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An electrochemically reversible lattice with redox
active A-sites of double perovskite oxide
nanosheets to reinforce oxygen electrocatalysisT

*

Rahul Majee, 22 I Quazi Arif Islam, "2 I Surajit Mondal and Sayan Bhattacharyya

The catalyst surface undergoes reversible structural changes while influencing the rate of redox reactions,
the atomistic structural details of which are often overlooked when the key focus is to enhance the catalytic
activity and reaction yield. We achieve chemical synthesis of ~5 unit cell thick double perovskite oxide
nanosheets (NSs) and demonstrate their precise structural reversibility while catalyzing the successive
oxygen evolution and reduction reactions (OER/ORR). 4.1 nm thick A-site ordered BaPrMn; 75C0¢ 250544
(6 = 0.06-0.17) NSs with oxygen deficient PrO, terminated layers have flexible oxygen coordination of
Pr3* ions, which promotes the redox processes. When subjected to systematic oxidation and reduction
cycles by cyclic voltammetry under small electrochemical bias, the PrO; g phase appears and disappears
alternately at the NS surface, due to the intake and release of oxygen, respectively. The structural
reversibility is attributed to the two-dimensional morphology and the A-site terminated surface with
flexible anion stoichiometry. Although the underlying B-site cations are well-known active sites, this is
the first demonstration of A(Pr®*)-site cations influencing the activity by reversibly altering their oxygen
coordination. Higher Co-doping thwarts the NS formation, affecting the catalytic performance. The
facile OER/ORR activity of the thickness-tunable NSs has larger implications as a bifunctional air-

rsc.li/chemical-science

Introduction

Dimensionally confined materials with modulated physico-
chemical properties hold promise for revolutionizing many
technology and industry sectors." In particular graphene and its
inorganic analogues namely MXenes, transition metal dichal-
cogenides and other newly discovered layered materials have
exhibited significant advancements in applications from energy
conversion and storage to biomedicine.””® In contrast, the rich
spectrum of transition metal oxides especially the perovskite
oxides (ABOs) in their two-dimensional (2D) form is limited
evidently due to the sustained synthetic challenges.®® The
method of chemical exfoliation has been the most popular so
far; besides, high pressure synthesis and sacrificial layer
mediated thin film techniques are also identified to be fruit-
ful.>** While 4d or 5d transition metal based layered perovskite
structures of Dion-Jacobson, Ruddlesden-Popper and Auri-
villius phases are obtained by the exfoliation method,® the
exploration of other 2D perovskite oxide systems with strongly
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electrode material for metal—air batteries and fuel cells.

correlated d-orbital electrons is impeded by the expensive
physical techniques. Equipped with exotic properties such as
high oxygen mobility, extensive stoichiometric range, redox
flexibility and thermal stability, the applications of perovskites
span a rich spectrum of high temperature superconductivity,**
colossal magnetoresistance,"¢ ferroelectricity,'” high dielectric
constant,”® sensing,' fuel cells,"?° electrocatalytic conver-
sion,>»* and storage.”*** Planar manifestation of this
outstanding class of complex oxides, especially with first row
transition metals, by avant-garde methods is expected to imbibe
state-of-the-art fundamental properties leading to newer func-
tionalities and devices.

ABO; type systems exhibit different crystal structures based
on the number of basic units per unit cell. Among these, double
and triple perovskite structures impart incremental base units
along the c-axis by sharing the axial oxygen atoms between two
adjacent motifs.>>>* The cation ordered layered structure
provides O®~ transport channels,*** and this O>~ ion mobility
makes them viable as out-of-the-ordinary catalysts in many
electrochemical energy devices where oxygen electrolysis is the
key aspect. Yet the inevitable high temperature synthesis lacks
the finesse to produce well-coordinated uniform-sized particles
which in turn reduces the usable active sites.”* Although elec-
trospinning can be a remedial approach,***" atomistic control
of the intriguing properties can be attained by modulating the
electronic environment, surface chemistry and other structural

This journal is © The Royal Society of Chemistry 2020
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features in 2D architectures.**'® High surface area and edge-
rich features particularly make the 2D versions better electro-
catalysts with facile inplane and transverse oxygen mobility,
expectedly accompanied by concomitant reversible activity
under redox electrochemical bias. The synthetic challenge
however remains in breaking the crystal symmetry and
promoting an anisotropic growth of the perovskite oxide lattice,
because of which the literature is limited to only a few reports
on 2D systems,*®® though not considering the layered
perovskites.’

Moving beyond the common exfoliation method to a chem-
ical synthesis route for providing precise tunability to the 2D
perovskite, in this work we show the successful synthesis of
tetragonal, A-site cation ordered double perovskite oxide,
BaPrMn, ,Co0,0s.s, (BPMC; x = 0-1.75) NSs. The NS thickness
is ~4.1 nm, corresponding to 5 unit cells, and this thickness is
solvent dependent which can be altered by mild sonication. The
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prime focus of this work is to demonstrate the unprecedented
reversibility of the NS crystal lattice under redox electro-
chemical bias which is immensely beneficial for fuel cells and
metal-air batteries where the OER and ORR need to work in
tandem during charging and discharging the battery, respec-
tively.”**> The ex situ structural reversibility bears a striking
resemblance with the in situ electrochemical cycles, validated by
powder X-ray diffraction (PXRD), electron microscopy and X-ray
photoelectron spectroscopy (XPS). The reversible changes in
oxygen non-stoichiometry at the NS surface account for the
plausible O, activation ability.

Results and discussion

Structural elucidation

The BPMC NSs were synthesized by the glycine nitrate sol-gel
method (see Fig. 1A). The two-step process firstly consists of
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Fig. 1 (A) Synthesis schematics of BPMC NSs. (B) Structural schematics

showing the conversion of single perovskite to BPM double perovskite.

(C) PXRD patterns of BPM-cal and BPM double perovskite. (D) Schematics showing the conversion of BPM to BPMC. (E) PXRD patterns of BPMC
NSs with different Co-doping. Symbols denote: (*) BaO,, (1) Pr O3, (+) CozOy, (°) Co, (x) BaCOs. (F) Enlarged view of (110) reflection showing the

unit cell contraction by replacement of Mn by Co.
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calcining the charred gel at 950 °C for 5 h in air to obtain the
single perovskite phase, followed by its reduction in 5% H, at
750 °C for 5 h to obtain the double perovskite NSs. Per contra,
the B-site was modulated by systematic replacement of Mn by
Co keeping all other descriptors unchanged. The crystal struc-
tures explored through Rietveld refinement of the PXRD
patterns (see Fig. S1 and Table S1}) show that the single
perovskite Ba, 5Pr, sMnO; (BPM-cal), prepared by calcination at
950 °C, has mixed orthorhombic Ba-doped PrMnO; (Pnma) and
hexagonal BaMnO;_ s (P6;/mmc) phases. After H, reduction, the
mixed phases were converted into a double perovskite,
BaPrMn,0s.; (BPM) having a tetragonal crystal structure (P4/
mmm). The single to double perovskite transformation is asso-
ciated with the depletion of oxygen from the PrO, sublattice (see
Fig. 1B and C).** The induction of oxygen vacancies by reduction
and a large size mismatch between Ba®" and Pr’” ions invoke A-
site cation ordering which results in the formation of a layered
tetragonal structure consisting of repeating [PrO,]-[MnO,]-
[BaO]-[MnO,]-[PrO,] units stacked along the c-axis.>* BPM has
a unit cell volume of 119.76 A® with lattice parameters, a =
3.8851 A and ¢ = 7.9343 A (see Table S1t). Systematic replace-
ment of Mn by Co shrinks the unit cell volume observed from
the higher 26 shift of overlapped (102) and (110) reflections (see
Fig. 1D-F). Shrinking of the unit cell may be ascribed to the
stronger Co-O bond than Mn-0.** 12.5 at% Co-doping (x =
0.25, BPMC-0.25) results in the shrinkage of cell volume by 3.24
A® with lattice parameters, a = 3.8701 A and ¢ = 7.7692 A (see
Fig. S2 and Table S1t). At up to 50 at% Co-doping (x = 1.0,
BPMC-1), the NSs consist of 6.8 wt% BaCO; impurity whereas
87.5 at% doping (x = 1.75, BPMC-1.75) induces additional
impurity phases of BaO, and metallic Co. The double perovskite
phase is least sustainable after total replacement of Mn by Co
(BPC) where the crystal structure degrades to multiple metal
oxides such as Co;0, and metallic Co under reducing condi-
tions (see Fig. 1E). While the Co concentration in BPMC-0.25 is
optimum both for stabilizing the double perovskite phase and
2D morphology, increasing the Co content is detrimental since
Co-containing perovskites have a high thermal expansion
coefficient due to easy reduction at the B-site and evaporation of
Co.»®

Microscopic analysis

Transmission electron microscopy (TEM), high resolution TEM
(HRTEM) and fast Fourier transform (FFT) patterns show
~100 nm interconnected particles of BPM-cal with concurrence
of multiple crystal planes, orthorhombic (110) and hexagonal
(100), (200) and (110) reflections (see Fig. S3t). After reduction,
the particles transform into ~100 nm long BPM NSs primarily
crystallizing in the tetragonal (100) plane. Up to a critical Co
concentration, the NS morphology remains distinct on a statis-
tical average, as in BPMC-0.25 and BPMC-1 (see Fig. S47),
beyond which the NSs start rupturing as in BPMC-1.75 due to
the exsolution of excess Co from the perovskite lattice under
reducing conditions (see Fig. 1E). The 2D structure is most
prominent for BPMC-0.25, where the NSs are 120-150 nm in
length (see Fig. 2A). Also the smooth surface topography of
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Fig. 2 Microscopic elucidation of the NS structure. (A) TEM and (B)
HRTEM images of BPMC-0.25 NSs. (C) FFT pattern from the selected
region in panel (A). (D) AFM image and (E) corresponding height
profiles. Red and black colored plots indicate respective lines of the
same color in AFM image. (F) Schematics showing the stack of five unit
cells of BPMC-0.25 (left) and a single unit cell (right).

BPMC-0.25 NS is evident from field emission scanning electron
microscopy (see Fig. S5t). Increasing the ratio of glycine to the
metal precursor from 1:1 to 1.5:1, NSs with shorter lateral
dimensions are obtained (see Fig. S6AT), thus emphasizing the
crucial role of glycine as a gel forming agent cum fuel in the sol-
gel route. The predominating (100) plane is consistent for all
Co-doped NSs (see Fig. 2B, S4C, G and K¥). The measured d;
spacing which is the distance between neighboring A-site
cations, is 0.404 nm for BPM and shrinks to 0.394 nm in
BPMC-0.25 (see Fig. 2B), corroborating the Rietveld refinement
results (see Table S17). The FFT pattern in Fig. 2C validates the
crystallization of BPMC-0.25 NSs in two prominent crystal
planes, (100) and (200). However since the projected plane
depends on the viewing direction, FFT mask filter analysis
additionally reveals the d-spacing corresponding to (110) and
(200) alongside the abundant (100) plane (see Fig. S7t). The
relative abundance of (100) weak PXRD reflection compared to
the intense (110) plane suggests NS termination by the PrO,
layer, since (100) planes are perpendicular to the ab face which
contains the PrO, sublattice.** An isotropic particle growth
would have made the (110) plane more prevalent, and likely so
in BPMC-1.75 the d-spacing of 0.285 nm (110) over the square
patches on the NS surface predominates over 0.372 nm (100)
due to the gradual dismantling of the NS morphology (see
Fig. S4K and Lt). PrO, termination is substantiated by high-
angle annular dark-field scanning TEM (HAADF-STEM)
elemental line scans which show the highest abundance of Pr
and Mn at the NS surface (see Fig. S8t). Considering different
possibilities, the ab plane terminated NS surface is observed to
be most probable. With 100% cobalt (BPC), the 2D structure is
completely disfigured at the advent of multiple metal oxide
phases (see Fig. S6Bt).

Thickness of BPMC-0.25 NSs

To examine the thickness variation of BPMC-0.25 NSs by atomic
force microscopy (AFM), ethanolic dispersions were drop-casted

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc01323d

Open Access Article. Published on 07 September 2020. Downloaded on 1/10/2026 11:36:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

on a cleaned Si wafer after mild bath-sonication for 1-2 min.
AFM height profiles show the presence of both single and
stacked NSs (see Fig. 2D and E). The average thickness of
150 nm long single NSs is ~4.1 nm which correlates to 5 unit
cells of the BPMC-0.25 lattice (see Fig. 2D-F). 10 min sonication
reduces the NS thickness to ~2 nm but degrades the NS into
smaller particles (see Fig. S9A and BY). Using isopropanol, a less
polar dispersing medium, results in consistent degradation of
the 2D morphology and the NS thickness increases to ~6.3 nm
(see Fig. S9C and Dt). The trend is rather abrupt with solvent
polarity since in distilled water the NS thickness decreases
again to ~5.8 nm while in nonpolar hexane, the thickness
increases to ~8 nm with larger lateral dimensions (see Fig. SOE-
Ht). In general, polar solvents help in maintaining the NSs
exfoliated since the polar NS surface accommodates solvent
binding sites. In this case the confluence of solvent surface
tension (y) and hydrogen bonding ability determines the extent
of NS exfoliation.?”*® To achieve better exfoliation, y should
have parity with the low surface energy of the NSs. The thinner
NSs in ethanol are due to its lower v (22.1 mN m™ ") while water
with higher v (72.8 mN m ™) results in thicker NSs. On the other
hand, isopropanol with similar vy to that of ethanol produces
thicker NSs due to lower hydrogen bonding ability which lacks
even more in the case of hexane. When the glycine concentra-
tion is changed in an ethanol medium, the thickness increases
slightly to ~5.7 nm with 1.5 x glycine while 0.5x glycine delivers
thicker and bigger NSs (see Fig. S9I-LT).

Oxygen non-stoichiometry and ex situ ¢ variation

Energy dispersive X-ray spectral (EDS) analysis shows a near-
perfect match of the elemental ratios with solution stoichiom-
etry (see Table S2 and Fig. S10t). Iodometric titration gives an
estimate of the oxygen non-stoichiometry () (see Discussion
S11) whereby all the samples show oxygen stoichiometry of (5 +
0) after reduction inferring almost complete depletion of O
atoms from the PrO, layer. The oxygen content is 4.93 £ 0.02,
5.06 + 0.03, 5.1 £ 0.03 and 4.9 £+ 0.01 for BPM, BPMC-0.25,
BPMC-1 and BPMC-1.75, respectively (see Fig. S11t). The
lower oxygen content in BPM and BPMC-1.75 is due to the
exsolution of MnO and Co, respectively. By contrast, the oxygen
amount greater than 5 in BPMC-0.25 and BPMC-1 implies
partial oxygen abundance in the PrO, plane. Concurrently lower
oxygen deficiency in the PrO, plane of BPMC-1 increases the c-
axis by 0.02 A with respect to BPMC-0.25 (see Table S11). The
XPS analysis of BPMC-0.25 NSs shows different chemical states
of Pr, Co, Mn and O (see Fig. S12 and Table S37). In the Pr 3d
spectrum, Pr** and Pr*" oxidation states are apparent from the
peaks in the 3ds,, level at 932.6 and 934.8 eV and in the 3dj3),
level at 953.1 and 956.2 eV with relative abundance of 90 and
10%, respectively. Additionally, two peaks at 928.6 and 949.2 eV
also represent the Pr’* state. The deconvoluted Mn 2p spectrum
manifests three Mn species viz. Mn>*, Mn*" and Mn*" propor-
tionate to 20, 61.8 and 18.2%, respectively. Similarly, the Co 2p
level shows 70.2, 24.3 and 5.5% abundance of Co*", Co*" and
Co"" states, respectively. Ba®>" incorporation at the A-site should
have a direct consequence in promoting higher oxidation states

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

at the B-site beyond 3+, which is however counteracted by the
oxygen vacancies and thermal reduction during NS synthesis.
XPS analysis thereby shows the effective oxidation state of 2.9+
at the B-site which justifies the 3+ state used for estimation of
0 by iodometry. The O 1s spectrum shows three deconvoluted
peaks of lattice oxygen, oxygen species surrounding the O-
vacant sites and surface adsorbed -OH. The contribution
from oxygen vacancies is found to be 1.2 times more than lattice
oxygen, which corroborates the above mentioned anion
depleted surface structure. To alleviate the oxygen deficiency,
BPMC-0.25 was heated under an O, atmosphere at 500 °C for 1 h
(BPMC-0.25-0x/heat) that uplifts 6 by 0.11 to By sPrysMn; ;5-
Co0y.,505.17 and brings back the hexagonal BaMnO;_s impurity
(see Fig. S13A and Bf). Since oxygen non-stoichiometry is
a helpful descriptor for important physicochemical outcomes,*
a flexible oxygen content envisions O, activation ability of
BPMC-0.25 NSs under electrochemical bias.

Electrochemical structural flexibility

In view of the NSs being terminated by the oxygen deficient PrO,
plane (see Fig. 3A) that can adjust the oxygen stoichiometry under
different circumstances, the reversible structure of BPMC-0.25
NSs is studied under 20, 50 and 100 cycles of oxidation and
reduction bias (see Fig. 3B). Applying electrochemical redox bias
to validate the reversibility in oxygen stoichiometry is a much
softer technique than the conventional high temperature condi-
tioning.>*** Applying cyclic voltammetry (CV), oxidation was
performed in O, saturated 0.1 M KCl electrolyte while only 0.1 M
KCl was used for reduction (see Fig. 3C), and the consequences
were examined by PXRD. A neutral electrolyte was chosen to
avoid any OER and ORR processes and to focus only on the
reversible oxygen stoichiometry by supplying minimum electro-
chemical power. The 20, 50 and 100 cycles of oxidation per-
formed in this study are equivalent to 0.32, 0.8 and 1.6 W,
respectively considering 10 mA current while these are one
magnitude lower in the case of reduction cycles considering —1
mA current at the working electrode. After 20 oxidative cycles in
the range 0 to 0.8 V with respect to the normal hydrogen electrode
(NHE), BPMC-0.25 is oxidized to produce oxygen-rich BPMC-0.25
(BPMC-0.25-0x20) along with a new phase PrO, g (JCPDS 42-1121)
observed at 20 = 28.2° (see Fig. 3D, S13A and Bt). The appearance
of PrO, g is also consistent at higher oxidative CV cycles in BPMC-
0.25-0x50 and BPMC-0.25-0x100. Besides PXRD, the HAADF-
STEM line scan shows excess Pr counts at the NS edge of
BPMC-0.25-0x20 (see Fig. 3E and F). The NS surface is observed to
be dominated by the PrO, sublattice and PrO;g phase as
compared to the rest of the elements. Subsequent reduction
cycles between 0 and —0.8 V curtail the PrO, s PXRD peak
intensity in BPMC-0.25-0x20/red20 while 50 reduction cycles
could completely dissolve this secondary phase in the PrO, sub-
lattice (see Fig. 3D). Readjustment of the PrO, g phase within the
PrO, sublattice visibly occurs by 100 reduction CV cycles even
after 100 oxidation cycles in BPMC-0.25-0x100/red100 (see
Fig. S13C and Df¥). The PrO, g phase reappears after another
oxidative cycling with the same electrode [0x20 (2)/0x50 (2)/0x100
(2)], accompanied by a A26 ~ 0.4° low angle shift of the (110)

Chem. Sci., 2020, 11, 10180-10189 | 10183


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc01323d

Open Access Article. Published on 07 September 2020. Downloaded on 1/10/2026 11:36:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

T

E

View Article Online

Intensity

i

Count

s
(2]

X
M
=

M x b T L} T 4
20 25 30 35 40 26 28 30 32 33 0
26 ()

Léngth (nam)
=

Edge Article
O, saturated
0.1 M KCI
Reduction
0.1 M KClI Oxidation
-OI.B -0',4 0?0 0?4 018
BPMC-0.25-0x Potential (Vyue)
STEM HAADF “Tor
204
104
= o .
=} 1ﬂO 4 8
o
O Co j
204 | ‘;
104 :
_ R
0 4 8 4 8

0
Length (nm)

Fig. 3 Electrochemical structural flexibility tests of BPMC-0.25 NSs. Schematics of (A) BPMC-0.25 unit cells where pink boxes show the oxygen
deficient PrO, layers and (B) structural evolution during electrochemical oxidation and reduction. The oxygen intake in the PrO, layers under
positive electrochemical bias is shown by the O spheres having larger red/white color ratio. (C) CV cycles corresponding to oxidation (blue) and
reduction (red). (D) PXRD patterns showing the structural changes during successive oxidation and reduction with 20 CV cycles each. The
enlarged shaded portion shows the appearance and disappearance/minimization of PrO4 g phase (*) during oxidation and reduction, respectively.
The magnified view of the shift in the (110) position shows the corresponding expansion and contraction of the lattice. (E) HAADF-STEM image of
the BPMC-0.25-0x20 (2) surface, where the graded color arrow indicates the direction and position of line scan. (F) Combined and individual
elemental line scan results show the surface abundance of Pr relative to other elements.

reflection. This shift corroborates the lattice expansion due to
insertion of oxygen in the PrO, plane of BPMC-0.25. Due to the
insufficient sample mixed with Nafion binder on carbon cloth,
iodometric titration could not be used to estimate the oxygen
content of samples undergoing electrochemical redox processes.
However, Rietveld refinement of PXRD patterns shows the
apparent reversibility of the oxygen content through changes in
the unit cell volume (see Fig. S13 and Table S4t). For example,
after 100 oxidation cycles, the unit cell volume increases by 0.3 A
while the c-axis decreases due to the distorted MnOg energy levels
by the Jahn-Teller effect.* Subsequent 100 reduction cycles
decrease the cell volume by 0.4 A® and re-oxidation increases it
again by 0.5 A%. Oxygen stoichiometry thereby changes from
BPMC-0.25 (5.09), BPMC-0.25-0x20 (5.5), and BPMC-0.25-0x20/
red20 (5.2) to 0x20 (2) (5.2). Disappearance of the PrO; g phase
under a reducing atmosphere relates to the removal of weakly
bound O as H,0 from the PrO, layer of the double perovskite and
re-entry of Pr within this sublattice (see Fig. 1A).

XPS analyses shed light on the changes in chemical states at
the electrochemically reversible NS surface (see Fig. S15 and Table
S$51). In BPMC-0.25-0x20, the relative concentration of the Pr**
state increases by two-fold to 20.3% from 10% in pristine BPMC-
0.25. The more abundance of the Pr** state relates to the PrO; g

10184 | Chem. Sci., 2020, 11, 10180-10189

surface segregated phase in BPMC-0.25-0x20. After electro-
chemical oxidation, the B-site cations also see an increase in their
oxidation states, for example the relative concentration of Mn**
has increased by 8.4% from the pristine sample, while the
increase of the Co"" state is by 6.1%. Accordingly, the relative
abundance of the O-vacant sites is reduced to 0.76 times that of
lattice oxygen sites. Moreover, a new peak corresponding to the
water molecule is observed from surface adsorption of the elec-
trolyte during CV cycling. XPS analyses provide substantial
evidence of the structural reversibility when the Pr** concentra-
tion is suppressed back to 14.1% after successive reduction cycles.
Concurrently the effective oxidation state of the B-site cations is
lowered and the relative concentration of O-vacant sites in BPMC-
0.25-0x20/red20 increases in comparison to the oxidized sample.

The microstructural reversibility under electrochemical bias
is further manifested by TEM analysis (see Fig. S16}) which
reveals an unblemished NS surface despite enduring several
oxidation and reduction cycles. After 20 oxidation cycles, BPMC-
0.25-0x20 shows a new (110) plane of PrO; g with a d-spacing of
0.33 nm (Fig. S16A and Bf). The corresponding FFT pattern
reflects two major lattice constructions, the (110) plane of
BPMC-0.25 with a d-spacing of 0.29 nm and (110) of PrO; g with
a d-spacing of 0.33 nm. After 20 subsequent reduction cycles in

This journal is © The Royal Society of Chemistry 2020
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BPMC-0.25-0x20/red20, PrO, g could not be identified from the
interplanar distances and reciprocal lattice points (see
Fig. S16D-Ff), which is in good agreement with the PXRD
pattern (see Fig. 3D). Rather the (100) plane of BPMC-0.25 with
a d-spacing of 0.39 nm coexists with the (110) plane. Due to the
sublime structural reversibility, the PrO, g phase visibly reap-
pears on the NS surface after the next 20 oxidation cycles [0x20
(2)] while the (100) plane of BPMC-0.25 disappears (see
Fig. S16G-It). Because of electrochemical oxidation, oxygen is
inserted in the PrO, plane which is likely to strengthen the Pr-O
bond. The inherent alterations in the bonding characteristic
due to the reversible structural changes of BPMC-0.25 NSs are
investigated by Fourier transform infrared (FTIR) spectroscopy
(see Fig. S17t). While the indeterminate bands at frequencies
greater than 800 cm™ " are due to the surface covered Nafion
binder, the metal-oxygen stretching mode at 598 cm "
broadens and a shoulder at 524 cm ' is observed after 20
oxidation cycles (BPMC-0.25-0x20). The broadening expectedly
vanishes after the reduction cycles for BPMC-0.25-0x20/red20.
The electrochemical processes also impact the electrochemi-
cally active surface area (ECSA) which corresponds to the double
layer capacitance (Cyq)). Increasing the oxygen vacant sites at the
NS surface by electrochemical reduction cycles increases Cg,
while oxidation and re-oxidation reduce it (see Fig. S18t).
Higher Cq, after reduction indicates the formation of catalyti-
cally active oxygen vacant sites and partial removal of inactive
PrO, g from the NS surface.

View Article Online

Chemical Science

Effect of structural changes on O, electrolysis

The surface and structural flexibility of BPMC-0.25 NSs are
correlated to facile OER and ORR processes pertinent for
metal-air batteries during incessant charging and discharg-
ing.>® To test these capabilities within the practical potential
window, the NSs with an oxygen deficient and rich PrO, plane,
viz. BPMC-0.25, BPMC-0.25-0x50 and BPMC-0.25-0x50/red50
deposited on Ni foil were applied in the OER at 1.2 to 1.8 V
and the ORR at 1.0 to 0.2 V, both at 100 mV s~ ' scan rate in
0.1 M KOH (see Fig. 4A-C). BPMC-0.25-0x50/red50 shows
better OER activity than BPMC-0.25-0x50 while the reverse is
true for the ORR. Pristine BPMC-0.25 without any PrO;g
secondary phase demonstrates the least OER activity and yet
has the best prospect in the ORR. The better OER activity of
BPMC-0.25-0x50/red50 than BPMC-0.25-0x50 is due to less,
~2 wt%, catalytically inhibitive PrO, g blocking the active sites
in the former than 7.7 wt% in the latter. Also oxygen binding or
release at the PrO, layer increases or decreases the coordina-
tion of B-site cations, respectively. Conventionally higher
oxygen content increases the oxidation state of B-site cations
which however need to optimize the B-site e, orbital occu-
pancy in order to facilitate the adsorption of reaction inter-
mediates.” In these 5 unit cell stacked NSs, the oxygen vacancy
at the top PrO, layer is large enough for the underlying B-site
cations to respond to the reaction intermediates. Although B-
site cations are well known active sites in perovskite oxide
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Fig. 4 O, electrolysis with electrochemically oxidized or reduced BPMC-0.25 NSs, deposited on Ni foil. CV plots of (A) OER and (B) ORR with
different NSs: BPMC-0.25, BPMC-0.25-0x50 and BPMC-0.25-0x50/red50. The dotted plots in (B) indicate CV cycles in an Ar saturated elec-
trolyte. (C) Bar plots of OER and ORR current densities at fixed potential. (D) PXRD patterns of the BPMC-0.25 electrode to study the structural
changes by the OER and ORR after ex situ electrochemical treatments. PXRD plots of the BPMC-0.25 electrode after in situ electrochemical
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electrocatalysis, our validation is a first of its kind where
oxygen coordination of the A(Pr’*)-site cation is responsible
for influencing the catalytic activity.

Introspection of the (110) reflection in PXRD patterns
validates the structural alterations at each experimental step
where a shift towards lower 26 corresponds to lattice expan-
sion due to increase in lattice oxygen at the PrO, plane and vice
versa (see Fig. 4D and S19%). During the OER both BPMC-0.25-
0x50 and BPMC-0.25-0x50/red50 undergo lattice expansion
due to incorporation of oxygen under oxidative bias which
oxidizes the B-site followed by O, evolution. Oxygen insertion
is extremely minimal in the already oxidized BPMC-0.25-0x50.
The ORR shows a slight shift towards higher 26 by A28 = 0.02°
due to competing factors where entry of oxygen in an O,
environment tends to oxidize the B-site but the predominating
negative bias does not allow the lattice binding of excess
oxygen. The positive A2¢ = 0.009° shift from the OER to ORR is
more prominent for BPMC-0.25-0x50/red50 where structural
reversibility of the catalyst is evident due to minimal active site
blocking by PrO; g. The lattice expansion of pristine BPMC-
0.25 although significant after the OER shows a negative A26
shift by 0.03°, and the lattice contraction due to oxygen
expulsion post ORR is less apparent due to the above
competing factors.

Besides demonstrating the reversible oxygen flux driven ex
situ by electrochemical activation, the pristine BPMC-0.25 NSs
were subjected to in situ electrochemical redox cycling through
two successive cycles of the OER/ORR or the ORR/OER. When
the OER is conducted prior to the ORR, the OER process
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imparts structural robustness to the oxygen coordinated PrO,
sublattice and therefore the following ORR step cannot
distinctly revert back the oxygen deficient character of BPMC-
0.25, reflected from a nearly similar position of the (110) PXRD
reflection (see Fig. 4E and S207). In the second cycle, the OER
step results in a slight lattice expansion (negative A26 =
0.003°) and the structure is reverted back by the successive
ORR step, evident from a similar but positive A28 shift. The in
situ structural reversibility is noticeable in a separate set of
experiments where the ORR is conducted first followed by the
OER. The OER results in a negative A26 shift by 0.012° due to
oxygen insertion in the BPMC-0.25 lattice (see Fig. 4F and
S207%). The next ORR step releases the oxygen from the PrO,
plane, thus contracting the lattice by A26 = 0.014°. The
following OER again expands the lattice by A20 = 0.008°. The
oxidation-reduction cycling under electrochemical bias
clearly shows the facile insertion and release of oxygen to and
from the oxygen deficient PrO, layer of the NSs both iz situ and
ex situ, and this vivid reversibility is indeed a rare demon-
stration for any bifunctional catalyst known to date. In fact,
this crystal clear illustration is only possible in a few unit cell
NS structures, since disintegrating the NSs into smaller
nanoparticles with the same crystal phase obscures the
signatures by PXRD and electron microscopy.

Oxygen electrocatalysis as a function of cobalt doping

The OER and ORR performance of the NSs as a function of Co-
doping reveals the precedence of BPMC-0.25 with 12.5 at% Co-
doping.” The OER overpotential (n) required by the NSs to
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Fig. 5 Oxygen electrocatalysis with BPMC and standard catalysts. (A) LSV plots of the OER in 1 M KOH; (B) corresponding Tafel plots and (C)
Nyquist plots at a bias of 1.6 V versus RHE. (D) LSV plots of the ORR in 0.1 M KOH, and (E) corresponding Tafel plots. (F) Bar plots showing the
bifunctionality index from 7 values corresponding to 10 and —1 mA cm~2 for the OER and ORR, respectively.
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reach 10 mA cm ™2 is 690, 430, 432 and 524 mV for BPM, BPMC-
0.25, BPMC-1 and BPMC-1.75, respectively in 1 M KOH with
0.5 mg cm™” catalyst loading on carbon fiber paper (CFP) (see
Fig. 5A). Lowering the Co-doping below 12.5 at% also deterio-
rates the activity (see Fig. S217). Notably BPMC-0.25 performs
better than the benchmark Bag ¢St 4C0¢.79F€2103_5 (BSCF)
with an 7 of 490 mV.”® BPMC-0.25 exhibits a Tafel slope of
102.4 mV dec™ ', the lowest among Co-doped NS catalysts (see
Fig. 5B). Although drawing a direct correlation between the
Tafel slope and the OER activity trend is inapt, smaller slope
values of BPMC-0.25, BPMC-1 and BPMC-1.75 manifest the
advantage of Co-doping. Nyquist plots show a charge transfer
resistance (Rcr) of 18.2 and 17.8 Q for BPMC-0.25 and BPMC-1,
respectively lower than 67.4 Q for BPMC-1.75 (see Fig. 5C). The
abundance of 2D surfaces in BPMC-0.25 and BPMC-1 maxi-
mizes the active sites for charge transfer between the electrode
and electrolyte. The compatible equivalent circuit shown in the
inset of Fig. 5C has five components viz., Rcr, Series resistance
(Rs), capacitance (C), constant phase element (CPE) and Ger-
ischer element (G). The Gerischer element signifies charge
transfer followed by a chemical change on the electrode surface,
which is concomitant to the proclaimed flexible electrochemical
surface structure of BPMC-0.25.>

A rotating ring-disk electrode (RRDE) was employed to test
the ORR activity in 0.1 M KOH. The LSVs show the best activity
of BPMC-0.25 with an 7 of 584 mV at —1 mA cm ™ (see Fig. 5D
and S21%) and the least Rcp of 687 Q (see Fig. S22+). Corrobo-
rating the OER performance, BPMC-1 is the next best ORR
catalyst with an 7 of 594 mV. BPMC-0.25 also has better ORR
performance than BSCF (n = 612 mV). Even if BPM shows the
least ORR activity, it has the finest O, activation kinetics as
shown by the lowest Tafel slope of 210.2 mV dec™ " (see Fig. 5E).
Because of the presence of metallic Co and a deformed NS
structure, BPMC-1.75 has the highest Cq of 234.4 pF while
BPMC-0.25 and BPMC-1 with intact 2D morphologies and only
double perovskite phases have a lower Cq; of 189.4 and 188.2 uF,
respectively (see Fig. S231). Combining the n of OER@10 mA
cm~? and ORR@-1 mA cm ™ > depicts the overall scenario for O,
electrolysis, expressed as the bifunctionality index (BI). Lower
the value of BI, more is the positive impact on OER/ORR
bifunctional activity. BPMC-0.25 shows the lowest BI of 1.01 V,
followed by 1.02 V for BPMC-1 (see Fig. 5F). Finally, the chro-
nopotentiometric stability tests of BPMC-0.25 show an almost
stable OER performance over 25 h at 10 mA cm > (see
Fig. S24A%). The activity is suppressed by 91 mV enhancement
in 7 at 10 mA cm” after 25 h (see Fig. S24B7). Similarly almost
stable ORR performance is observed over 5 h at —1 mA cm™?
and post stability,  increases by only 23 mV (see Fig. S24C and
D).

The oxygen electrocatalytic activity of BPMC-0.25 is reason-
ably on par with the recent reports (see Table S61),°**>** and can
be improved further by tuning the lattice by Fe-doping which is
however not the prime objective of this study. The advantage of
having a 2D morphology with PrO, termination is further
manifested when compared to the near-spherical nanoparticles
(BPMC-0.25-P) with the same crystallographic phase. BPMC-
0.25-Pwas prepared by dismantling the NSs after 20 min of bath

This journal is © The Royal Society of Chemistry 2020
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sonication (see Fig. S25t). The OER activity drops with an
increase in overpotential by 190 mV at 10 mA cm™> along with
a slight increase in Tafel slope and higher Rqr (see Fig. S26A-
Ct). The ORR activity of BPMC-0.25-P is however better at
a relatively lower potential in contrast to the higher potential
range, elevating the Tafel slope. Cq4 remains similar to that of
BPMC-0.25 NSs due to comparable catalytically active surface
binding sites (see Fig. S26D-Ff). As a proof of concept, the
bifunctional BPMC-0.25 NS catalyst loaded onto the cathode of
the homemade Zn-air battery manifests a power density of 49.5
mW cm ™2 (Fig. S277). The observed overpotential gap between
charge and discharge polarizations is 1.08 V at 10 mA cm >
which is competent with the reported perovskite oxides.**** The
device performance can be further improved by improvising the
NSs with N-doped carbon nanotubes or reduced graphene oxide
composites.*®

Conclusions

The atomistic details of the structural reversibility of a 2D
double perovskite oxide during electrochemical oxidation and
reduction are elucidated. Moving beyond the common exfoli-
ation techniques, the thickness-tunable 4.1 nm thick A-site
cation ordered BaPrMn; ;5C04,505+5 (6 = 0.06-0.17) NSs
having 5 unit cells stacked along the c-axis were synthesized by
an original chemical synthesis route. With higher Co-doping,
the NS structure disintegrates accompanied by the appear-
ance of secondary impurity phases. In an unprecedented
approach, the structural reversibility of the BPMC-0.25 NSs,
studied by mild electrochemical oxidation and reduction CV
cycles reveals facile exchange of oxygen at the NS surface
terminated by an oxygen deficient PrO, plane. Increased
oxidation cycles induce the phase segregation of PrO, g at the
NS surface. Under reductive bias, PrO, g is readjusted in the
PrO, sublattice. In situ successive OER/ORR cycles demon-
strate flexible oxygen coordination at the PrO, plane and an
undamped structural reversibility due to lattice expansion by
the OER and contraction during the ORR. Besides executing
the immaculate details of the reversibility of the NS structure
mainly by PXRD, TEM imaging and XPS analysis, the ability to
catalyze both the OER and ORR is extremely beneficial for the
air-electrode material in metal-air batteries and fuel cells,
where BPMC-0.25 exhibits a reasonably low BI of 1.01 V.
Conjoining the structural flexibility and oxygen electro-
catalytic ability, the electrochemically reversible NS surface is
designed to enable low energy oxygen activation. The struc-
tural reversibility is attributed to our synthetic methodology
that generates thickness-tunable NSs with a minimum
number of unit cells stacked along the c-axis. Our approach
helps in generalizing the plausible yet advantageous path to
modulate the structural and physicochemical properties of 2D
perovskite oxides.
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