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Monoclinic SrlrOs: an easily-synthesized conductive perovskite oxide
with outstanding performance for overall water splitting in alkaline
solution
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ABSTRACT: Fabricating efficient bifunctional catalysts for both hydrogen/oxygen evolution reactions (HER/OER) in an easy
and mass-productive way is highly attractive for alkaline water electrolyzers. Perovskite oxides show compositional flexibility
and high property tunability, while poor electrical conductivity and relatively low HER activity hamper their application in
overall water splitting. Here, a conductive monoclinic SrirOs perovskite is developed as an excellent alkaline electrocatalyst
with bifunctionality that can be easily synthesized under normal conditions. Toward HER, it experiences progressive surface
self-reconstruction during the activation process due to lattice Sr2* leaching, eventually leading to a remarkable apparent
activity with an approximately 11-fold enhancement at 200 mV overpotential relative to the fresh sample. Experimental and
theoretical evidence reveals that etching of lattice Sr2* in relatively less stable SrirOs compared to IrO: is crucial for triggering
this self-reconstruction. Toward OER, no obvious surface reconstruction occurs, and an overpotential of only 300 mV is
required to realize 10 mA cm2g,, significantly lower than most perovskites reported previously (340-450 mV). The activated
SrlrOs from HER operation can be used alternatively as an OER electrocatalyst with further improved performance. A SrlrOs-
based two-electrode water-splitting cell shows exceptional performance, i.e., 1.59 V@10 mA cmZg, with negligible
performance degradation over 10 h.

1. INTRODUCTION

Electrochemical water splitting (EWS), which allows
the conversion of electricity generated from intermittent
renewable energy, such as solar and wind power, into stor-
able hydrogen fuel with high purity, has been such a fasci-

electrocatalysts for OER. 11 However, to further simplify wa-
ter-splitting electrolyzers and reduce the corresponding
cost, an electrocatalyst with bifunctionality (here, bifunc-
tionality refers to the ability to simultaneously facilitate the
OER and HER) is highly desirable. 1213

nating one in various environmental-friendly alternative
energy conversion/storage technologies. 13 The economic
competitiveness of hydrogen production through EWS with
the currently mature technologies, such as methane/coal
steam reforming, is, however, highly dependent on the elec-
trode performance. +7 In a typical water-splitting electro-
lyzer, the hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) occur at the cathode and anode,
respectively, but the sluggish reaction rates at both elec-
trodes greatly reduce the coulombic efficiency, thus de-
creasing the competitiveness of this technology for hydro-
gen production. 78 To accelerate both half reactions, it is of
paramount importance to exploit efficient electrocatalysts.
Due to the different reaction conditions, varied reaction in-
termediates, and multiple reaction steps, different catalysts
are usually used for HER and OER.9 10 For example, to date,
Pt-involving materials demonstrate benchmark HER activ-
ity in both alkaline and acidic electrolytes, > and Ru/Ir-based
materials, especially IrOz and RuO2, are the benchmark

An important type of functional compound, perovskite
oxides with the general formula ABOs3, in which the A and B
sites are occupied by rare-earth/alkaline-earth metal ele-
ments and transition metal elements, respectively, are char-
acterized by high compositional and structural tenability,
rich properties, favourable stability, and the capability of
precise control of doping sites and amounts. 14 15 For in-
stance, Zhu et al. found that the relatively low poor
conductivity in perovskite oxides could be ameliorated well
by ion doping, in situ exsolution of the B-site metal, or cre-
ating vacancies, et al., so as to optimize the catalytic behav-
iour. 1517 It was also reported that a smaller particle size
could have a remarkable impact on rationalizing the cata-
lytic activities of bulk perovskites, owing to more exposed
active sites. 8 During the past, perovskite oxides have
shown a wide range of application potentials. 18 More re-
cently, they have been demonstrated to be promising OER
catalysts, mainly performing in an alkaline environment. 1°
20 Nevertheless, most perovskite oxides generally



demonstrate poor HER catalytic properties owing to their
insufficient electrical conductivity and inappropriate Gibbs
adsorption energy for hydrogen. 2122 Thus far, there are
only a few studies about perovskite oxides as HER catalysts,
such as Pros(BaosSros)osCoosFeo20s-s (Pr0.5BSCF) and
SrCoo.7Fe0.2sM00.0s03.5 (SCFMO0.05). 23 24 Regarding overall
water splitting, nanostructuring perovskite oxide through
electrospinning method has been applied, delivering fa-
vourable performance. 2526 However, the fabrication cost is
inevitably increased by using nanostructured electrodes,
and the poor intrinsic activity of perovskite for HER is un-
changed. Poor electronic conductivity is another challenge
for perovskite oxides in electrocatalysis. The development
of bulk-phase perovskite oxide with high conductivity and
intrinsic activity for both the OER and HER can greatly ac-
celerate the practical application of electrochemical water
splitting for hydrogen production.

During the past, most active HER electrocatalysts were
metal-based, while few oxides possessed favourable HER
activity. 27 Very recently, we have demonstrated that,
through tuning the electronic structure via doping strategy,
perovskite oxides can also be developed into favourable
electrocatalysts for HER. 2324 28,29 For example, owing to a
synergistic interplay between ordered oxygen vacancies
and O 2p ligand holes to produce a near-ideal HER reaction
path for water adsorption and hydrogen desorption,
RBaCo020s5+5 double perovskite showed favorable activity
for HER. 28 On the other hand, some catalysts including per-
ovskite oxides experienced surface self-reconstruction dur-
ing electrocatalysis, which could boost the activity. 3035 Sim-
ultaneous structural tuning and surface reconstruction may
then provide a useful strategy for developing high-perfor-
mance bi-functional perovskite-type electrocatalysts for
overall water splitting.

In this study, we report a conductive perovskite-based
electrocatalyst for overall water splitting with prominent
activity among perovskite materials for both the HER and
OER in alkaline solution. The electrocatalyst is built from
metallic SrlrOs perovskite in a monoclinic structure, which
can be facilely synthesized under normal conditions. The
perovskite can undergo surface self-reconstruction during
the HER process due to the etching of lattice Srz*, which
results in the gradual formation of a more active
component, strengthened electrical conductivity, and
increased active surface areas. The surface-reconstructed
SrlrOs perovskite showed superior HER activity and robust
stability in alkaline electrolytes, featuring a low
overpotential of 139 mV to reach 10 mA cm?Zg, (geo-
geometric area of the electrode), a small Tafel slope of 49
mV dec! and a long-term stable testing for 180 h,
comparable to that of Pt/C and also ranking among the best
alkaline HER electrocatalysts. The monoclinic SrlrOs
perovskite in the bulk phase also delivered a distinguished
OER performance with an overpotential of only 300 mV at
10 mA cmZge, largely outperforming benchmark IrO; and
available perovskite electrocatalysts. If the electrode was
previously activated through HER-induced surface
reconstruction, a further reduction in the overpotential of
around 15 mV at a current density of 10 mA cm2g, for the
OER was observed. By applying the conductive SrirOs
perovskite as an electrocatalyst for overall water splitting,

a low potential of nearly 1.59 V was needed to yield a
constant current density of 10 mA cm-2g,, fairly close to that
of the benchmark Pt/C-IrO: couple, and no obvious
performance degradation was observed during 10 h of
operation.

2. RESULTS AND DISCUSSION

Perovskite materials may take different structures,
depending on the synthesis conditions. The pseudo-cubic
SrlrOs perovskite is a metallic conductor with a resistivity
lower than 10-3 ohm cm at room temperature for a thin film,
36,37 and was recently demonstrated to be an excellent
electrocatalyst for OER in acidic conditions. However,
pseudo-cubic SrirOs is synthesized under demanding
conditions, such as via high-pressure/high-temperature
routes, or by lattice matching with pulsed laser deposition
or molecular beam epitaxy, 3738 making it difficult to use in
practical applications. Here, monoclinic SrirOs perovskite in
the bulk phase was prepared under normal conditions (a
solid-state reaction performed at ambient pressure). 3°
Shown in Figure 1la is the room-temperature X-ray
diffraction (XRD) pattern, and the corresponding Rietveld
refined results are given in Figure S1 and Table S1. All
diffraction peaks were well indexed to the standard pattern
of JCPDS-25-0897, confirming the successful formation of
phase-pure monoclinic SrlrOs with the space group of C2/c.
On the basis of Rietveld refinement of the XRD pattern,
Figure 1b schematically describes the local atomic
arrangement in monoclinic SrlrQs, in which face-linked and
corner-linked [IrO6] octahedrons are alternatively
arranged along the c-direction. According to the scanning
electron microscopy (SEM) images in Figure 1c and Figure
S2a, the as-prepared SrirOs perovskite took the form of
irregular and large particles with several micrometres in
size. This badly sintered sample is a result of the high
calcination temperature, which was further supported by
the low Brunauer-Emmett-Teller (BET) surface area based
on nitrogen-adsorption/desorption measurements (Figure
S2b). Figure 1d-f present the results of further close
observation from high-resolution transmission electron
microscopy (HRTEM). The clear interplanar distances of
about 0.454 nm and 0.483 nm in Figure le coincide well
with the spacings of the (021) and (110) facets of SrlrOs
perovskite oxide, respectively. In addition, the selected-
area electron-diffraction (SAED) pattern in Figure 1f also
clearly discloses the diffraction spots with tetragonal
arrangements along the [1-12] zone axes. All the HRTEM
results reconfirmed the crystal phase structure of SrlrOs. 40
Based on a 4-probe DC conductivity measurement, the
conductivity of a 71 % densified monoclinic SrIrOs bar
showed an apparent conductivity of ~ 65 S cm1, suggesting
its metallic nature. This is highly attractive since most
perovskite oxides show poor conductivity at room
temperature.

The potential application of the as-prepared metallic
bulk-phase  monoclinic  SrlrOs perovskite as an
electrocatalyst for HER in alkaline solution was first
assessed by using a glassy carbon (GC) electrode in an Ar-
saturated potassium hydroxide solution (0.1 M, pH = 13.6).
Following several previous studies, 2325 an activation
process based on cyclic voltammetry (CV) cycling was first



employed to bring the measured sample to a stable state,
and the respective polarization curves were then recorded
by using linear sweep voltammetry (LSV) to reflect the real
HER activities. As it is well known, unlike Mo-based
carbides/nitrides, perovskite oxides are relatively stable
HER electrocatalysts in alkaline electrolytes, and thus, their
activation process is usually fast and without obvious
changes. 23.28.41.42 Very interestingly, the as-prepared SrirOs
perovskite oxide initially exhibited a low HER activity, while
a dramatic enhancement of the HER activity was achieved
after CV activation, as shown in Figure 2a and b (the
activated sample is denoted as AC-sample), specifically
reducing the overpotential from 391 mV for fresh SrlrOs to
139 mV for AC-SrlrOs to reach a current density of 10 mA
cm2geo (T]lo).
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Figure 1. (a) Typical XRD pattern, and (b) schematic
description of local crystal structure of the as-synthesized
SrlrOs perovskite oxide. (c) corresponding SEM image, (d, e)
HRTEM images, and (f) SAED pattern of SrlrO3 sample.

To understand the activation process on SrirOs
perovskite during HER, a simple Ir-based oxide, IrOz, was
also measured for HER under the same operating
conditions. In striking contrast, IrO: displayed no obvious
activation-induced performance enhancement (Figure 2a
and b). Meanwhile, the activity of AC-IrO2 towards HER was
quite inferior to that of AC-SrIrOs (Figure 2a and b). Atn =
200 mV, a current density of 30 mA cm2g, was attained for
the AC-SrIrOsz catalyst, which was over one order of
magnitude larger than that for the fresh SrirOs sample,
whereas those for the fresh IrOz and AC-IrO2 were almost
equally low, about 1 mA cm?g, (Figure 2a and b). These
results imply that such unique activation-induced
performance enhancement in SrlrOs is probably associated
with the perovskite structure, which would be further
investigated as below. As a baseline, the HER polarization
curve of the benchmark Pt/C catalyst is also given in Figure
2c. A low overpotential of about 116 mV was needed to
launch 10 mA cm?go, which was only 23 mV smaller than
the 139 mV of the AC-SrirOs electrode (Figure 2c). By
reducing the particle size of the SrlrOs perovskite through
ball milling, the HER apparent activity after activation could
be slightly enhanced (named as AC-SrirOs-BM), with a Pt-
likeni0of 121 mV (Figure 2c). Tafel plots can reflect the HER
kinetics behaviour, and a lower Tafel slope is more

favourable. In our case, AC-SrirOs, AC-SrirO3-BM and Pt/C
showed the same kinetic mechanism due to having similar
Tafel slopes (45-49 mV dec?), and their smaller slopes
suggest faster reaction kinetics than that of AC-IrO2 (104
mV dec?) (Figure 2d). More significantly, a more
remarkable HER activity for the AC-SrirOs electrocatalyst
was also observed in a concentrated alkaline medium (1 M
KOH), with the overpotential of 72 mV at a 10 mA cm2ge,
current density (Figure S3). In addition, compared to the
commercialized RuO2, the AC-SrirOs electrocatalyst also
showed obviously better HER apparent activity (Figure S3).
As a whole, above these data, i.e., N0, and the Tafel slope,
demonstrated the outstanding catalytic activity of AC-
SrIrOs; among nearly all the reported perovskite oxides for
HER in the alkaline electrolyte (Table S3), which also even
exceeded numerous other types of representative materials
(Table S4)

As is well known, the overall catalytic behaviour of a
catalyst generally depends on two critical factors, i.e., the
number of active sites and the intrinsic activity of each site.
43,44 The specific activity (SA), by being normalized to the
electrochemical surface area (ECSA), can efficiently reflect
the intrinsic activity. The ECSA data of all the oxides can be
estimated by CV-based electrochemical double-layer capac-
itance testing (EDLC, Cal), as can be seen from Figure S4.
According to a previous study, the ECSA of the Pt/C catalyst
was calculated on the basis of Coulombic charge Q for hy-
drogen desorption, which is 71 m? g! in 0.1 M KOH. 45
Shown in Figure S5a, and 2e compared the SAs of all the
measured samples in 0.1 M KOH. Although AC-SrIrOs indeed
exhibited obviously lower intrinsic activity than the
commercial Pt/C catalyst, the SA of AC-SrirOs still
extensively outperformed those of initial SrirOs, IrO2 and
AC-IrOz2. Besides, the SA of AC-SrIrOs3-BM was nearly coinci-
dent with that of AC-SrlIrOs, which confirmed the similar in-
trinsic activity of each active site between them. The rela-
tively small difference between the SAs of IrO2 and AC-IrO2
also verified the similar intrinsic activities. Specifically, AC-
SriIrOs had an SA of 0.054 mA cm2gcsa at = 200 mV in 0.1
M KOH, which was about 4, 12, and 11 times higher than the
0.014, 0.0045, and 0.005 mA cm-2gcsa of SrIrOs, IrOz and AC-
IrO2, respectively. In this study, the HER activity was further
revealed by the mass activity (MA) based on the noble metal
amount. Evidently, the activated SrlrOs was much higher
than those of other Ir-based contrast samples in 0.1 M
KOH (Figure S5b, and 2e). For example, at n = 200 mV, the
MA of AC-SrIrOs was 220 A g, lower than that of AC-
Srir0Os-BM, but ~11-fold, 42-fold, and 43-fold larger than
those of SrlrOs, IrO2 and AC-IrO: (20.2, 5.3, and 5.1 A g'lp,
respectively). Moreover, when tested in 1 M KOH (Figure
S6), the SA and MA of AC-SrIrOs at n = 200 mV were 0.067
mA cm2gcsa and 479 A g, respectively. These results were
evidently comparable to those of some well-known HER
catalytic materials (Table S3 and S4). Apart from the
prominent HER activity, the AC-SrirOsz electrode also
showed favourable operating durability, as indicated by the
almost overlapping LSV curves before and after 5000 CV
cycles of testing (Figure S7), and a stable current density of
10 mA cm?2g, over a period of 180 h without any
appreciable potential change (Figure 2f).
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Figure 2. (a) Polarization curves toward HER, and (b) the corresponding activity comparison of overpotential at a current density
of 10 mA cm-2ge, (left) and current density at an overpotential of 200 mV (right) of SrlrOs, AC-SrlrOs, IrOz and AC-IrOz samples in Ar-
saturated 0.1 M KOH electrolytes. (c) HER polarization curves of these four catalysts including AC-SrlrOs, AC-SrlrO3-BM, AC-IrOz and
Pt/C. Insert shows overpotential at the 10 mA cm-2ge current density. (d) Tafel plots of AC-SrIrOs, AC-SrlrOs3-BM, AC-IrOz and Pt/C
samples, which were derived from (c). (e) Specific activity (SA) and mass activity (MA) of SrirOs, AC-SrlrOs, IrO2, AC-IrO2, and AC-
SrlrO3-BM, respectively, at the overpotential of 200 mV. (f) The stability plot of potential as a function of time at a constant current

density of 10 mA cm-2ge, for AC-SrlrOs.

To seek the origins of the above-mentioned unique ac-
tivation-enhanced behaviour during the electrocatalytic
HER process and obtain a thorough understanding, these
four samples of AC-SrIr0Os, SrirOs, AC-IrOz, and IrOz were
carefully characterized. First, ex-situ X-ray photoelectron
spectroscopy (XPS) measurements were carried out to re-
solve the structural evolution. According to previously re-
ported work, the typical Ir 4f XPS spectra of IrO2 and AC-
IrO2 in Figure 3b could be fitted with two doublets and a sin-
gle satellite peak. 4046 The binding energies for the first dou-
blet were 61.88/64.87 eV and 61.79/64.78 eV for IrO2 and
AC-IrO2, respectively, which could come from Ir#* in the IrO2
phase, corresponded well to the reported value range. 37 40
46 The other doublet with a positive energy shift of ~1.1 eV
likely originated from the shake-up satellites of the first
doublet for the two samples. In addition, the single satellite
peak at a high binding energy of ~67.95 eV was associated
with localized non-bonding states. 4% 4¢ From the above fit-
ting results of Ir 4f XPS spectra from IrOz and AC-IrOq, there
are unnoticeable changes after electrochemical cycling, sug-
gesting that IrOz possessed a highly stable surface structure
in the HER process. Shown in Figure 3a is the deconvoluted
Ir 4f XPS spectra of pristine SrlrOs and AC-SrlrOs. For the
pristine SrlrOs sample, only two doublets were obtained.
The first one located at the lower binding energies of 61.86
and 64.84 eV was likely related to Ir** from a SrirOs phase,
which was very close to reported data and also located
within the reported IrOz range. 37.46-48 Similar to that in IrOz,
the second one indicated shake-up satellites. Additionally,
two analogous doublets within the expected range were
also observed in AC-SrIrOs and their slight difference rela-
tive to pristine SrIrOs hinted a very minor change in the lo-
cal structural environment of Ir4*. However, noticeably, af-
ter electrochemical activation, a pair of additional and

intense Ir 4f peaks at 60.95 and 63.93 eV came out in the Ir
4f XPS spectra of AC-SrIrOs (Figure 3a), which then can be
attributed to the signal of metallic Ir (60-61 eV), 4952 disclos-
ing the surface structural reconstruction. Such significant
differences in SrlrOs and IrO: during the electrocatalytic
process demonstrate the crucial role of surface structural
reconstruction in the electrocatalytic activity and reveal
that the resulting Ir metal is likely responsible for the en-
hanced activity of AC-SrlrOs. Moreover, Figure 3c exhibits
HR-TEM images of the AC-SrIrOs sample. After electrochem-
ical activation, apparent structural reconstruction was at-
tained on the surface of AC-SrlrOsz with a depth of around 5
nm, in accordance with the XPS results. When comparing
the FFT images from the surface and bulk, such a recon-
struction-derived surface was found to be amorphous with-
out long-range ordering. Despite the generation of an amor-
phous phase, the bulk crystal structure of AC-SrIrOz was not
affected relative to that of fresh monoclinic SrlrOs, as evi-
denced by the XRD patterns in Figure S8. The Ir oxidation
state of the bulk structure was also checked by X-ray
absorption spectroscopy (XAS) at the Ir-Ls edge in the
fluorescence yield (FY) mode, which is sensitive to the va-
lence of 5d transition metal elements. 53 5 As shown in
Figure 3d, relative to the SrIrOs spectrum, the lack of energy
shift in the AC-SrIrOs spectrum reflects the negligible
valence state change after HER activation in the bulk phase,
corresponding to the observation from XRD. EDX results in
Figure S9 show that a Sr/Ir molar ratio of ~1 was observed
in the inner crystal, while the amorphous surface was
mainly composed of Ir, which revealed the element compo-
sition well. Upon combining all this obtained characteriza-
tion evidence, the reconstructed SrIrOs structure could be
identified well. Subsequently, the changes in the ECSA and
electrochemical impedance spectroscopy (EIS) for the AC-



SrIrOs3 and SrirOs electrodes were also evaluated, and the
corresponding results are presented in Figure S4, 3e and f.
The obtained ECSA of AC-SrIrOs was nearly 3-fold higher
than that of fresh SrlrOs (Figure 3e). This result disclosed
that after electrochemical activation, the SrirOs electrode
could create more electrocatalytically active sites. By the
recorded Nyquist plots in Figure 3f, the AC-SrIrOs electrode
displayed a lower charge transfer resistance (Rc) than the
fresh SrlrOs electrode, implying a faster electron transfer
rate for the AC-SrlrOs electrode. These observations based
on ECSA and EIS strongly corresponded to the improved ac-
tivity and were likely related to the evolution from the mi-
crostructure of the electrocatalysts during HER.

Given that the unique surface structure reconstruction
solely occurred in monoclinic SrlrOs and not IrO, it can be
intuitively speculated that surface lattice Sr2+ was probably
etched during electrochemical cycling and thus induced
surface self-reconstruction. According to the XPS results of
Sr 3d (Figure 3g), fresh SrlrOs showed an intense Sr 3d XPS
signal while after CV activation, this Sr 3d peak was almost
invisible in AC-SrlrOs, which confirmed the appearance of
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severe Sr leaching during electrochemical cycling. From
Figure 3h, the initial molar ratio of Sr and Ir in fresh SrirOs
was nearly 1, which corresponds to the successful
preparation of SrirOs. After electrochemical activation,
about 86% Sr was leached from the SrirOs surface. To
further verify the etching phenomenon, we monitored the
Sr2+ jons in the as-used electrolytes by inductively coupled
plasma-optical emission spectrometry (ICP). Clearly, a large
number of Sr2* ions were detected, as summarized in Figure
3h. Previous works have verified that metal defects can
promote  surface self-reconstruction during the
electrocatalytic process. 25 Accordingly, the leaching of
lattice Sr species here might also act as a handle to trigger
the reconstruction. More significantly, on the basis of the
formation energies for monoclinic SrirOs and IrO:
calculated in pioneering studies, the formation energy of
monoclinic SrlrOs; being larger than that of IrO:
demonstrated the more unstable nature of monoclinic
SrirOs (Figure 3i). 55 5 Thus, surface reconstruction was

preferred to happen in monoclinic SrlrOs during
electrochemical activation.
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Figure 3. (a, b) High resolution Ir 4f XPS spectra for SrirOs ((a) top), AC-SrlrOs ((b) bottom), IrOz ((b) top) and AC-IrOz ((a) bottom)
samples. (c) HRTEM image and corresponding fast Fourier transformed (FFT) pattern of AC-SrirOs. (d) Ir-Ls XAS spectra of SrirOs
and AC-SrlrOs in the FY mode. (e) Linear fitting curve (capacitive currents vs. CV scan rates), and (f) EIS Nyquist plots obtained at a
potential of -1.1 V vs. Ag|AgCl (3.5 M KCI) for SrIrOs and AC-SrIrOs. (g) High resolution Sr 3d XPS spectra for SrirOs and AC-SrlrOs.
(h) The surface atom ratio of Sr and Ir in SrIrOs and AC-SrlIrOs (left), and leaching concentration of Sr and Ir in SrlrOs and IrO: after
electrochemical activation (right). (i) Formation energy of SrirOs and IrO..

In addition to the above-mentioned HER -catalytic
behaviour in 0.1 M KOH, we have also investigated the OER
performance of monoclinic SrlrOz under similar conditions.
Interestingly, no obvious activation process was observed
during the OER process. The OER polarization curves shown
in Figure 4a manifest the outstanding OER activity of SrirOs
as well. Notably, an extremely low onset potential of 1.43 V
at 0.5 mA cm?2g, was observed for the monoclinic SrirOs
catalyst to effectively drive the OER, while the benchmarked
IrO: offered a relatively higher onset potential of 1.46 V, as
reported elsewhere.57 The overpotential needed to create a
current density of 10 mA cmgo was only 300 mV for the

bulk-phase monoclinic SrlrOs electrode, which was
significantly lower than that of the benchmarked IrOz (430
mV) and those of most of the perovskite oxides reported in
literatures (340-450 mV) (Figure S10). Besides, a smaller
Tafel slope (42 mV dec!) for monoclinic SrlrOs relative to
IrO2 (55 mV dec!) was also attained, indicating faster OER
kinetics (Figure 4b). Moreover, monoclinic SrirOs
demonstrated the about 2-fold and 5-fold larger SA and MA
than IrO2 at n = 320 mV, respectively (Figure S11). Thus,
SrlrOs is clearly also a superior OER electrocatalyst in an
alkaline solution, whose activity is comparable to or even
better than various typical active OER catalysts reported so



far (Table S5). It is worth noting that a pseudo-cubic
Srlr03(100) film grown on a DyScO3(110) substrate has
previously been reported to be a superb OER electrocatalyst
in 0.1 M KOH by Suntivich et al. but offered a larger overpo-
tential (n = ~400 mV at 1 mA cmZgo) than our SrirOs
material and an analogous Tafel slope (40 mV dec). 38 By
applying the activated monoclinic SrirOs electrode via the
HER process as an OER electrocatalyst in 0.1 M KOH, a
further improved catalytic activity was demonstrated,
resulting in a further decrease in the overpotential of
around 15 mV to reach a current density of 10 mA cm2ge,,
i.e., only ~ 285 mV (Figure S12). Such finding suggests that
the roles of both electrodes can be easily swapped, thus
greatly simplifying the reactor configuration and effectively
reducing the fabrication and operation cost for overall
water splitting. Shown in Figure S13 is a schematic diagram
of atwo-electrode water electrolyzer with the same catalyst
at both electrodes, which outlines the advantages of such a
design.

Accordingly, based on the excellent bifunctionality of
monoclinic SrlrOs regarding the OER and HER, an in-house
constructed two-electrode water electrolyzer with
monoclinic SrlrOs; bulk materials loaded on a carbon cloth
substrate (SrlrOs/CC) as both the anode and the cathode
(Figure S13) was built, and its performance for overall
water splitting in alkaline solution was tested. It worth
noting that SrlrOs/CC as the cathode was first activated
through electrochemical cycling to form AC-SrIrOsz/CC. As
presented in  Figure 4c, the coupled AC-
SrlrOs3/CC//SrIrO3/CC electrodes showed remarkable
water-splitting activity, affording a potential of ~1.59 V to
get a 10 mA cmZg, current density (Eio), which can rival
that of the benchmark combination (Pt/C-Ir0O2) (~1.59 V).
With an increase in the applied potential, a rapid current
rise was efficiently driven for the AC-SrirOz/CC//SrIrOs/CC
couple, and thereby, this couple clearly outperformed the
Pt/C-IrO2 couple in catalyzing water electrolysis when the
potential was higher than 1.67 V. We should note that such
performance surpassed most of the reported well-known
electrocatalysts for overall water splitting (Table S6). In
particular, a decent activity for SrirOz was realized among
perovskite-based materials with excellent bi-functionality,
such as electrospun SrNbo.1Coo7Feo203-s nanorods (E1o =
~1.68 V), electrospun Laos(Bao4Sro4Caoz2)o.sCoosFeo203-s
nanorods hybridized with reduced graphene oxide
nanosheets (Eio = ~1.67 V), and the NdBaMn:0ss double
perovskite (Eio = ~1.65 V). 25 26 58 Besides, the
SrlrOs/CC//AC-SrIrO3/CC cell also maintained robust
stability with a negligible change in potential after 10 h of
continuous operation at 10 mA cm2g, (Figure 4d).

A previous representative report has demonstrated
that a SrlrOs thin film with a pseudo-cubic structure pre-
pared under extreme conditions, displays an obvious OER
enhancement with time on operation in acidic solution and
is a superior OER electrocatalyst that undergoes surface re-
construction with the formation of a SrirOs/IrOx composite
due to the selective dissolution of SrO. 37 By employing the
as-prepared bulk-phase SrirOs in the monoclinic structure
as a catalyst in an acidic solution, we did observe a slight
increase in the performance for OER with time on opera-
tion; however, with a further increase in operation time, a

deterioration in performance was observed (Figure S14).
This phenomenon indicates that a different surface change
occurred on bulk SrIrOz with a monoclinic structure, which
was actually not stable for OER catalysis and led to further
electrode corrosion (Inset of Figure S14). However, the in-
sightful origins of such differences between these two
SrIrOs; materials as acidic OER catalysts have not been re-
vealed and thus require follow-up deep investigation with
advanced characterization techniques in the future. On the
other hand, as shown in Figure S15, the electrode showed
relatively poor activity for HER in acidic solution. These ob-
servations then suggest that the pH value of the electrolyte,
and the particulate morphology and structure of the elec-
trode material are highly critical for achieving good bi-func-
tionality of a powder-form SrlrOs electrode for overall wa-
ter splitting.

As mentioned, in acidic solution, monoclinic SrirOs;
with the conventional powder electrode configuration ex-
perienced surface changes during OER, which resulted in
slightly improved performance at the initial stage and sub-
sequently degenerated activity. Based on this, we tried to
first induce this surface reconstruction process of mono-
clinic SrirOs through OER in acidic acid, and then the recon-
structed SrlrOs was used as a HER electrocatalyst in an al-
kaline solution. As depicted in Figure S16, after the surface
reconstruction under OER conditions in acidic conditions,
the electrode showed almost no any catalytic activity for
HER in alkaline solution. Such result revealed that the sur-
face reconstruction process was highly dependent on the
experimental conditions, while a beneficial effect for elec-
trocatalysis in alkaline solution was achieved only when the
electrode was activated under the same conditions.
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Figure 4. (a) OER polarization curves and (b) the
corresponding Tafel plots of SrlrOs and IrOz samples in the O2-
saturated 0.1 M KOH electrolytes. (c) Water-splitting
polarization curves of these three couples including AC-
Srlr03/CC// SrIrO3/CC, Pt/C/CC//Ir02/CC, and blank CC/CC in
a 1 M KOH aqueous solution. Catalyst electrode loading: 5 mg
cm-2. (d) A chronopotentiometric curve (potential vs. time) of
the AC-SrIrOs/CC// SrIrO3/CC system at a fixed current density
of 10 mA cm-2geo.

3. SUMMARY



In conclusion, a bulk-phase metallic SrlrOs perovskite
with a monoclinic structure was facilely developed with a
simple solid-state route without any harsh synthesis
conditions. When carrying out a hydrogen-evolution
activation process in alkaline solution, monoclinic SrirOs
delivered continuous reconstruction-enhanced activities
owing to lattice Sr?+ leaching. Highly outstanding activity
and robust stability were finally achieved in the surface
reconstruction-derived catalyst AC-SrirOs, i.e.,, nio of 139
mV, Tafel slope 0f 49 mV dec, and 180-h stable testing. AC-
SrlrOs also presented the activity at an overpotential of 200
mV that was more than one order of magnitude larger than
that in the initial SrlrOs sample. As substantiated by XPS,
XAS, TEM, XRD, and electrochemical analysis, we
unambiguously recognized the precise structure of the
reconstruction-derived species and demonstrated that the
derived active component, strengthened electrical
conductivity, and increased active surface areas were
responsible for the resulting excellent HER performance.
Previous formation-energy calculation results further
uncovered that the more unstable nature of SrlrOs may lead
to more favourable self-reconstruction due to the higher
formation energy of SrlrOs in comparison with that of IrO-.
Furthermore, SrirOsz also showed unprecedented catalytic
behaviour for OER in 0.1 M KOH, requiring an overpotential
of only 300 mV to reach a current density of 10 mA cm2ge,,
which was significantly lower than those of most of the
perovskite oxides reported in the literature (340-450 mV).
And a further enhanced activity by an additional reduction
of overpotential of approximately 15 mV at a current
density of 10 mA cm2g, was demonstrated for the activated
SrlrOs electrode from alkaline HER operation. Based on the
excellent bifunctionality towards OER and HER of SrlrOs in
a base, an efficient and stable alkaline water electrolyzer
with AC-SrIrOs and SrirOs as cathodic and anodic catalysts,
respectively, was rationally established, exhibiting a low
water-splitting potential of ~1.59 V at a current density of
10 mA cm2geo. Our work not only highlights the significance
of surface reconstruction, but also opens a new avenue for
further study on perovskite oxides for overall water
splitting.
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