. Pt/C loaded on carbon paper was used as cathode.
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Figure 5. Theoretical calculations of 1D perovskite nanomeshes. (a) The real spatial 3D
orbital contour plots for LCO. (b) The real spatial 3D orbital contour plots for LBCNO. (c) The
PDOSs of LCO. (d) The PDOSs of LCBNO. The site-to-site PDOSs of (e) La-5d, (f) Ba-5p,
(g) Co-3d and (h) Ni-3d in LBCNO. (i) The PDOS of s,p orbitals in O-species intermediates in
OER. (j) OER reaction pathway on a metal ion site. The reaction trend comparison of OER
under (k) U=0Vand (1) U=1.23 V.





