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Room temperature engineered spatially connected p-type double
perovskite oxide (BaPrMn; 75C0g 25055 BPMC) nanosheets (NSs) with
n-type nitrogen-doped multi-walled carbon nanotubes (NCNTSs) show
significant enhancement in bifunctional oxygen electrocatalytic activ-
ity. The optimization of the donor level by charge transfer from the
perovskite to NCNTs is demonstrated to be a prodigious approach to
facilitate redox oxygen activation. A proof-of-concept rechargeable
zinc—air battery (ZAB) with BPMC containing a 10 wt% NCNT (BPMC/
NCNT-10) cathode demonstrates the highest specific discharge capa-
city of 789.2 mA h gz,,’1 and cyclic stability for 85 h at a current
density of 5 mA cm 2.

Electrochemical energy storage mediated by chemical bonds is
one of the most promising headways towards renewable energy
progress,” which has spurred the research on alternative elec-
trochemical storage systems such as metal-air batteries.> The
zinc-air battery, in particular, has the advantages of safe
aqueous chemistry and high volumetric density, which is a
prime determinant during mobile operations.> However, their
commercialization prospects are limited by impediments in
oxygen electrocatalysis at the cathode.® This has triggered
major efforts to develop bifunctional catalysts for the air
electrode to drive oxygen evolution and reduction reactions
(OER and ORR) for successive charging and discharging,
respectively. Aside from endeavors involving precious noble
metals, transition metal oxides or nitrides and carbon
nanomaterials,”® ABO,-type (A = rare earth; B = transition
metal) perovskite oxides are one of the most studied candidates
for driving electrocatalytic OER and ORR in alkaline medium.”
In perovskite oxides, oxygen activation is facilitated by inherent
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oxygen vacancies mostly at the catalyst surface.® Notably,
double perovskite oxides with the general formula A,B,Os.s,
which have a layered structure and elevated oxygen vacancies,
show better oxygen activation, oxide transportation and opera-
tional stability of their chemical structure in comparison to
their ABO; counterparts.®*?

Nonetheless, the high temperature synthesis of double
perovskite oxide results in large grains with poor electronic
conductivity."” Even alternative procedures, such as electro-
spinning and spray pyrolysis,"*'* are unable to address the
low conductivity that thwarts the intrinsic catalytic activity."®
Therefore, external conducting agents such as carbon black and
acetylene black are inevitably added to maximize the
activity.">° However, these additives increase undesired per-
oxide formation and engender instability under oxidative bias,
thereby causing ohmic loss.*"** Additionally, the anticipated
carbon oxidation at the cathode disrupts charge percolation, and
device performance is compromised during charging of the
battery.>® To address this challenge, spatial connection of the
carbon nanostructure with dimensionally confined double per-
ovskite oxide is anticipated to have enormous potential in achiev-
ing efficient and durable bifunctional oxygen electrocatalysis.>>

Herein, we present a robust strategy consisting of a compo-
site of p-type BPMC NSs with n-type NCNTs, obtained by room
temperature processing. With 10 wt% NCNTSs, a significant drop
in overpotential (i7) is observed: 174 mV in ORR at —1 mA cm™ >
and 62 mV in OER at a current density of 10 mA cm™ 2. Charge
transfer from BPMC to NCNTs optimizes the Fermi energy levels
for facile reaction kinetics. The rechargeable ZAB with BPMC/
NCNT-10 cathode demonstrates specific discharge capacity of
789.2 mA hgz, " and 85 h cyclic stability at 5 mA cm™>.

The synthesis of BPMC NSs was accomplished through
glycine-nitrate sol-gel method followed by 950 °C, 5 h air
calcination and 5% H, in Ar reduction at 750 °C for 5 h
(Experimental section, ESIt). With an optimized Co concen-
tration of 12.5 wt%, the A-site ordered tetragonal (P4/mmm)
phase of BPMC (Fig. 1a) has an anticipated oxygen vacancy (0)
of 0.09, estimated from Rietveld refinement of the powder X-ray
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Fig. 1 (a) PXRD patterns and (b) zeta potential of BPMC and BPMC/NCNT
catalysts. (c) TEM, (d) HRTEM and (e) HAADF-STEM images and EDS
mapping of BPMC/NCNT-10. Insets of (b) show the schematics of BPMC
NS and NCNT. Inset of (d) shows the FFT pattern.

diffraction (PXRD) pattern (Fig. S1 and Table S1, ESIt). This was
duly corroborated by iodometric titration. On average, 5 unit
cells are stacked along the crystallographic c-axis, resulting in
the NS thickness of 4.1 nm (Fig. S2, ESI{). On the other hand,
the NCNTs prepared from commercially available multi-walled
CNTs have a partial graphitic nature with an Ip/I; ratio of 1.06,
elucidated by Raman spectroscopy (Fig. S3, ESIt). Zeta potential
(§) analysis shows a positively charged BPMC surface ({ = +24 mV)
attributed to the oxygen depleted PrO,-terminated surface
(Fig. 1b). On the contrary, NCNT has a negatively charged surface
of —40 mV originating from partial surface oxidation during
chemical processing. The electrostatic interaction between the
spatially connected BPMC and NCNTs progressively increases the
resultant { towards negative values with the increase in the NCNT
wt% of the composite (Fig. 1b). Taking advantage of the comple-
mentary surface charges, our robust approach is based on room
temperature engineering of the composite by simply stirring a
mixture of BPMC NSs and NCNTSs. The interconnectivity between
BPMC and NCNTs was validated by transmission electron micro-
scopy (TEM). The BPMC NSs were found to have lateral dimen-
sions of 70 to 150 nm and the NS surfaces mainly comprise (110)
and (100) lattice planes (Fig. S4a, ESIT). The ~2 pm long NCNTs
have diameters ranging from 20 to 50 nm, and the walls exhibit a
semi-graphitic character with (002) lattice fringes (Fig. S4b, ESIT).
Interconnectivity between the components can be minimized
either by using too few NCNTs (5 wt%; BPMC/NCNT-5), where
NS clusters are observed, or with a higher NCNT content (20 wt%;
BPMC/NCNT-20), where NCNTs themselves agglomerate (Fig. S5,
ESIt). An optimized distribution of the components in BPMC/
NCNT-10 is shown in Fig. 1c. The high-resolution TEM (HRTEM)
image (Fig. 1d) shows a continuous interface between the NS
and NCNT, implying the possibility of facile interfacial charge
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percolation between the NS and NCNT. A fast Fourier transform
(FFT) pattern at the BPMC/NCNT junction (Fig. 1d inset) displays
the evident crystallinity of the interface, with diffraction spots
from both the NS and NCNT. Elemental mapping obtained by
high-angle annular dark-field scanning TEM (STEM-HAADF)
shows the uniform distribution of the constituent elements
(Fig. 1e), while energy dispersive spectroscopy (EDS) elucidates
the relative abundance of different elements (Table S2, ESIt). The
amount of N in the NCNTs was estimated from both EDS and
CHN analysis as 0.05 & 0.02 wt%.

To elucidate the charge transfer propensities between BPMC
and NCNT, Mott-Schottky measurements were performed for
all BPMC/NCNT composites along with pure BPMC NSs and
NCNTs. The measurements demonstrate p-type BPMC and
n-type NCNT semiconductor characteristics with flat band
potentials (Eg,) of 1.49 and —0.58 V, respectively (Fig. S6a and
b, ESIt).>* When interconnected, BPMC/NCNT p-n junctions
are created (Fig. 2a and Fig. S6c,d, ESIT), where charge transfer
from BPMC to NCNTs shifts the flat band energy of BPMC and
NCNTs towards more positive and negative values, respectively
(Fig. S7 and Table S3, ESIt). Despite having NS clusters, BPMC/
NCNT-5 exhibits the most prominent charge transfer, with
n- and p-type Eg, values of —1.06 (Eg,) and 1.79 V (Ej,), respectively.
The decrease in the interaction cross-section between BPMC and
NCNTs, due to increased NCNT agglomeration at higher wt%
(Fig. S5c, ESIT), gradually reduces the extent of charge transfer.
Oxygen reduction is supposedly facilitated by the elevation of
charge density in NCNTs, which shifts its Ey, towards more negative
values, ie. higher energy (Fig. 2b).>® Likewise, the depletion of
charge density in BPMC (more positive Eg,) facilitates the electro-
oxidation reaction. Hence, an optimum Ey, is needed to benefit both
reactions, since energy optimization is a better guiding factor to
manipulate redox activity than to achieve maximum charge transfer.
BPMC/NCNT-10, with an optimized Eg, of —0.92 eV and Ey, of
+1.63 V, shows the perfect balance for redox oxygen activation.
The Mott-Schottky results are also corroborated by infrared
spectral analysis, which shows a lower frequency shift of the
stretching mode of BOg octahedra from 608 cm™" for BPMC
to 596 to 590 cm ' for BPMC/NCNT-10 and BPMC/NCNT-5,
respectively (Fig. S8, ESIt). The shift is attributed to the weakening
of Mn-0O/Co-O bonds due to prominent charge transfer from
BPMC to NCNT, which depletes the relative charge density of
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Fig. 2 (a) Mott Schottky plots of BPMC/NCNT-10 at three different
frequencies. (b) Schematic diagram of Eg, alignment of BPMC, NCNT
and BPMC/NCNT-10 with respect to standard O, electrolysis potential in
alkaline medium.
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the O 2p band.’® When the NCNTs tend to agglomerate at
higher concentrations, this band experiences a lower shift
because of reduced charge transfer.

In 1 M KOH electrolyte, BPMC exhibits better OER activity
than NCNT, while the composites outperform both (Fig. 3a).
BPMC/NCNT-20 demonstrates the best OER performance, with
1 of 390 mV at 10 mA cm ™2, and even surpasses state-of-the-art
RuO; at high current densities. For BPMC/NCNT-10 and BPMC/
NCNT-5, n increases by 38 and 52 mV, respectively, at the same
current density. The ease of reaction kinetics elucidated from
the Tafel slopes is found to follow a similar trend as that of 5
(Fig. 3b). The Tafel slope values are 80.4, 93 and 98.4 mV dec ™"
for BPMC/NCNT-20, BPMC/NCNT-10 and BPMC/NCNT-5,
respectively. Electrochemical impedance spectral (EIS) analyses
at 1.68 V versus a reversible hydrogen electrode (RHE) demon-
strate charge transfer resistance (Rcr) values of 7.22, 21.4 and
23.4 Q for BPMC/NCNT-20, BPMC/NCNT-10 and BPMC/NCNT-
5, respectively (Fig. S9, ESIt). Unlike OER, the ORR perfor-
mance presents an intriguing trend, missing a direct correla-
tion. The LSV plots in Fig. 3a reveal BPMC/NCNT-10 as the best
performing ORR catalyst with 1 of 366 mV at —1 mA cm 2,
which is 174, 153 and 47 mV lower than that of bare BPMC,
BPMC/NCNT-5 and BPMC/NCNT-20, respectively. While BPMC
exhibits a large limiting current density due to facile oxygen
activation,” the activity of BPMC/NCNT-5 worsens to the level of
NCNTs at higher current density. The favorable O, activation
kinetics of BPMC/NCNT-10 is evident from its lower | compared
to the benchmark 20% Pt/C and more so by the significantly
smaller Tafel slope of 76.1 mV dec™ " compared to 102 mV dec™*
for Pt/C-RuO, (Fig. 3b). The other BPMC/NCNT catalysts have
higher Tafel slopes attributed to their sluggish ORR kinetics.
The Nyquist plots corroborate this ORR trend from the estimated
Rcrvalues of 2.84, 1.55, 1.56, 2.71 and 3.45 kQ for BPMC/NCNT-5,
BPMC/NCNT-10, BPMC/NCNT-20, BPMC and NCNTs, respectively
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Fig. 3 Electrochemical characterization: (a) OER and ORR LSV polariza-
tion plots and (b) Tafel plots corresponding to OER and ORR in 1 M KOH.
(c) Nyquist plots under ORR conditions and (d) overpotential bar plots of
the catalysts for estimation of BI.
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(Fig. 3c and Table S4, ESIT). Despite having weaker ORR perfor-
mance, BPMC/NCNT-20 has a similar Rqr to that of BPMC/NCNT-
10, due to a significantly lower electrical resistance of 65.5 Q in the
former with higher NCNT content than 173.7 Q in the latter
(Fig. S10, ESIT). The increase of NCNT content also increases the
electrochemically active surface area (ECSA) reflected by the
double-layer charge capacitance (Cq) (Fig. S11, ESIt). The Cqg
values obtained are 0.1, 0.67, 1.43 and 1.94 mF for BPMC, BPMC/
NCNT-5, BPMC/NCNT-10 and BPMC/NCNT-20, respectively. The
intrinsic activity was suitably evaluated from ECSA-normalized
LSV plots, which eliminate extrinsic factors such as NCNT-
induced electronic conductivity, and thereby demonstrate pristine
BPMC as the best OER/ORR catalyst (Fig. S12, ESIt). This normal-
ized, nonlinear trend once again highlights the critical role of
energy optimization, whereby OER is facilitated by a low-lying
Eg, in BPMC/NCNT-20 and BPMC/NCNT-5, and ORR activity is
enhanced by the optimized Eg, in BPMC/NCNT-10.

The bifunctionality index (BI) was estimated by combining
the 1 values of OER and ORR at 10 and —1 mA cm 2,
respectively (Fig. 3d). BPMC/NCNT-10 shows the lowest BI of
794 mV, while this value is 9 mV higher for BPMC/NCNT-20. A
lower BI of BPMC/NCNT systems make them potential candi-
dates for redox oxygen activation. Moreover, a rotating ring disk
electrode (RRDE) experiment shows 3.8 electron transfer (n)
kinetics for BPMC/NCNT-10, while it is 3.2 for BPMC/NCNT-20
(Fig. S13a and b, ESIt). The formation of H,0, is <10% in the
case of BPMC/NCNT-10 in comparison to 25% H,0, formation
for BPMC/NCNT-20 (Fig. S13c, ESIt). The lowest BI, high
electron transfer and low H,O, formation of BPMC/NCNT-10
is in accordance with the optimized Eg, and Eg, with respect to
the ORR standard reduction potential of 0.41 V in alkaline
medium (Fig. 2b). For BPMC/NCNT-5, the high Eg, is counter-
acted by a suppressed Eg,, which worsens the ORR activity
(Fig. S14, ESI¥). Since low-lying energy states favor OER activity
by electron transfer from the reaction medium, BPMC/NCNT-20
offers the best OER activity, whereas the ORR activity is affected
by the low-lying Eg,. In addition to earlier experimental and
computational predictions on interfacial charge reorganiza-
tions between an electrocatalyst and its carbon additive,****
our Mott-Schottky analyses have been able to decipher the
in situ charge transfer process, which aids in optimizing the
concentration of NCNTs. Chronopotentiometric (CP) stability
tests performed with BPMC/NCNT-10 at 10 and —1 mA cm >
demonstrate no apparent increase in the applied potential,
revealing its outstanding durability under operating conditions
(Fig. S14, ESIf). Post CP, the OER/ORR activation regions
remain almost unchanged, although the high potential side
in the LSV plots shows leaching of catalyst ink over time.

The bifunctional ability of the BPMC/NCNT catalysts was tested
in homemade rechargeable ZAB (Fig. S15a, ESI{). At 10 mA cm™ 2,
the polarization curves demonstrate charge/discharge voltage gaps
0f 1.02, 1.05, 1.15 and 1.14 V, for BPMC/NCNT-10, BPMC/NCNT-20,
BPMC/NCNT-5 and BPMC, respectively (Fig. S15b, ESIt). This is in
good agreement with the observed half-cell OER and ORR activity.
The power density (P) calculated from discharge polarization plots
is the highest: 51.7 mW em ™2 at 91.1 mA cm ™~ for BPMC/NCNT-10,
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Fig. 4 Rechargeable ZAB performance: (a) capacity plots at 5 mA cm™2

with different BPMC cathode materials and (b) cyclic stability test of BPMC/
NCNT-10 cathode.

while Pis 41.2, 37.7 and 32.8 mW cm > for BPMC/NCNT-20, BPMC/
NCNT-5 and BPMC, respectively (Fig. S15b inset, ESIt). Specific
capacities are estimated at 5 mA cm™> and discharge capacities are
789.2, 586.7, 446.4 and 402.3 mA h g, * for BPMC/NCNT-10,
BPMC/NCNT-20, BPMC/NCNT-5 and BPMC, respectively (Fig. 4a).
Unlike the discharge capacity, the charging capacity is the highest
and the voltage required for charging is the lowest for BPMC/NCNT-
20, which is attributed to its optimized OER activity. Cyclic stability
tests of a BPMC/NCNT-10 cathode for 20 h with various cycle times
of 10 min, 30 min, 2 h and 4 h show no obvious alteration in the
voltage gap (Fig. S16, ESIT). A longer stability test at 5 mA cm™> with
1 h cycle time demonstrates pristine stability for 85 h before an
observable degradation occurs due to catalyst leaching, which turns
the transparent electrolyte deep brown (Fig. 4b). The ZAB with the
BPMC/NCNT-10 cathode demonstrates appealing performance with
long charge-discharge time in comparison to recent reports on
perovskite oxides and carbon nanostructure based composite cath-
odes (Table S5, ESIt).'819*7-33

In conclusion, room temperature processing of a composite of
p-type BPMC NSs and n-type NCNTs with variable NCNT content
regulates the p-n junction interfaces and bifunctional oxygen
electrocatalytic activity. The composite with 10 wt% NCNTs
demonstrates the lowest BI of 794 mV. Optimization of the donor
level through efficient charge transfer from BPMC to NCNTs
facilitates the overall catalytic activity. In a rechargeable ZAB,
the BPMC/NCNT-10 cathode shows a specific discharge capacity
of 789.2 mA h gz, " and stable charge discharge cycling for at
least 85 h at 5 mA cm™>. The successful design of an intercon-
nected perovskite oxide and carbon nanostructure with effective
charge transfer across the crystalline interface with a p—n junction
is shown to be a prodigious strategy to achieve high-performing
cathodes for metal-air batteries.
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