' Aalto University

Fan, Lijun; Rautama, Eeva Leena; Lindén, Johan; Sainio, Jani; Jiang, Hua; Sorsa, Olli; Han,

Nana; Flox, Cristina; Zhao, Yicheng; Li, Yongdan; Kallio, Tanja
Two orders of magnitude enhancement in oxygen evolution reactivity of

La0_7Sro_3Fe 1_XNiXO3_5 by improving the electrical conductivity

Published in:
Nano Energy

DOI:
10.1016/j.nanoen.2021.106794

Published: 01/03/2022

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CCBY

Please cite the original version:

Fan, L., Rautama, E. L., Lindén, J., Sainio, J., Jiang, H., Sorsa, O., Han, N., Flox, C., Zhao, Y., Li, Y., & Kallio, T.

(2022). Two orders of magnitude enhancement in oxygen evolution reactivity of La__Sr__Fe_ Ni O_ _by
improving the electrical conductivity. Nano Energy, 93, Article 106794. 0703 1x x 33
https://doi.org/10.1016/j.nanoen.2021.106794

This material is protected by colpyright and other intellectual property rights, and duplication or sale of all or
part of any of the repository collections is not permitted, except that material may be duplicated by ?/ou for
your research use or educational purposes in electronic or print form. You must obtain permission for any
other tuhse: Elgctronic or print copies may not be offered, whether for sale or otherwise to anyone who is not
an authorised user.


https://doi.org/10.1016/j.nanoen.2021.106794
https://doi.org/10.1016/j.nanoen.2021.106794

Nano Energy 93 (2022) 106794

ELSEVIER

Contents lists available at ScienceDirect
Nano Energy

journal homepage: www.elsevier.com/locate/nanoen

Check for

Two orders of magnitude enhancement in oxygen evolution reactivity of = [&&s
Lag.7Srg 3Fe; _,NiO3_s by improving the electrical conductivity

Lijun Fan®", Eeva Leena Rautama®, Johan Lindén ¢, Jani Sainio “, Hua Jiang 4 Olli Sorsa?,
Nana Han?, Cristina Flox“, Yicheng Zhao ", Yongdan Li ¢, Tanja Kallio ®"

& Department of Chemistry and Materials Science, School of Chemical Engineering, Aalto University, FI-00076 Aalto, Finland
Y Collaborative Innovation Center of Chemical Science and Engineering (Tianjin), State Key Laboratory of Chemical Engineering (Tianjin University), Tianjin Key
Laboratory of Applied Catalysis Science and Technology, School of Chemical Engineering and Technology, Tianjin University, Tianjin 300072, China

¢ Faculty of Science and Engineering/ Physics, Abo Akademi University, FI-20500 Turku, Finland
9 Department of Applied Physics, School of Science, Adlto University, FI-00076 Adlto, Finland

€ Department of Chemical and Metallurgical Engineering, School of Chemical Engineering, Aalto University, FI-00076 Aalto, Finland

ARTICLE INFO ABSTRACT

Keywords:

Oxygen evolution reaction (OER)
Perovskite oxides

Structural transition

Electrical conductivity

Oxygen vacancy

Developing highly efficient and robust electrocatalysts for oxygen evolution reaction (OER) is critical to
renewable energy technologies. Here, we report an effective strategy to enhance the OER activity of a perovskite
electrocatalyst through improving the electrical conductivity introduced by the structural transition.
Lag 7Sro.3Fe; _xNixyO3_s (denoted as LSFN-x) with increasing Ni content is found to crystallize in a higher sym-
metry structure and exhibit improved OER catalytic performance. The optimized cubic LSFN-0.4 catalyst delivers

a 90-times higher specific activity than its non-doped parent rhombohedral compound Lag 7Sro 3FeO3_s at an
overpotential of 340 mV, with an overpotential of only 320 mV for 10 mA cm ™2 and a low Tafel slope of 35 mV
dec™! in 0.1 M KOH, while maintaining excellent durability during 1000 continuous cycles and 50 h-water-
splitting in a laboratory-scale electrolyzer. The enhanced OER catalytic performance of LSFN-0.4 is highly
correlated with its increased conductivity as well as the increased oxygen vacancy concentration.

1. Introduction

The rising awareness of the global environmental problems and
growing demand for renewable energy have stimulated intense interest
to develop advanced energy conversion and storage systems. Oxygen
evolution reaction (OER, 40H™ — 2 H,O + O, + 4e™ in alkaline media)
is the vital step for many renewable-energy technologies such as
rechargeable metal-air batteries and solar/electricity-driven water
splitting [1,2]. However, this reaction is intrinsically sluggish because of
the complex nature of the four-electron oxidation process, requiring a
relatively high overpotential (n) [1,3,4]. Therefore, developing highly
efficient OER catalysts is crucial to achieving fast kinetics. Currently,
noble metal oxides (IrO; and RuOj) are typically regarded as the
benchmark OER catalysts, but the low abundance and high cost severely
prohibit their large-scale applications [5]. Accordingly, low-cost tran-
sition metal-based OER catalysts, such as spinels [6-8], oxides [5,9],
hydroxides [2,10], perovskites [11-13] and sulfides[14,15] have been
widely investigated.

* Corresponding author.
E-mail address: tanja.kallio@aalto.fi (T. Kallio).

https://doi.org/10.1016/j.nanoen.2021.106794

Perovskite oxides with a general formula of ABO3; where A is a rare-
earth or alkaline earth element and B is a transition metal element (TM),
have attracted renewed interest owing to their high intrinsic activities
and good structural stability towards OER [4]. To date, under the
compositional and structural flexibility, a series of perovskite catalysts
with various OER active sites and several activity descriptors have been
developed [4,16]. For example, based on the conventional adsorbate
evolution mechanism (AEM), Shao-Horn et. al [1] proposed a descriptor
of the e filling of the transition metal cations for the OER activity. The
perovskite with an eg orbital of 1.2 is expected to display a superior OER
activity. This design principle has been widely accepted and has led to
the identification of the highly active OER catalyst
Bag 551r0.5C00.8Fe.203_s (BSCF). However, to determine the eg occu-
pancy of the active sites accurately is difficult when the surface spin
state is not well known [17]. Moreover, some experiments have shown
that different perovskites with the same optimal e; orbital exhibit sig-
nificant differences in their activities [18,19]. Besides the eg occupancy,
other descriptors such as the p-band center of bulk O, and oxygen
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vacancies have been also proposed [13,20]. Recent findings showed that
the intrinsic OER activity of a perovskite is also related to its electrical
conductivity [21], especially for the electrocatalyst via the newly pro-
posed more efficient lattice-oxygen oxidation mechanism (LOM). For
instance, Si-incorporated SrCoO3_; (Si-SCO, 198 S cm ) with a higher
electrical conductivity demonstrates its lattice oxygen being more likely
to participate in OER than the pristine SCO (2 S em ™) [22]. The reason
might be that the higher electrical conductivity can provide more in-
ternal pathways and improve energy efficiency, which is more critical
for the oxide lattice participation process [11,23,24]. Nevertheless, the
electrical conductivity has not received as much attention as other de-
scriptors [4].

So far, A-site and O-site doping strategies and electron injections by
hydrogen treatment have been intensively used to improve the electrical
conductivity of the perovskite OER catalysts [25,26]. For example,
Cheng et. al [21] reported that Sr doped LaCoO3 (LCO) shows a clearly
higher electrical conductivity than the parent perovskite LCO and
therefore exhibited improved OER activity. Zhu et. al [27] found that
P-doping in SCO enables a significant enhancement in the electrical
conductivity as well as intrinsic activity. Wang et. al [28] demonstrated
that anion F-doping is also beneficial for increasing the conductivity and
the resulting electrochemical performance. Guo et al. [26] found that
the conductivity and OER electrocatalytic activity of Cag.9Ybg1MnO3
after Hy treatment at 350 °C increase by 2.5 times and 100 times,
respectively. In addition, also B-site doping has been found to effectively
improve conductivity [29]. For example, Ru®* doped SCO (60 S cm ™ at
room temperature) has a higher electrical conductivity than the pristine
SCO (~2 S cm™Y), consequently, it shows an enhanced OER activity
[24]. However, the C03+/C04+, Ru®* and active oxygen species of Ru®*
doped SCO also show high activity toward OER, which makes it difficult
to distinguish the real contribution of the enhanced conductivity. The
inclusion of Si into the SCO lattice also leads to an increase in surface
oxygen vacancies and electrical conductivity, but the Si-incorporated
SCO is subject to rapid surface reconstruction and amorphization during
potential cycling [22].

Higher crystal symmetry has been shown to enhance the overlap
between the occupied O 2p valence bands and the unoccupied Co 3d
conduction bands, thus increasing the electrical conductivity [25,27,
28]. On the other hand, the perovskite oxides with small lattice distor-
tions and close to the ideal cubic symmetry tend to show higher OER
stability [18,30,31]. Inspired by the above considerations, in this work,
a B-site substitution strategy is reported to stabilize higher crystal
symmetry for improving the electrical conductivity of a perovskite. The
intrinsic OER activity of Lag7Srg sFe;_,NiyO3_s (denoted as LSFN-x)
improves by two orders of magnitude with increasing in conductivity,
although the amount of Fe** species, the active site based on AEM, is
decreased. The optimized LSFN-0.4 catalyst exhibits an exceptional ac-
tivity with an ultralow overpotential of 320 mV at 10 mA cm ™2 and a
Tafel slope of 35 mV dec™! in 0.1 M KOH. This activity is superior to
those of the pristine LSF, benchmark IrO;, and most state-of-the-art
perovskite catalysts reported. Furthermore, the LSFN-0.4 demonstrates
excellent durability during 1000 consecutive cycles and 50 h-water
splitting in a laboratory-scale electrolyzer. Finally, the variation in
physicochemical properties and electronic configuration caused by Ni
substitution are systematically explored and the crucial effect of con-
ductivity on the OER performance of perovskite is determined.

2. Results and discussion
2.1. Crystal structure and morphology

To gain insight into the composition-structure-reactivity relations of
a potentially cost effective perovskite oxide oxygen evolution electro-
catalyst, we have systematically studied the variation of crystal structure
and physicochemical properties of Lag 7Srg sFe; _,NiyO3_s5 (LSFN-x, x =
0.2, 0.4 and 0.6) upon Ni substitution. Lag 7Srg sFeOs_s (LSF) has been
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selected as the parent phase because of its good structural flexibility,
large surface area and excellent conductivity [29,32]. All samples were
synthesized via the glycine-nitrate combustion method (for details see
the section Material synthesis in Supporting information).

The structural transition of the perovskite series is first confirmed by
X-ray diffraction (XRD) and Fig. 1a shows the XRD patterns of the LSF,
LSFN-0.2, and LSFN-0.4 samples. As shown on the right-hand side
magnified figure, the characteristic Bragg peaks of LSFN series shift
toward higher angles with increasing Ni substitution (increasing x),
revealing a lattice shrinkage, which is caused by the smaller radius of
Ni®* (VI coordinated, 0.56 A) relative to Fe®* (VI coordinated, 0.645 A)
[33,34]. The structure of all the samples is further analyzed by the
Rietveld refinement method. As shown in Fig. S1 and Table S1, LSF and
LSFN-0.2 feature a rhombohedral lattice with a space group of R-3c
(#167), while LSFN-0.4 possesses a cubic structure (Pm-3m space group,
#221). The phase transition is reflected in the drastic change of the bond
structure, where the lattice parameters of the LSFN samples gradually
decrease and the bond angle TM-O-TM (TM: Fe/Ni) increases up to
180° with the increasing of Ni content (Fig. 1b). As for x = 0.6, the
sample still shows the cubic phase, but it has an obvious NiO secondary
phase as shown in the XRD results (Fig. S1d and Table S1). Thus, this
work mainly studies the pure phases LSF, LSFN-0.2 and LSFN-0.4.

The phase transition is further verified by the high-resolution
transmission electron microscopy (HRTEM) images and corresponding
Fourier transformation (FFT) patterns of the representative samples LSF
and LSFN-0.4 (Fig. 2c and f). Obvious lattice fringes of 0.391 nm
attributed to the (012) plane along [221] zone axis is observed for LSF,
while LSFN-0.4 shows a lattice space of 0.387 nm assigned to the (100)
plane of the cubic structure along the [001] zone axis. The measured
d spacings of these two samples are closely aligned with the corre-
sponding theoretical values determined from the XRD data. The three
key selected area electron diffraction (SAED) patterns of LSFN-0.4 along
the [001], [120] and [110] zone axes (Fig. 2g-i) further demonstrate its
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Fig. 1. The structural transition of perovskites. (a) XRD patterns, with a
magnified region of 20 = 31.5-33.5° shown on the right-hand side and (b) cell
parameter and TM-O-TM angle of LSF, LSFN-0.2 and LSFN-0.4. The insets in
(b) are the crystal structure of LSF (rhombohedral) and LSFN-0.4 (cubic),
respectively.
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Fig. 2. Structure and morphology characterization of perovskites. (a) SEM image, (b) TEM image, (c) HRTEM image and the corresponding FFT pattern (inset)
along [221] zone axis of LSF. (d) SEM image, (e) TEM image, (f) HRTEM image and the corresponding FFT pattern (insert) along [001] zone axis, and SAED patterns

obtained along (g) [001], (h) [120] and (i) [110] zone axes of LSFN-0.4.

perovskite structure, which can be well indexed in terms of a cubic unit
cell, allowing the lattice planes to be identified.

The scanning electron microscope (SEM, Fig. 2a, d and Fig. S2) and
TEM (Fig. 2b and e) images of these LSFN samples show an agglomer-
ated nanoparticles morphology with the particle size range of
10-100 nm. The particle sizes of LSFN are decreasing with partial sub-
stitution of Fe by Ni, which is consistent with the average grain sizes
trend calculated by the Scherrer equation (Table 1). Accordingly, the

Table 1
Physical characteristics, and oxygen vacancy concentration (5) and B-site ion
oxidation state of LSF, LSFN-0.2, LSFN-0.4 and LSFN-0.6.

Perovskite  Particle BET surface  Oxygen vacancy B-site ion
size (nm) area (m? concentration (6) oxidation state
g
LSF 28.93 11.2 0.072 £+ 0.004 3.157 + 0.008
LSFN-0.2 23.60 13.9 0.094 + 0.002 3.113 + 0.004
LSFN-0.4 15.84 19.2 0.102 + 0.003 3.095 + 0.006
LSFN-0.6 11.31 20.2 0.186 + 0.003 2.927 + 0.006

reduced particle size increases the specific surface area as calculated
using the Brunauer-Emmett-Teller (BET) method of the perovskite oxide
(Fig. S3 and Table 1), which would benefit OER due to the availability of
more active sites [35-37].

The results of iodometric titrations indicate that the oxygen non-
stoichiometry (5, representing the total oxygen vacancy) is slightly
increased while the average B-site oxidation state decreased upon Ni
substitution via the charge compensation (Table 1). The increase of
oxygen vacancy is expected to facilitate oxygen absorption and release,
thereby promoting oxygen electrocatalytic activity [30,36].

2.2. Electrochemical performances

The OER activities of the perovskites and commercial IrO; catalysts
were evaluated on a rotating disc electrode (RDE) by performing linear
sweep voltammetry (LSV) in Oy-saturated 0.1 M KOH electrolyte at
1600 rpm in a typical three-electrode cell. All potentials are given
relative to the reversible hydrogen electrode (RHE) and corrected for
electrolyte resistance (~45 Q for 0.1 M KOH). As shown in Fig. 3a, the
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Fig. 3. OER electrocatalytic activities and stabilities of catalysts. (a) IR-corrected OER polarization curves of IrO,, LSF, LSFN-0.2, LSFN-0.4 and LSFN-0.6 in Oy
saturated 0.1 M KOH at a scan rate of 5 mVs~! with a rotation speed of 1600 rpm. These curves were averaged from three independent measurements. (b) Tafel plots
corresponding to the polarization curves in (a). (c) EIS of the LSFN series catalysts recorded at 5 mA cm™2, the ohmic resistance has been subtracted. (d) Mass
activities and specific activities (normalised to the BET surface area) of the LSFN series catalysts at 1.57 V vs. RHE derived from (a). (e) RRDE test of LSFN-0.4 in No-
saturated 0.1 M KOH to confirm that current is due to oxygen evolution, the inset displays the scheme of the RRDE detection for ORR on the Pt ring caused by OER on
the disk. (f) IR-corrected OER polarization curves of LSFN-0.4 initially and after 1000 cycles between 1.2 and 1.65 V vs. RHE in O,-saturated 0.1 M KOH. All the error

bars represent the s.d. from three independent measurements.

OER polarization curves of the Ni-doped samples exhibit smaller onset
potentials and higher catalytic currents at a fixed potential compared to
pristine LSF, implying higher OER activity. As a reference, the conduc-
tive carbon (Vulcan XC-72, VC) additives show a negligible activity
contribution in the studied potential range (Fig. S4). The OER over-
potential at a current density of 10 mA cm ™2 (i) is a metric related to
solar fuel synthesis [37]. Notably, LSFN-0.4 exhibits an ultra-low 7;¢ of
320 mV, which is 20, 40 and 240 mV lower than those values of
LSFN-0.6, LSFN-0.2, and LSF, and even surpasses that of the IrO catalyst
(8360 mV), indicating that LSFN-0.4 possesses the best OER activity
among these investigated electrocatalysts. The excellent catalytic ac-
tivity of LSFN-0.4 for OER is also considerably superior to most well--
known perovskite-type OER electrocatalysts hitherto reported
(Table S2). The enhanced kinetics of the LSFN catalysts toward OER was
further proved by the Tafel plots (Fig. 3b), where the LSFN-0.4 catalyst
exhibits the lowest Tafel slope of 35 mV dec™!. This value is similar to
those of LagNi3C0013_5 (35 mV dec™) [38], nickel-iron layered double
hydroxide (35 mV dec™) [10] and Ni-Fe (Oxy)hydroxide (39.7 mV

dec™!) [39], which suggests the catalyst has moderate binding energy
between the OER intermediates and the active site (either oxidized
metal cation center or electrophilic lattice oxygen) [39-41].

Fig. 3c shows the electrochemical impedance spectroscopy (EIS)
results of those catalysts, and the ohmic resistance has been subtracted
for clarity. The Nyquist plots are fitted with an equivalent circuit
Ro(RtCPE,), where R,, Rt and CPE; are the ohmic resistances, charge
transfer resistance and charge transfer constant phase elements,
respectively [26,28,42]. The LSFN-0.4 has the smallest R.; value among
all the samples, indicating that LSFN-0.4 possesses the fastest charger
transfer ability in agreement with the LSV results (Table S3) [28]. Be-
sides, the capacitances of LSFN determined by the EIS have the same
trend as those obtained by the cyclic voltammetry (CV) scan, although
their values deviate (Fig. S5) [42].

Fig. 3d plots the mass activity (MA, normalized to the oxide mass
loading) and specific activity (SA, normalized to the BET specific surface
area) of the perovskite electrocatalysts at 1.57 V vs. RHE, both of which
exhibit a volcano-like dependence on the Ni content. The peak MA (148
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Ag, ). and SA (7.70 Am_2,,) of LSFN-0.4 are 155 times and 90 times
higher than those of LSF. These results reveal that LSFN-0.4 generates an
outstanding mass activity, a very important parameter in practical ap-
plications which can be further enhanced by nano-structure optimiza-
tion. The catalytic activities normalized to the electrochemically active
surface area (ECSA) are also compared and exhibit the same trend as the
BET normalized SA (Fig. S5 and S6).

To ensure that the measured current for LSFN-0.4 is only due to OER
and not corrosion of the conductive carbon or other side reactions, the
rotating ring-disk electrode (RRDE) measurement technique in Nj-
saturated 0.1 M KOH has been carried out as shown in Fig. 3e. In this
technique, the O, gas generated from LSFN-0.4 on the GC disk is
collected and reduced at the Pt ring at a constant potential of 0.4 V vs.
RHE. The Faradaic efficiency (¢) of Oy production estimated from Fig. 3e
is about 98% on the LSFN-0.4 electrode, suggesting that the oxidation
current from LSFN-0.4 could be attributed to the OER through a four-
electron transfer pathway [9,43]. It is worth noting that the calculated ¢
slightly deviates from the 100% efficiency. This could be due to the
formation of oxygen bubbles leading to a decrease in the collection ef-
ficiency of the RRDE, and the non-uniformity of the catalyst film causes
an error in the measured geometric surface area of the disk [34,43].

The long-term stability, another critical criterion for practical
application considerations, was first investigated by continuous CV be-
tween 1.2 and 1.65 V vs. RHE in O,-saturated 0.1 M KOH at a scan rate
of 50 mV s 1. As depicted in Fig. 3f, the OER activity of LSFN-0.4 is
almost completely preserved after 1000 cycles, revealing its excellent
stability during the OER cycling conditions. In contrast, the sample
Lag gSrg.oFeO2 96 with a similar composition to the pristine LSF shows an
increase in 779 by 11.02 mV after 20 cycles [30]. Moreover, no visible
change in the structure of LSFN-0.4 is detected after the 1000 cycles
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(Fig. S7). On the contrary, an amorphous phase formation has been
observed for the state-of-the-art perovskite catalysts such as BSCF and
Si-SCO [22,44,45].

The OER stability of LSFN-0.4 was further verified by carrying out
chronoamperometry measurement in 0.1 M KOH. As can be seen in
Fig. S8a, the current density remains stable during the 15 h-test, apart
from a small fluctuation in the current due to the temporary deactivation
of the catalyst that comes from the blocking of the active surface by the
generated Oz bubbles [46]. It is also worth noting that the activity ob-
tained on a woven carbon cloth is slightly lower than that on the RDE
(Fig. S8b), indicating inefficient utilization of the catalyst, which is
probably due to the higher mass loadings and mass transfer limitations
in the absence of the rotation [34,46]. All the above electrochemical
analysis reveals that Ni doping plays a vital role to enhance the activity
of the LSFN catalysts.

2.3. Anion exchange membrane electrolyzer performance

To further evaluate the performance of LSFN-0.4 in the practical
application, an anion exchange membrane electrolyzer with the sand-
wiched structure of 50 wt% LSFN-0.4/VC (anode)| FAA-3-PPS-130
membrane| 40 wt% Pt/C (cathode) was assembled and tested in a
homemade apparatus in 0.1 M KOH at room temperature (Fig. S9). As
shown in Fig. 4a, the electrolyzer can generate the common benchmark
current density of 10 mA cm ™2 at a low cell voltage of 1.64 V, which is
comparable with the results reported in the literature [47]. As for the
electrochemical durability under a constant voltage of 1.64 V for 50 h, it
yields the electrolyzing current density of ~11 mA cm 2 in the begin-
ning, then slowly decays and stabilizes to 9.3 mA cm™2 after 36 h
(Fig. 4b). The LSV curves obtained after the stability test with efficient
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Fig. 4. Water-splitting in an anion exchange membrane electrolyzer with the sandwiched structure of 50 wt% LSFN-0.4/VC (anode)| FAA-3-PPS-130
membrane| 40 wt% Pt/C (cathode). (a) Current-voltage profiles before and after 50-h stability test in 0.1 M KOH at a scan rate of 5 mV s~ L. The voltage is ohmic
resistance-free. (b) Time-dependent current density response and (c) representative EIS measured at every 10-h interrupt during the chronoamperometric mea-
surement at a constant potential of 1.64 V. Inset in (c) shows the used equivalent circuit. (d) Development of resistances during the chronoamperometric experiment

derived from (c).
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removal of Hy /Oy bubbles almost overlaps the initial plot (Fig. 4a)
indicating that the decay of current density is mainly due to the mass
transport issues on the catalyst arising from the gradual accumulation of
evolved bubbles, rather than the catalyst deactivation [48]. This is
further evidenced by the EIS profiles evolution, where the mass transfer
related low-frequency arcs increase, while the charge transfer related
high-frequency ones remain constant during the stability test (Fig. 4c
and d).

2.4. Origin of the improved OER activity

To identify the origin of the OER electrocatalytic activity enhance-
ment, we investigated the physicochemical properties and electronic
structure evolution of the LSFN series caused by Ni substitution.
Table S4 summarizes the surface compositions obtained by X-ray
photoelectron spectroscopy (XPS, Fig. S10). Compared to the stoichio-
metric ratios, the amounts of Fe and Ni are constantly smaller than
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expected, indicating an A-site surface segregation, which is favoured by
higher Ni substitution. The transition metal on the perovskite surface is
generally considered to be the active site for catalyzing the OER.
Therefore, such the A-site surface segregation is inevitably detrimental
to the true catalytic properties [21,49].

The Fe 2p XPS spectra of all samples are presented in Fig. S11. The
binding energy of Fe 2p3,» (710.2 V) and the shape of the satellite at
718.7 €V are consistent with Fe>¥, indicating that Fe>* is present in all
samples [50]. However, because the Fe 2p region overlaps with the Ni
LMM Auger peak, it is hard to accurately identify other oxidation states
of Fe. Thus, the oxidation state of Fe was further analyzed by the
Mossbauer spectroscopy, which is more sensitive to Fe characterization.
Fig. 5a-c show the low-temperature Mossbauer spectra of LSF, LSFN-0.2
and LSFN-0.4, respectively, which can be fitted using four Fe>" sextets
and one Fe*' sextet. The Fe3" sextets with different internal fields (B)
and isomer shifts (IS) reflect the different strength of the coupling to the
number of magnetic Fe or Ni next-neighboring atoms [51]. The dashed
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Fig. 5. Chemical states and electronic structure of perovskites. Mossbauer spectra of (a) LSF measured at 77 K and (b) LSFN-0.2 measured at 6 K and (c) LSFN-
0.4 measured at 6 K. (d) Relationship between specific activity and conductivity of LSF, LSFN-0.2 and LSFN-0.4. (e) O 1s and (f) Sr 3d XPS spectra of LSF, LSFN-0.2

and LSFN-0.4.
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doublet in the spectra is assigned to the traces of Fe in the detector
window. The hyperfine parameters obtained by the curve fitting are
listed in Table S5. As shown in Table S5, the proportions of Fe** species
in LSF, LSFN-0.2 and LSFN-0.4 are 16.1%, 8.6% and 5.1%, respectively.
According to AEM, Fe** cations with an optimal e, orbital filling close to
unity are widely accepted as the main contributor for the remarkable
OER activity of perovskite [17,36,52]. Therefore, the trend of Fett
content of the three perovskites, which is contrary to their OER activity,
suggests that LSFN-0.4 with remarkable OER activity may follow the
LOM pathway instead of AEM [22]. Fig. S12 shows the Ni 3p spectra of
LSFN-0.2 and LSFN-0.4, which are fitted with two spin-orbit split dou-
blets corresponding to Ni2t and Ni®*, and their 3ps,, peaks are set to
67.0 eV and 71.1 eV, respectively [34,35,53]. The calculated Ni®*/Ni%*
ratio on the surface of LSFN-0.2 and LSFN-0.4 are 0.26 and 0.27,
respectively. In literature, Ni* is also predicted to be the active site for
OER [35,54]. However, the effect of Ni substitution extends beyond
increasing the oxidation state of Ni [35]. Although the Ni3*/Ni?* ratio is
only slightly increased from LSFN-0.2 (0.26) to LSFN-0.4 (0.27), the 510
decreases 40 mV and the intrinsic activity (normalized by the BET sur-
face area) at = 340 mV is improved by more than 5 times. The possible
reason is that Ni substitution introduces and tunes the overlap between
the Ni and Fe 3d bands and the O 2p band, consequently enhance
charge-transfer interactions [34]. Therefore, it is reasonable to believe
that the B-site cation is not the key contributor to the improved OER
performance of LSFN. Instead, this improvement can be ascribed to the
following two key factors.

First, the increase in the electrical conductivity induced by the
structure transition. Fig. 5d shows the relationship between specific
activity and the electrical conductivity of LSF, LSFN-0.2 and LSFN-0.4.
As expected, the conductivity of LSFN increases significantly with
increasing Ni concentration (Table S7). The conductivity of LSFN-0.4
(23 S cm 1) is almost three orders of magnitude higher than that of LSF
(0.0035 S cm™Y), indicating that the conductivity of the samples is
greatly increased with the improvement of the lattice structure sym-
metry as a result of Ni substitution. This is mainly because the alignment
of the TM-O-TM bands would broaden both the occupied O 2p valance
band and the unoccupied TM 3d conduction bands, thus enhancing their
overlap and increasing the electrical conductivity (Fig. 1b and Fig. S13)
[21,23,25,28]. More importantly, the intrinsic OER activity strongly
correlates with the electrical conductivity. Although the addition of
conductive carbon can enhance the conduction pathway within the
electrode, it cannot solve the conductivity problem of the electrocatalyst
particles themselves [23]. The higher electrical conductivity of the
perovskite can effectively extend the active zones and reduce polariza-
tion loss of OER [23,26,55]. Therefore, the increase in conductivity is
the key factor being responsible for the significantly enhanced OER
activity of the investigated perovskite electrocatalysts. This positive
correlation is consistent with most previous studies [21,25,28], except
for LaNiO3 (LNO) with ultra-high conductivity (exceeding 10°Scem™)
[56], where OER activity increases, but electrical conductivity decreases
upon Fe or Sr substitution [57,58], indicating such a descriptor is uni-
versal and applicable for other perovskites with different compositions
and structures. The conductivity has little effect on the OER activity of
the LNO samples, probably because it is already high enough to provide
an effective internal pathway [59].

Second, the increase in oxygen vacancy concentration through Ni
doping. Fig. 5e shows the O 1s XPS spectra of LSF, LSFN-0.2 and LSFN-
0.4, which are fitted with three components. The component at 528.5 eV
can be assigned to lattice oxygen species (Ojatt), the one located at
529.7 eV can be tentatively assigned to the perovskite lattice termina-
tion layer (M-O), and the third component with the highest binding
energy (531.3 eV) is related to the surface species (Ogysf), such as highly
oxidative oxygen species, hydroxides and carbonates [21,60]. The per-
centages of these three distinct oxygen species have been calculated and
summarized in Table S6. It can be seen that the amount of Ogy,f increases
with increasing nickel concentration, which could at least be partially
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related to the increase in the surface oxygen vacancy concentration and
consistent with that in the bulk (Table 1) [61]. This is mainly attributed
to the enhanced TM-O covalency via decreasing the formatting energy
of oxygen vacancy (Fig. S13). The increase in the surface oxygen va-
cancy concentration occurring concomitantly with the rise in the elec-
trical conductivity can promote OER to occur via LOM [22,27], which is
energetically favourable compared to AEM [12,59], enabling LSFN-0.4
to show the highest OER activity. It is worth noting that, compared
with the changes in the literature [22,30,52], the increase in surface
oxygen vacancy content from LSF (34.9%) to LSFN-0.2 (37.2%) is
moderate. However, the OER activity of LSFN-0.2 is remarkably
enhanced due to the significant increase in its electrical conductivity,
further indicating that the electrical conductivity has a crucial effect on
the OER performance of the studied perovskite. The increased surface
oxygen vacancy concentration is also proved by the Sr 3d and C 1s XPS
results (Fig. 5f, Fig. S14 and Table S6), in which the surface Sr species
(Srsurf), mainly driven by the elastic and electrostatic interactions of
oxygen vacancies, are found to increase with the increasing nickel
content [60,62]. Meanwhile, these surface Sr species can be dissolved
after immersion in the electrolyte, and exposing a surface rich in active B
sites [63]. The La 3d XPS spectra of the perovskites are shown in
Fig. S15. The strong overlap with the Ni 2p region at energies
850-870 eV makes it impossible to determine La 3d binding energy
position accurately enough to probe its electronic structure. The La 3ds 2
peak at lower binding energy (833.4 eV) is typical for the perovskite
structure and the La 3ds,, peak does not change much with the
increasing nickel content [53,64].

In addition, although LSFN-0.6 shows the highest BET surface area,
oxygen vacancy concentration and electrical conductivity among the
LSEN series (Table 1, Fig. S16, Table S6 and S7), it exhibits a lower
intrinsic OER activity than LSFN-0.4. Such difference may be due to the
presence of the NiO impurity in LSFN-0.6, with a proportion of 12.63%
(Fig. S1 and Table 1), blocking the reactions on the perovskite active
sites [29,65,66]. Similar detrimental effects of impurities, such as NiO
[65-67], Co304 [21] and Fex03 [36] on the OER activity of a perovskite
have been observed in the literature, indicating that the precise control
of the composition is also essential for optimizing the OER activity of
perovskites.

3. Conclusion

In this work, we demonstrated a simple strategy to increase the OER
activity of LSFN by increasing the conductivity introduced by the
structural transformation. Gradual substitution of Fe by Ni realizes the
phase transition from rhombohedral to cubic structure, and then
significantly improve the OER catalytic performance. The most active
electrocatalyst LSFN-0.4 delivers a 90-times higher specific activity
than the parent LSF at 7 = 340 mV, with an ultra-low overpotential of
320 mV at 10 mA cm ™2 and Tafel slope of 35 mV dec!in 0.1 M KOH.
Furthermore, LSFN-0.4 maintains excellent durability during 1000
consecutive cycles and 50 h-water splitting in a laboratory-scale elec-
trolyzer. The increased intrinsic OER activity of LSFN-0.4 is strongly
correlated to the increased electrical conductivity, which together with
the increase in the oxygen vacancy concentration may synergistically
activate the participation of reversible lattice oxygen in OER. This work
not only introduces a highly efficient and durable OER electrocatalyst,
but also highlights the crucial effect of the electrical conductivity of
perovskites on OER catalysis for the first time, which may disclose a new
perspective in developing more efficient perovskite OER catalysts.
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