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ABSTRACT:The La{a 4& Nig4,q perovskite was synthesized using a etbdi
ultrasonic spray pyrolysis technique with sorbitol as the fuel and ozone as the oxi
resulting in chemically homogeneous hollow spheres with @ sjpéace area as high as
15 nf g>%. The crystal structure and the chemical composition were determined
powder X-ray draction, electron diaction, aberration-corrected scanning transmissic
electron microscopy, energy-dispersive X-ray mappmgMasbauer spectroscopg,
iodometric titration, and X-ray photoelectron spectroscopy. Being employed as & catalyst
for the oxygen evolution cti@n (OER) in 1 M NaOH, LaCa £ NigO,9 O
demonstrates a mass activity 490 A §*.,q.at 1.61 V vs RHE and a low 2.6 mv
dec! Tafel slope without noticeable degradation. The superior activity |of
Lay Ca Fe Nip O, compared to that of undoped Lag, O; was rationalized by
the comparison of DFT-calculated electronic structures. The Ca doping increases Ni & Fo-Ni
oxidation states, enhances covalency of the Ni/Fe-O bonds, shifts the center of the O é‘ﬁ e
band closer to the Fermi level thus decreasing formation energy of the oxygen vacancies, and
activates the lattice oxygen mechanism of the OER, which enhances the catalytic activity. Yet, an optimal balance between stal
and activity ensures that the thin and stable active layer of Ni-Fe (oxy)hydroxide is supported by the preserved perovskite structu

KEYWORDS:spray pyrolysis, oxygen evolution reaction, water splitting, perovskite, lattice oxygen mechanism

Ca-doped

INTRODUCTION contents>° In perovskite compositions with the general

Electrochemical water splitting is considered as a sustainefﬁ’f%nu'a_ of (AA(B.B)O; (A, A S rare-earth or alkali-earth
ions; B, BS transition metal cations), the co-existence of

and ecologically friendly energy storage technology providi and Fe in the B-site plays a critical role in the OER

clean energy for the future. The water splitting process . g 0

alkaline solutions consists of two half-reactions: the oxygg rﬁ:trochdemlctall ?.Ct'v'n{: !?ece;n{lﬁ/, Guall: demonstrit_(tad

evolution reaction (OER) 28H H,O + 1/20, + 2 at  chhance q CaL""Kj!C ac(:j '\('3(: 0 ﬁ. hﬂ@% perovskite q

the anode and the hydrogen evolution reaction (HER) 2H Ccompared to LaNi£and LaFeg which is further improve

+268  Ho. + 20K at the cathode. Generally. the OER is aby Sr doping at the A-site. Waetgal*' investigated the
29 ' Y L2 So:NiFasOss (x= 0.8, 0.5, 0.4, 0.2) system for OER

critical step in the water splitting due to sluggish kinetic . ) ! :
compared to the HER in the same operation conditions (eveimnd observed that the nomina) Rey ratio has the highest

. . . 12 . . .
though the HER Kkinetics in base is often slower than i ctivity. Liet al.® studied a similar system

i ; ;
- ) Lays, SENig e O35 (x = 0, 0.1, 0.3, 0.5) with axed
acid),” and e cient OER electrocatalysts are needed Ni:Fe stoichiometry and reported sigant activity improve-

e o o o s o CAERL wih St doping (he lowest OER overpotental was
) ysIS, onstrated by the sample with a maximal Sr content).

catalysts are based on noble metal oxides, H’.(R“'@' and_ However, Sr-doping leads to the formation of secondary
their compounds that are scarce and expensive, impeding ﬁf

dissemination of this attractive technolo The materia] %S-es’ which raises questions on the homogeneity of the
; . gy. 1he | “Obtained perovskites. Zhangl*> also established an optimal

bearing 3d transition metals are a worthy alternative in alkaline

media, and many have been studied during the last few decadss—

as potential OER catalysts, especially those combining tWwgceived: February 19, 2021

transition metals. It is known that Ni-based compounds aféevised: June 5, 2021

widely used as catalysts for water splitting in alkaline medium,

while incorporation of Fe further improves the OER

performance. This synergistiea is observed for $Fe

oxides, hydroxides, and perovskites widredit Ni and Fe
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Ni:Fe ratio of 8:2 for La-based perovskite (withoutcorrected FEI Titan Themis Z transmission electron micro-
heterovalent A-site substitution), which was laternced scope at 200 kV equipped with a Super-X system for EDX
by Wanget al** analysis.

In this work, we expand the range of the mixed Ni/Fe-based Surface Area AnalysisNitrogen adsorption analysis was
perovskites by designing a new synthetic approach througiperformed with a Quantachrome Instruments NOVA 2000
modi ed spray pyrolysis, which allowed us to obtain a novéigh-speed surface area analyzer at 77 K. Prior to the
multimetal LgCa, £ & Niy £, o perovskite with high chem- measurements, the samples were degassed in dynamic vacuum
ical and structural homogeneity in a form of hollow spherder at least 12 h at 12@. The spect surface area was
with a large specisurface area. High OER catalytic activity ofcalculated using the Brun&Emmet8Teller (BET) method
this material can be associated with the formation of a thiinom the nitrogen adsorption data in the relative pressure range
stable (oxy)hydroxide surface layer, as indicated by tt&/ P, from 0.05 to 0.30. For the LCFN_m sample, the pore
peculiarities of the electrochemical behavior, XPS, and IGke distribution was calculated in the relative pressure range

data. (P/P,) from 0.4 to 0.98 using the BargdivynegHalenda
(BJH) method. Only the adsorption branch of the isotherm
EXPERIMENTAL SECTION was used for the analysis.
Synthesis. The LaFg ,Niy s055 and >Fe Mossbauer Spectroscopy. The *Fe Massbauer

Lay Ca & Nip O35 (denoted further as LFN and LCFN) spectra were collected w@gsima constant ac_:celerati(_)n _
perovskites were synthesized using the ultrasonic sp&ectrometer MS1104 (Rostov-na-Donu, RF) in transmission
pyrolysis (USP) method. The nitrates LagN®H,0O mode with a®Co/Rh -ray source. Calibration of the
(NevaReactiv, 99.0%), Ca(Ng),4H,0 (NevaReactiv, Spectrometer was performed using a standaedabsorber.
98.5%), Fe(Ngs9H,0O (Alfa Aesar, >98.0%), and Ni- All isomer shift (IS) values are referred #e at room
(NO,),6H,0 (Sigma Aldrich, 97.0%) were dissolved in temperature. Spectra evaluation was performed‘Wsing
deionized water (MilliQ, 18.2 Min a La:Fe:Ni = 1:0.7:0.3 vemM3 (Rostov-na-Donu, RF) and custom least squares
molar ratio for LFN and in a La:Ca:Fe:Ni = 0.5:0.5:0.7:0.3 tting software with Lorentzis@aussian line shapes. The
molar ratio for LCFN to achieve a total concentration of 10 wke ned °Fe Masbauer hypere parameters are listed in
%. The solutions were ultrasonically sprayed using a househbfples S5 and %% Supporting Information.
ultrasonic humider at = 2.64 MHz and transferred with an ~ X-ray Photoelectron Spectroscopy.X-ray photoelectron
air ow (Vi qow= 172 mL 8Y) into a tubular furnace pre- Spectroscopy (XPS) experiments were performed using a PHI
heated to 1100C with the hot zone length of 360 mm. The 500 VersaProbe Il spectrometer with a spherical mirror
resulting powders were collected with a Schott funnel with@palyzer. An Al Kmonochromatic X-ray source with 1486.6
glassy Gdlter. Then, the powders were additionally anneale@V X-ray energy was utilized. Survey and high-resolution
at 800°C for 10 h in air and furnace-cooled. spectra were recorded with a 1.0 eV and 0.1 step size,
In order to prepare a homogeneous LCFN sample with ggspectively. High-resolution XPS spectra were processed to
large spect surface area (further denoted as LCFN_m), theobtain atomic concentrations, following a common procedure
USP technique was further medi by adding sorbitol for spectra quantations. Photoelectron background was
CeH 1405 (Sigma Aldrich, 99.0%) to an aqueous solution of subtracted from the high-resolution spectra using Shirley
nitrates in 0.78 wt % concentration. Spray pyrolysis wdégnction approximation. All spectra were calibrated to the same
conducted following the above mentioned procedure, excepiventitious carbon C 1s binding energy position of 284.8 eV.
for a lower temperature of the tubular furnace of@%a®d Oxygen Content Analysis. The oxygen content was
adding ozone (o the air ow at a rate of 400 mg'hThe measured using iodometric titratior5s 26 mg of perovskite
lower temperature of the furnace was chosen because of W&s added to aask containing 25 mL of 2 M Kl solution
exothermic reaction of sorbitol in an oxidative atmosphere ghder an Ar atmosphere and allowed to disperse for 3 min.
Os. Final annealing of the powder was conducted € 660 Then, 3 mL of 1 M HCI was added to dissolve the perovskite.
5 h in air. For stability tests, the LCFN_m sample was treatethis solution was then titrated to a faint golden color with a
for di erent soaking periods in 1 M NaOH solution (further 23.28 mM solution of N&O,; which had been pre-
denoted as LCFN_m_S, the soaking duration was selectsthndardized by titration using 0.0222 M solution of
based on the sensitivity of the applied analytical methods). K,Cr,O;. Then, starch was added as an indicator and the
Powder X-ray Di raction. Phase purity and the lattice solution was titrated until it became colorless at the end point.
parameters were determined by powder X-ragctithn Catalyst Ink Deposition. Oxide powders were deposited
(PXRD) using a Huber G670 Guinier camera (transmissionnto glassy carbon (GC) disk electrodes as kims. GC
geometry, curved primary Ge (111) monochromator, Co K electrodes were polished with a 0®5ALO; slurry on a
radiation, = 1.78896 A, image plate detector). The Rietveldpolishing cloth, rinsed with distilled water several times, and
re nement was performed with the JANA2006 softvare.  then dried under an air stream. The appropriate amounts of
Transmission Electron Microscopy.The samples for  perovskite powder and Vulcan carbon XC72R (VC) were
transmission electron microscopy (TEM) were prepared bgdded to a water/isopropanol solution (4:1 by volume), which
grinding the powders with an agate mortar and pestle in ethgdntained 0.06 wt % Na-substituted dda(Sigma Aldrich,
alcohol and depositing drops of suspension onto a clnbon 117 solution) to reach 1 Qyafion gﬂcatawst The resulting
supported by a copper grid. Electroregdiion (ED) patterns, = mixture was sonicated for 30 min to obtain a homogeneous
high-resolution TEM (HR-TEM) images, high angle annulank. To deposit uniform catalyst layers, three portionis (4
dark- eld scanning transmission electron microscopgach) of the ink were subsequently drop-cast onto the GC disk
(HAADF-STEM) images, annular brighid STEM (ABF-  electrode using a micropipette with intermediate drying under
STEM) images and energy-dispersive X-ray STEM-EDXweak Bl gas stream. The total catalyst (oxide plus carbon)
compositional maps were acquired on a probe aberratioleadings ranged from 12.7 to 595cny? and the VC-to-
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perovskite ratios were 0/100, 30/70, 50/50, and 70/30. In6.2 eV were used for Fe and Ni, respectively. The energy cuto

order to prepare the soaked LCFN_m_S sample, the G@as xed at 400 eV. The 40-atom pseudocubic supercell and

electrode with an already prepared catdigsvf LCFN_m gamma-centereklpoint 6 x 6 x 6 were used. Gaussian

was stored in 1 M NaOH into a T cell and then used for smearing with a smearing width of 0.1 eV was used for

electrochemical measurements without rinsing with water. Brillouin-zone integrations. The optimization of atomic
Electrochemical Measurements.Electrochemical meas- positions was performed using a quasi-Newton algorithm

urements were performed using a Metrohm Autolaluntil the maximum force permitted for any vector component

PGSTAT302N bipotentiostat equipped with a linear scawas less than 0.05 e%2A

generator module. The working electrode was a Metrohm

rotating disk electrode (RDE) GC disk electrode with a 3 mm RESULTS AND DISCUSSION

diameter. Rotating ring-disk electrode (RRDE) measurementsPhase Composition, Crystal Structure, and Morphol-

were carried out with an RRDE (5 mm diameter GC disk, 7.bgy. The PXRD patterns of the as-prepared LFN, LCFN, and

mm outer diameter, and 6.5 mm inner diameter gold ring, PineCFN_m samples are shownFigure 1 Major di raction

Research Inst.). All the electrochemical measurements were

performed in a three-electrode dre cell lled with 1 M

NaOH at 25°C with temperature control by a water-cooled —LFN

thermostatic bath. The reference electrode was Hg/HgO (1 M LCFN

NaOH, Pine Research Inst.), and a GC plate or platinum wire _ tgm—m S
_m_

was used as counter electrodes. All potentials reported herts
were recalculated to the reversible hydrogen electrode (RHE) S
scale via the equatid{RHE) = E(Hg/HgO in 1 M NaOH)

+ 0.930 V. 1 M NaOH solution was prepared from 50 wt %
NaOH aqueous solution (Sigma-Aldrich).

The RRDE collection &iency (25% at 900 rpm) was
determined from the ring and disk current ratios in 1 M NaOH
+10 mM KJ[Fe(CN)¢] solution. For the OER RRDE studies,
the ring potential was set to +0.3 V vs RHE based on the | N 1
literature results for the oxygen reduction reaction on a Au "'“""“JL-—J L—JL—A—»JL*J\-.W
ring™® Prior to the RRDE measurements, the surface of the ' : ' ' : ' ' '
ring electrode was cleaned by continuous cycling the ring
potential in the interval of 09B53 V vs RHE at 200 m¥s 20 (degree)

For the OER kinetic measurements, linear sweep cycu(i:gure 1. PXRD patterns of the LFN, LCFN, LCFN_m, and

voltammograms (CVs) at 10 m¥ svere recorded in N = . - :
saturated 1 M NaOH solution at a 1600 rpm rotation rate. Thﬁggﬁ—gr—i’ ;i@g??é? l;n fféiiﬂoﬁf P synthesis SSsoaked in

uncompensated ohmic resistance valuésl§10) were
determined from the high-frequency intercept of electro-
chemical impedance hodographs of the RDE electroggaks correspond to the perovskite crystal structure. The
recorded at OER potentials in theSQQ0 kHz frequency undoped LFN sample is single-phase and adopts an
range (5 mV amplitude). All the reported RDE voltammo-orthorhombically distorted perovskite structure with the
grams were IR-corrected, if not stated otherwise. Pbnmspace group and unit cell parameter$.5482(2) A,
Inductively Coupled Plasma Mass Spectroscopy/ b = 5.5285(2) Ac = 7.7813(4) AV = 238.68(2) A as
Atomic Emission Spectroscopy. For the inductively revealed with the Rietveldmement (the unit cell parameters
coupled plasma mass spectroscopy/atomic emission specttsighe perovskite phases in all synthesized samples are listed in
copy (ICP-MS/AES) experiments, the 1 M NaOH solutionTable Sbf Supporting Information). Introducing Ca results in
was collected after the electrochemical measurements of $&0O and NiO impurities in the LCFN samplgy(re ) that
LCFN_m catalyst Im on the GC electrode (total mass is probably related to diulties in stabilizing Niat a
loading of 51g cn¥? without VC). The potential was cycled relatively high spray pyrolysis temperature of CL@$ed for
between 0.93 and 1.65 V vs RHE at a scan rate of £6 mV shese samples. Employing a nesHiUSP technique with
(30 cycles). Aliquots of the solution were taken for ICP-MSorbitol as the fuel and ozone as the oxidizer reduces the
analysis (Agilent Technologies). Additionally, the LCFN_npyrolysis temperature to 830 and allows obtaining the
sample was soaked for 4 days in 1 M NaOH solutichnig LCFN_m sample with only traces of CaO (4.4(5) wt % from
in 10 mL), and the resulting solution was analyzed by ICP-AHRe Rietveld rsanement). The PXRD pattern of the LCFN_m
(Perkin Elmer Optima 5300) to determine the concentratiorsample was indexed with the rhombohé&d8alperovskite
of leached lanthanum. structure with the unit cell parameters 5.4797(9) Ac =
DFT Details. All density functional theor;/ (DFT) 13.338(4) A, ani = 346.8(1) A (Table S). The perovskite
calculations were performed in the VASP progmsing subcell volume decreases from 53 &7 tAe LFN sample to
the SIMAN package for high-throughput calculatidise 57.80 A in the LCFN_m sample, in agreement with the
generalized gradient approximation (GGA) to the exchangei erence in ionic radii betweert'L@ = 1.36 A, CN = 12)
correlation functional with spin polarization and standardnd C&' (r = 1.34 A, CN = 12!
PAW PBE potentiafswith the minimum number of valence  The crystal structure of the perovskite phase in the
electrons were employed. To take into account the stronglylCFN_m sample was red from PXRD data with the
correlated character of d electrons, a Hubbard-like correctiorRgetveld method. The occupancy of the A perovskite site (the
added within the Dudarev schéfiiehe U values of 4.0 and  6a position) with La and Ca was med, whereas the Fe and

+NiO
» Ca0

Intensity

20 30 40 50 60 70 80 90 100
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Ni contents at the B site (thé position) were xed to their Mossbauer spectroscopyigiire S3Table S5due to the
nominal values because a lowerdnce in their atomic signicantly simpler spectrum, thé*Feaction determined at
numbers impedes themement of the occupancy factors. The 298 K was used for calculations) that provides the oxygen non-
partial occupancy of the oxygen positionxemsaccordingto  stoichiometry index = 0.1, resulting in the
the non-stoichiometry index of= 0.1 determined from La,Ca F& Niy£,, formula. For the LFN sample, the
combined iodometric titration aPfFfe Masbauer spectros- oxidation state of iron is +Bigure S4Table Sk Thus, Ca
copy results (see further). All atomic positions wemede doping provokes a major increase in the Ni oxidation state
with the common atomic displacement parameter. Thehereas the Fe oxidation state is lesscsigtly aected.
re nement resulted in the J&a F& Ni; O, chemical Morphologically the LCFN_m sample consists of porous
composition, in agreement with the results of EDX analysi®llow spherical particles with the diameters ranging between
(see below). The crystallaghic parameters for the 200 and 1200 nm~gure 3 The particle wall thickness is
Lay Ca Fe Niy £, g structure are listed inables S254 20 nm, and the pore diameter varies from 1.5 to 140 nm. The
The experimental, calculated, an@rdihce PXRD patterns spheres are the agglomerates of primary crystalline perovskite-
are shown ifrigures S1 and $Pthe Supporting Information. structured nanoparticlédqure Sp The spheres demonstrate
The crystal structure of Jf&a f Nig{,9 has been  a mostly homogeneous cation distribution, although crystallites
con rmed with transmission electron microscopy. The brightwith apparent Ca excess were also obséiigede(3Figure
est spots in the ED patterns can be indexed with a pseudocuB§. The EDX analysis with the spectra integrated over the
perovskite subcell with 3.9 A Figure a). Weak entire spherical particles revealed the average cationic
composition of Lego:{Ca a0f&.70aNio.z1(2y IN agreement
with the molar ratio of nitrates. However, the EDX spectra
integrated over certain areas, which do not demonstrate a Ca
excess (presumably corresponding to the perovskite phase
without impurity phase), reveal the
L&y 5323 a52f &.70(1Nio.32¢1y COMposition, which corrobo-
rates the La excess and Caigacy observed in the Rietveld
re nement and XPS data ¢l@a, ). The morphology of the
LCFN_m sample demonstrates clear advantages compared to
that of the samples obtained by the conventional USP
technique without sorbitol/ozonEigure Syyand with high-
temperature annealing. The latter consist of solid spherical
agglomerates, in contrast to porous hollow spheres in the
LCFN_m sampleHigure 3. Clear exsolution of NiO is also
observed, in agreement with the PXRD data. The striking
di erence in morphology is alsoeed in the BET speci
surface area: for the LCFN_m sample, 6%&tbnes higher
(15.1 ntg®l) than for the samples prepared with the
conventional USP technique (3.4 and 223gth for the
LFN and LCFN samples, respectively), and the phase

Figure 2. (a)Electron diraction patterns of LCFN_m. The . . .
perovskite subcell Etions are indexed, and the Superkmice_composmons, synthesis parameter, and surface areas are listed

re ections of thé = [1/2, 1/2, 1/2] propagation vector due to the N Table S7of the Supporting Information. This efence

a®a®a> octahedral tilting distortion are marked with arrowheads. (bShould be attributed to extensive gas evolution during the USP
c) [100] and (d, e) [110] (b, d) HAADF-STEM and (c, e) ABF- process due to intense sorbitol burning in the highly oxidizing
STEM images of the atomic structure of LCFN_m. The perovskitatmosphere.

AO (A = La a4 and BQ (B = Fe Niyy layers are marked. Electrochemical Performance in the OERTo test the
electrochemical behavior of the LFN and LCFN with VC
superlattice rections corresponding to the= [1/2, 1/2, compositions in alkaline solution, cyclic voltammograms

1/2] propagation vector are visible in the [110] ED pattern.(CVs) were registered within the potential limits 0f30.93
These reections indicate th@>aa> octahedral tilting 1.66 V vs RHE and of 09B63 V vs RHE for the LCFN_m
distortion and corroborate symmetry reduction Boy8 m sampleFigure & compares the IR-corrected CVs with the
to R-3% in agreement with the PXRD data. HAADF-STEMcurrent densities normalized to the geometric surface area of
and ABF-STEM imagesigure BSe) provide direct the disk electrode. The current density increases with the Ca
visualization of a well-ordered perovskite structure. In thdoping. Notably, the LCFN samples demonstrate higher
HAADF-STEM images$igure b,d), the brightest dots stand currents if prior to the measurements the electrodes were
for the columns of the A cations (A 3 {CG®, ), Whereas less soaked in alkaline solution. The current at 1.61 V for the
bright dots indicate the B-cation columns (By=N\tg2). The LCNF_m_S sample is roughly two times higher than the
oxygen atoms do not show up in these images due to their lmwrrent for pristine LCFN_ni{gure 4).
atomic number but become visible as faint gray dots in theTo understand the origin of the electrocatalytic properties
ABF-STEM imagesFigure 2,e) because of less steep enhancement, we inspected the CVs of LCEFN_m at the
dependence of the contrast on the atomic number. Neith@otentials before the onset gfe®olution. In the 1.31.55 V
segregated nor ordered oxygen vacancies are observed. range, the CVs demonstrate a pair of peaks at 1.49 and 1.39 V
The nickel oxidation state in the LCFN_m sample wagFigure #). According to the analysis by Kuznetsov %t al.,
estimated to be +3.4 by iodometric titration taking intothis surface transition is attributed to th&7Ni*" redox
account the Fe oxidation state of +3.1 as determifdeeby couple. When cycling in alkaline solution, both anodic and
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Figure 3.HAADF-STEM image of spherical hollow particles in the LCFN_m sample along with the La, Ca, Fe, and Ni STEM-EDX maps and a
mixed color-coded compositional map.
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Figure 4.(a) CVs of the LFN, LCFN, LCFN_m, LCFN_m_S (soaked for 48 h), and VC electrodes. (b) CVs of LCFN_m in a narrow potential
region. (c) Speat and mass activities at 1.61 V vs RHE. (d) Tafel plots for the cataatistaied 1 M NaOH solution at 10 m¥asmd 1600
rpm. Total mass loading is 5 cn¥? 30 wt % VC.

cathodic peak heights increase. A rough estimate of thehe rst polarization cycle of the LCFN_m sample giveS 17
number of Ni redox centers at the (110) surface of the catalyst™?,,;4e Which is close to the expected value for the surface
results in a surface charge density o€1612,,4.for a one- monolayer redox transition (calculation of charge density is
electron transfer, while integration of the cathodic peak areadatscribed in th&upporting Informatiypn Still, the charge

8342 https://doi.org/10.1021/acscatal. 1c00796
ACS Catal2021, 11, 83388348


https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00796/suppl_file/cs1c00796_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00796?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00796?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00796?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00796?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00796?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00796?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00796?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00796?fig=fig4&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c00796?rel=cite-as&ref=PDF&jav=VoR

ACS Catalysis pubs.acs.org/acscatalysis Research Article

increases under continuous cycling conditions and reactsf®ows the highest mass400 A §',.q) and specic BET

100 C cn?i..for the soaked sampleédure B). Notably, (2.4 mA cm?.,;d0.5 mA cnt?cs) activities and a low 52
the increase in the surface charge density in the regidi of Ni+ 2.6 mv det* Tafel slope. Clearly, the observed trend in the
Ni** redox transition was observed for LCFN_m-basedhcrease of the speciactivity implies the higher electro-
electrodes with dérent total mass loadings and catalyst-to-catalytic activity of the samples with Ca content.

VC ratios Figure S8a)b Catalyst Loading and Optimal Oxide/Carbon Ratio.

Such an increase in the charge density associated withe e ect of catalyst loading (with @aed oxide-to-carbon
surface redox would imply a surface reconstruction processtjo of 70:30 wt %) was examined for the most catalytically
i.e., transformation of terminal layers of perovskite tactive LCFN_m sampl€&igure S8c)dCurrents at 1.61 V vs
(oxy)hydroxide-type (Ni-Fe)8, layers. This is in reasonable RHE for 12.7, 25.5, and 53 cn? total (oxide + VC)
agreement with the recent observations of the formation ofl@adings equal to 102, 170, and £34;g respectively, with
Ni-(oxy)hydroxide layer to be stable under the OERthe sample with a relatively low loading (2%.5cnv?)
conditions perovskite LaNi€ Additionally, enhanced showing the best performandég(re S8c)d It can be
electrocatalytic activity after soaking Ni-based materials speculated that the catalyst loading of 18.8v2 s too low
alkaline electrolytes was reported previdusiyand related  to obtain a homogeneoum, while for a much higher loading
to the incorporation of Fe-impurities present in the electrolytef 51 g cn¥?, the involvement of all the catalytic centers
(Fe,y into Ni-(oxy)hydroxide layer. Recent work also might be problematic due to the higher thickness ofrthe
demonstrated that even small,Fmpurities can create and blocking of the pores by oxygen bubbles.
dynamically stable interfaces with 3d transition metal from aAt the next step, the optimal oxide to VC ratio was
(oxy)hydroxide layéf?® The active sites at the interface established. Apart from the 70:30 wt % ratio of perovskite to
between Fgand (Ni-Fe)QH, layer can be responsible for the VC, we studied the electrode compositions at 50:50 and 30:70
enhanced OER activity in this case. Correspondingly, higit % ratios and 35.7 and 595cn?? total mass loadings. The
catalytic activity is to be expected for the Fe-rich materialafel slopes were found to slightly increase from 48 to 53 mV
reported in this study, where the Fe dissolution/redepositiode¢! when increasing the carbon content, yet the currents
process is likely to occur. normalized to the BET surface area of the oxides are the

Relying on these considerations, the observed increase inllighest for the 30:70 wt % oxide:VC composition, which
OER activity could be explained by such a plausible surfgoeints to the higher utilization of the catalyst surface in the
reconstruction and an increase in active surface area. The B#dctrode compositions with high carbon content. For the
surface area for the soaked catalyst increaséd%yfrom soaked samples, speend mass activities do not show a clear
15.1 to 17.1 gL, while the electrochemically active surfacecorrelation with the amount of VC and are approximately the
area (ECSA) increases by times (changes in ECSA were same within the experimental error, 15 and 10%, respectively.
evaluated from the Nf** cathodic peak areas). Higher ECSA We can speculate that with the increase in VC amount, the
compared to BET surface area can be rationalized by the faobblems of particle detachment from the electrode surface
that the surface layers can be partially dissolved/detached frdaoring prolonged soaking and poor adhesion aggravate, which
the surface or/and decomposed during the stages of sampibibits direct quantitative comparison of the activities of
preparation before BET measurement (washing/heatingdoaked and pristine samples. Relying on the performed
drying). We assume that it is the interplay of these factoedectrode composition optimizatioralfle S8 Figure SB
that causes the increase of the electrocatalytic activity for tve conclude that the maximal activity of 426'Agand
soaked samples. 2.45 mA ci¥fy,geat 1.61 V vs RHE can be reached for the

Among all the samples, the electrode soaked in 1 M NaOBD:50 oxide:VC composition for the LCFN_m soaked sample,
solution prior to the measurements (LCFN_m_S) shows thevhich is higher than the activity reported for other perovskites
highest electrocatalytic activity in OER. For this sample, tivth a similar composition, such ag$gdNio £ Oz *°
current density at 1.61 V vs RHE is roughly 17 times high€r 375 A §.xqd, La Sk NioF& Oss 1 (66 A Floygeand
than that for the same composition prepared with th@®.44 mA ci¥f,,iq), La Sk Nip & Oszs 2 (68 A §oyiqeand
conventional USP method (LCFN). For the LCFN_m and1.2 mA crif,q), and IrG?° ( 165 A §'qeand 1.1 mA
LCFN samples, the mass activities equal to 134 and 23.6¢cAT?%,,,). Table S9collects the reported values for other
g Loxide: While the Tafel slopes are 54.2.6 and 70.& 3.5 catalystaOER activities.

mV dec?, respectively~{gures ¢,d). The dierence in the Catalyst Stability. To check the stability of the
Tafel slopes might be explained by the much moréa Ca F& Nig O, qperovskite in the working environment
homogeneous elemental distribution for the samples producefthe electrolytic cell, two LCFN_m samples without VC were
by the modied USP technique. It should be noted howeveisoaked in 1 M NaOH solution without polarization and
that correct experimental determination of the Tafel slope [Eobed with XPS (soaked for 1 week) and PXRD (soaked for 4
often impacted by the instient conductivity of oxide-based weeks). Additionally, the electrolyte after soaking was studied
electrocatalysts and the ensuing Ohmic drop in the catalytidgth ICP-AES for detection of the dissolved degradation
layer, which is not easy to account for. In this context, higbroducts. The third LCFN_m sample was soaked for 2 weeks
(close to 70 mV ded Tafel slopes of LFN and LCFN with the addition of VC in the amount used for the electrode
samplesHigure 4) may be attributed to their lower speci  preparation (1 to 2 mg) and investigated with STEM-EDX
surface areas and thus poor mixing with carbon, resulting imapping. The PXRD pattern of LCFN_m_S does not reveal
higher Ohmic resistance of the catalytic layers. Note that tmeticeable changes in theeations of the perovskite phase
highest Tafel slope (284.9 mv det’) was observed for the (Figure ), and the change in the unit cell volume amounts to
LCFN_m sample without VC addition. The details on the0.14% only Table S). The Rietveld renement of the
activities and Tafel slopes for all the studied compositions grerovskite structure in the LCFN_m_S sample does not
summarized imable S8 The soaked LCFN_m_S sample demonstrate noticeable changes exceeding two standard

8343 https://doi.org/10.1021/acscatal. 1c00796
ACS Catal2021, 11, 83388348


https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00796/suppl_file/cs1c00796_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00796/suppl_file/cs1c00796_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00796/suppl_file/cs1c00796_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00796/suppl_file/cs1c00796_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00796/suppl_file/cs1c00796_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00796/suppl_file/cs1c00796_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00796/suppl_file/cs1c00796_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00796/suppl_file/cs1c00796_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c00796?rel=cite-as&ref=PDF&jav=VoR

ACS Catalysis pubs.acs.org/acscatalysis Research Article

0,00 b 120

Y]

25

L) SIS A S A DU
20}

@
o
T

15
60 -

Current density (mA cm2)
Faradaic efficiency (%)

; i 20+
Disk 1020
0.0 -

L 1 L 1 0
1.1 1.2 1.3 1.4 1.5 1.6 153 156 1.57 158 159 1.62 1.63
Potential (V vs. RHE) Potential (V vs. RHE)

Figure 5.(a) RRDE CVs (not IR-corrected) of the GC-supported LCFN_m catalyst (total mass Ioacﬁr\gﬁﬁ.so wt % VC) at 10 mV?%s

and 1600 rpm in Nsaturated 1 M NaOH. (b) Faradaiceency measured under potentiostatic conditions at potentials ranging from 1.53 to 1.63
V.

Figure 6.HR-TEM and HAADF-STEM images of the LCFN_m catalyst polarized galvanostatically'g.80A8&h. Amorphous layer is
clearly visible at the surface of a spherical particle. STEM-EDX maps and EDX leigralbipgothe direction indicated with an arrow
demonstrate that the layer does not contain La, Ca, Fe and Ni and consists of mainly C and F mirgp#talaNo cation segregation and/
or preferential leaching are observed at the surface of the particles.

deviationsTables S2S4, indicating high stability of the bulk the sensitivity and spatial resolution limits. However, some
Lay Ca Fe Niy O, g structure toward the alkaline solution. changes were observed in the XPS speaijrags S11 and
This correlates with the ICP-AES analysis of the electroly®l) for the LCNF_m_S sample compared to that of
where the detected amount of dissolved La in 1 M NaOH.CFN_m. The Fe2p spectrum is not noticeablyeated
solution equals to 0.0270.003 mg £, which correspondsto by soaking, but the Nigp spectrum demonstrates a slight
0.25% of dissolved lanthanum from one surface monolayercrease of intensity at 873.2 eV. This is indicative of the
As a positive ect of soaking, one can also notice dissolutiofiormation of (oxy)hydroxides on the surface of the material
of the CaO impurity, as ected by the disappearance of the soaked in alkaline solution, in conjunction with the increase of
admixture reections in the PXRD patterns of the soakedthe intensity at 531.2 eV in the O 1s spectra after s8aking
samples Kigure ). STEM-EDX mapping did not reveal (Table S1pand increased Ni redox charge density on CVs.
noticeable compositional changésures S9 and 9Mithin Additionally, the NaOH soaking reduces aliphatic carbon
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Figure 7 Local spin-polarized PDOS for (a) L@gB¥ig 405 and (b) Lg g.4-& 3788 74Nig 2405 for O 2p and Fe and Ni 3d orbitals. The PDOS O
2p orbitals are provided on the six oxygen atoms that form an octahedron around the corresponding Fe and Ni atom (normalized). The soli
vertical line shows the Fermi level. The dashed vertical line shows the 2p-band $@mératap 2.30 eV and (bp2.36 ands 2.20 eV.

contamination of the catalyst surfaceble S1f) thus of the LCFN_m spherical particles reveal neither noticeable
reducing hydrophobicity. The fact that this (oxy)hydroxideehanges in the elemental distribution nor preferential
like layer is not observed in extensive TEM analysis indicategregation of the La, Ca, Fe, or Ni cations at the surface of
that it is very thin and comprises only several monolayeithe particles within the experimental detection limit, indicating
Moreover, quanttation of the surface cation composition that massive leaching of these cations from the perovskite
(information depth of 5 nm) reveals no change in the Fe/Ni structure and re-depositing in a form of another phase at the
ratio within the experimental accuratgb(e S1jland no surface do not occuFifures S15 and SasdFigure §. An
change in the (La,Ca)/(Fe,Ni) atomic ratio, indicating that theadditional ICP-MS analysis of the electrolyte (after 30 cycles
core-perovskite structure is preserved. Thus, the analysis offtoen 0.93 to 1.65 V, electrode with §lcn¥? loading) was
XPS spectra suggests that the NaOH soaking cleans the surfeméormed for the LCFN_m sample. The revealed La
from carbon contamination and reconstructed terminal layegncentration in the electrolyte after cycling is <@.08%,
which however does not lead to perovskite degradation.  which is equal t00.5% dissolved La from the total amount in
RRDE cyclic voltammetry was performed to verify that thperovskite and corresponds roughly to half of a monolayer.
measured OER current is not perturbed by the side reactiombese data are in line with the suggested transformation/
and corrosion of the electrode material. RRDE CVs wemstructuring of the surface with the formation of a thin
registered for the LCFN_m catalyst (30 wt % VC). The totaloxy)hydroxide layer as observed for the peroVskitds
mass loading was 25.§ cn?? to minimize the eect of other systenis.Such surface restructuring could be driven by
extensive bubble formation during the OER. The Au ring wahallow A-site dissolution. Similar surface transformation,
poised at 0.3 V vs RHE, and theg@nerated at the disk was which onlg involves a few monolayers, was demonstrated for
reduced at the ring electrode. A typical synchronous incredsaNiO;.°? In clear contrast, catalysts like
of the disk and ring currents with increasing the disk potentiBlg S Coy O35 form a thick amorphous oxide layer
is observed in all RRDE CVs for catalystgi(e a) (note, several nanometers thickA shallow amorphous layer is,
surface of the ring electrode was cleaned by continuous cyclirayvever, visible at the surface of the sphemguire S16The
and being equal 25%). To accurately evaluate faradaiature of this layer was clad from thorough TEM
e ciency (FE) and to minimize capacitive contributionsjnvestigation of the potentiostatically polarized LCFN_m
RRDE experiments were performed under potentiostatelectrode. The amorphous layer is clearly visible in the HR-
conditions at the potentials between 1.53 and 1.63 V. FEEM and HAADF-STEM imageSidgure §, but the STEM-
was calculated from ring and disk currentSds19after the  EDX maps and corresponding EDX signalgsr@cross the
start of potentiostatic polarization. At all potentials (excegayer demonstrate the absence of cations comprising the
1.53 V where background currents interfere with the lowCFN_m perovskite but merely the presence of C and F as the
faradaic currents), the FE is close to 160§are B), which main constituents that are the components afriNeovering
con rms that the registered current relates to the OER procedhe catalyst particles. Thus, extensive TEM imaging and
within the 4% accuracy of RRDE measurements (raw RRREmpositional mapping of the samples with and without
data onFigure S1)3 polarization in derent conditions in combination with the
To further examine the compositional and morphologicdlCP-AES/MS data suggest that thg{Cay 7 Niy 5.9
changes under the OER conditions, two electrodes consistimgrovskite undergoes only minor surface changes under the
of the LCFN_m catalyst mixed with 30 wt % VC wereelectrocatalytic conditions.
polarized potentiostatically at $583 V vs RHE for 2 h Electrochemical tests of the catalyst operation in constant
(Figures S)3and galvanostatically at 10 A& g, for 8 h current mode comm the stability of the catalyBiqure S1%
(Figure S1I¥ HAADF-STEM imaging and STEM-EDX maps Only a minor buildup of overpotential is detected under
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galvanostatic conditions (10 #,g4), Which we attribute to  stems from the decreasing electron donation ability of the
the blocking of the catalyst surface by the oxygen bubbles (ttiansition metal cations and implementing oxygen vacancies as
latter may be expedited by the hollow morphology of tha charge compensation mechanism for the heterovélent La
spherical oxide particles). After pausing the measurements &mdC&* substitution, shifting the O 2p band toward the Fermi
rinsing the electrode, the low overpotential is again attainddyel, decreasing oxygen vacancy formation energy, and thus
which demonstrates the absence of the electrode composit&mitching on the LOM. However, loweririg, o, compro-
degradation. mises the stability of the perovskite catalyst as eremgith

DFT + U CalculationsTo understand the origin of higher the Bas,SrCo5,Fg035 perovskites experiencing pro-
catalytic activity in the case of the Ca-substitutediounced cation leaching and surface amorphizdfion.
Lay Ca Fe Niy O, gcompared to that of the LaRdi, O3 Though the LOM can greatly enhance the catalytic activity,
counterpart, we calculated spin-polarized PDOS using tligs always a tradeavith the catalyst stability. It seems that
DFT + U method. We used pseudocubic cells with 40 atomsa, Ca F e Nip .o provides a reasonable compromise as
for both structures and adopted experimental lattice vectongither noticeable cation leaching nor massive degradation-
while allowing full optimization of atomic positions. As thecaused amorphization was observed after tests with and
reasonable models of they s e Nig£,4 and La- without polarization. Additionally, the increase of the
Fe, Niy L3 solid solutions, we useq k#=a 3746, 74Nig 203 bandwidth around the Fermi level should facilitate electron
and LaFg;Ni .45 ordered phases, respectively. Attsie  exchange at the catalyst interface and, according to the
step, the most favorable Ni positions were found byserischesMarcus model of the charge transfer, improve the
enumerating all possible symmetry non-equivalergueon rate of redox reactioff§:
rations. The lowest energy structure is showiguime S17a
Then, using this geometry, the most favorable arrangement CONCLUSIONS

was found for Ca atomBigure S17b _ Using modied ultrasonic spray pyrolysis with sorbitol as the
The calculated local PDOSs for d and p orbitals for th@,e| and ozone as the oxidizer, chemically homogeneous
descnbe'd m0de|_S are ShOWI’FIgUI’e 7 FQCUS|ng rst on Lao'bCEb.J:Q)'ﬂ\lio‘soz.gperovskite W|th a spm:'surface area as
LaFg 7dNio.§; (Figure @), both Fe and Ni have a non-zero high as 15 nfg°! has been synthesized. Being employed as a
density of states at the Fermi level, emphasizing the metallitalyst for OER in 1 M NaOH, the material demonstrates
behavior of this compound. The 2p orbitals of oxygen stronghlfass activities o400 A §loxideand 2.4 mA Cﬁ%oxideat 1.61
hybridize with 3d orbitals of Ni and Fe. The DOS at the Ferm{y ys RHE and a low 522.6 mv det Tafel slope for 30 wt %
level is predominantly of p-type, showing the formation of a@c without noticeable signs of degradation. The superior
e[ectron 'hole in the oxygen 2p orbltal, which is in agreemeREtivity of LaCa #& Nig £, scompared to that of undoped
with earller.LDA +U results for nickeldfeBy moving from LaFg Nio 405 was rationalized with the comparison of DFT-
LaFeQ, which is an insulator, to LFN, the d-PDOS at the Fecalculated electronic structures. The Ca substitution increases
atoms remains almost the same, while the matene is  the Ni and Fe oxidation states, creates oxygen vacancies,
due to the shifting of the Fermi level to lower energies. Overalinhances covalency of the Ni/Fe-O bonds (i.e., reduces the
our local PDOS for Fe and Ni are in line with those calculateghergy dierence of the metal 3d and O 2p bands), and brings
for LaFeQS_S and LaNiQ***° . _ the center of the O 2p band closer to the Fermi level, thus
The partial replacement of La with Ca results in concurrerfecreasing the formation energy of the oxygen vacancies. This,
oxidation of Fe, Ni, and O, causing the following changaggether with oxygen dgency, suggests activation of the
(Figure B): (i) downshift of the Fermi level, (i) diminishing |attice oxygen mechanism (LOM) of OER, which enhances the
of PDOS at the Fermi level, (iii) upshift of the O 2p bandcatalytic activity yet does not compromise the catalyst stability
center by 0.1 eV, and (iv) increase of the number of empiynder OER conditions. This results in the formation of a thin
states above the Fermi level and overall broadening of the bajfil stable perovskite-supported layer of Ni-Fe (oxy)hydroxide,
around the Fermi level. The two latter changes can bghich provides the active sites for the catalytic events. The
attributed to the increase of the, Kaey F& Nip£..9 conjecture on the LOM activation will be further eernivith
catalytic activity. Shifting the center of the O 2p band closer set of experiments dfiO isotope labeling and pH

to the Fermi level is a direct indicator of decreasing energy @pendence of the catalytic activity and will be published
oxygen vacancy formatiof,, as a strong correlation is elsewhere.

established betweek, o, andE: S Eozp€nergy dierence in

perovskite$. It is worth noting that Sr-doped perovskites have  ASSOCIATED CONTENT
a similar electronic structureégure S18 However, the Sr for  «
La substitution shifts the 2p-band center even closer to t X Lo .
Fermi level that can lead to enhanced cation leaching a':]ﬁe .?/up;t))ortmg Inf/c()jrm/alt(l)o?olzsl /avalla?I? 1”8878; charge at
surface amorphizatiSrwhile the position of the 2p-band pS-//pubs.acs.orgrdol1o. acscatal.1c

center in the Ca-substituted perovskites provides an optimal PXRD renement of LaCa F& Niy O, o perovskite
compromise between the stability and catalytic activity. Being before and after soaking in 1 M NaOH,s&bauer
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