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ABSTRACT: The search for nonprecious metal-based electro-
catalysts with high activity and long durability for the oxygen
reduction reaction (ORR) has been long pursued by the
renewable energy material community. Here, we designed a
new Mn−Co bimetallic oxide MnCo2O3/C with the rock-salt-
type structure, derived from a spinel-type precursor MnCo2O4/C
under mild reduction using NH3 at 300 °C. In-depth electron
microscopic and spectroscopic investigations suggest that
MnCo2O3/C predominantly has Mn(II) and Co(II) and can
be written as MnO(CoO)2/C. Charge transfer between Mn and
Co was probed by electron energy-loss near-edge structure
(ELNES) analysis. MnCo2O3/C has a Co-rich core and a thin 1−
3 nm Mn shell with a mesoporous morphology. MnCo2O3/C
achieved a high ORR activity with a half-wave potential of 0.86 V in 1 M KOH, which was ascribed to the microstructure and
the synergistic effects between Mn and Co, serving as co-active sites for the ORR.

■ INTRODUCTION

Hydrogen fuel cells have been recognized as one of the key
next-generation renewable energy technologies, especially for
powering electric vehicles (EVs).1−4 However, a significant
amount of Pt (>0.2 gPt/kW) is still required to catalyze the
sluggish oxygen reduction reaction (ORR) in proton exchange
membrane fuel cells (PEMFCs).5−8 Recently, anion exchange
membrane fuel cells (AEMFCs) have emerged as a competitive
alternative technology, since they enable the use of nonpre-
cious metals or metal oxides in alkaline media.9,10 To facilitate
the ORR kinetics in alkaline media, the fuel cell community
has been devoted to investigating a variety of nonprecious
electrocatalysts, including metal-containing nitrogen-doped
carbons, perovskites, and transition-metal oxides.11−18 Metal-
containing nitrogen-doped carbons (e.g., Fe−N−C) have
shown promising activities in rotating disk electrode (RDE)
measurements. However, they generally suffer from poor
performance in practical membrane electrode assembly (MEA)
tests (peak power density <0.5 W/cm2) due to their
intrinsically low density of active sites. Perovskites (e.g.,
LaCoO3) have been reported to be active catalysts for the
ORR but with inferior activity (half-wave potential <0.75 V vs
reversible hydrogen electrode (RHE)), likely due to their poor
electronic conductivity.13 As a comparison, 3d metal oxides
have attracted increasing attention as ORR electrolysis due to
to their high activity, high density of active sites, stable
structure, and low cost.19−29 For example, cobalt and
manganese monoxides (CoO and MnO) with a rock-salt
structure were reported to be active for catalyzing the oxygen
reduction.30−33 However, the reported activities in alkaline

media yielded half-wave potentials (E1/2) less than 0.8 V vs the
reversible hydrogen electrode (RHE), which is much lower
than the benchmark activity of Pt/C (0.89 V vs RHE).
Previously, we showed that Mn−Co oxides exhibited a
promising ORR activity in RDE measurements and achieved
a high peak power density of over 1 W/cm2 in membrane
electrode assembly (MEA) measurements.19,20 In this work,
we went one step further to explore Mn−Co bimetallic oxides
with different crystal structures to better understand the
catalyst structure and the observed ORR activity. We
discovered a new compound, MnCo2O3, with a rock-salt-
type structure that exhibited a remarkable ORR activity. The
methodology of structural analysis described in this work could
help understand the microstructure of other catalysts, at the
atomic scale, and build correlations to the catalytic activity.

■ RESULTS AND DISCUSSION

Co3O4/C and MnCo2O4/C with cubic spinel structures were
first synthesized through a facile hydrothermal method.
Powder X-ray diffraction (XRD) patterns of Co3O4/C
exhibited the typical features of cubic spinel oxides with a
major (311) peak (PDF# 01-071-1178) (Figure S1a). The
domain size of the Co3O4 nanoparticles (NPs) was estimated
to be 18 nm based on the Scherrer equation. Co3O4/C was
then partially reduced to CoO/C under mild NH3 reduction at
300 °C for 3 h (referred to CoO/C-N300). The resulting
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CoO/C-N300 exhibited a single-phase XRD pattern as the
CoO XRD reference (PDF# 01-076-1802) with a slightly
smaller domain size of 14 nm. As a fingerprint of the chemical
environment of Co, electron energy-loss near-edge structure
(ELNES) spectra of CoO/C-N300 exhibited nearly identical
features as the CoO reference, indicating that CoO/C-N300
shared the same chemical environment of Co(II) as CoO
(Figure S1b). Comparisons in the crystal structure of Co3O4
and CoO are demonstrated in Figure S2. During NH3
treatment, some of the oxygen atoms in the spinel Co3O4
were removed to form the rock-salt-type CoO. Consequently,
the coordination numbers (CN) of Co changed from the co-
existence of tetrahedral [CoO4] and octahedral [CoO6] in
Co3O4 to all octahedral [CoO6] in CoO (Figure S2).
Following the successful synthesis of CoO/C NPs,

MnCo2O4/C spinel oxides were synthesized and used as
precursors for further NH3 treatment at 300 °C. As shown in
Figure 1a, Mn−Co bimetallic oxides exhibited a similar rock-
salt-type structure to the CoO reference with a major (200)
peak. Thus, we propose that this new compound has a
chemical formula of MnO(CoO)2/C or simply MnCo2O3/C.
It has been reported that CoO and MnO could form a miscible
solid solution, bulk-phase CoxMn1−xO (0 < x < 1) under high-
temperature (1100 °C) sintering.34 The domain sizes of the
nanoparticles were calculated to be 15 nm for MnCo2O4/C
and 13 nm for MnCo2O3/C. The chemical composition of
MnCo2O3/C was determined by X-ray energy-dispersive
spectroscopy (EDX) (Figure 1b), based on the Cliff−Lorimer
equation.35 MnCo2O3/C exhibited relative contents of 33.1
atom % Mn and 66.9 atom % Co (relative error: 0.2% was
defined as one standard deviation), which matched the
theoretical values of 33.3 and 66.6% in MnCo2O3, respectively.
Since NH3 was used as a mild reducing agent, it is important to

know whether any N was introduced into the product during
the synthesis. As shown in Figure S3, no evidence of a N signal
from MnCo2O3/C was found to be above the detection limit
of EDX, electron energy-loss spectroscopy (EELS), and X-ray
photoelectron spectroscopy (XPS) characterizations.
The morphology and crystal structure of MnCo2O3/C were

examined using aberration-corrected high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) imaging at 100 keV (Nion UltraSTEM). MnCo2O3/C
exhibited a particle size of 30−50 nm embedded in a Ketjen
black (KB) carbon matrix (Figure S4), indicating that the
majority of particles have multiple subdomains, given an XRD
domain size of about 13 nm. Atomic-scale STEM images of
individual MnCo2O3 nanoparticles showed single-crystal
features with d-spacings of 2.5 Å, as indicated by the
diffraction spots in the Fourier transform, which were the
same as the {111} d-spacings of CoO (2.46 Å) within the
STEM spatial resolution (Figure 1c). The lattice images of
MnCo2O3 showed a nonuniform image intensity, suggesting
the existence of nm scale mesoporous morphology, which was
also found in many other MnCo2O3 NPs (Figure S5). To
quantify the porosity of MnCo2O3 NPs, a N2 adsorption−
desorption test was performed on MnCo2O3 without KB
carbon support since the larger surface area of carbon (900
m2/g) would likely dominate the measured surface area in the
catalyst/carbon composite. The specific surface area of
MnCo2O3 NPs was estimated to be 30 ± 0.1 m2/g by the
Brunauer−Emmett−Teller (BET) method (Figure 1d, inset).
The pore size distribution of MnCo2O3, derived from the
Barrett−Joyer−Halenda (BJH) method suggested a narrow
size distribution with an average pore size of 2.4 nm (Figure
1d), which was consistent with the pore size in STEM images
(Figures 1c and S5). MnCo2O3/C exhibited a similar pore size

Figure 1. (a) Powder XRD patterns of MnCo2O3/C, MnCo2O4/C compared to standard XRD patterns of CoO and Co3O4. (b) TEM−EDX
spectrum of MnCo2O3/C showing the relative Co/Mn atomic ratio of 2:1. (c) Atomic-scale STEM image of MnCo2O3/C with {111} d-spacings
and the corresponding Fourier transform (FT). (d) Differential pore volume distribution (dV/dD profile) as a function of pore size of MnCo2O3
without carbon support and the corresponding N2 adsorption−desorption BET isotherm (inset).
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distribution as the KB support, which had undergone the same
hydrothermal treatment and subsequent annealing in NH3 gas.
It indicates that MnCo2O3 did not significantly change the
porosity of KB (Figure S6). The spinel precursor, MnCo2O4,
was found to have a similar BET surface area of 34.1 ± 0.3 m2/
g, indicating no significant changes in the surface area during
NH3 treatment (Figure S7).
The crystal structure of MnCo2O3 was then directly

visualized using atomic-scale STEM imaging and EELS
mapping. As shown in Figure 2a, MnCo2O3 exhibited atom
columns with two perpendicular d-spacings of 4.3 and 3.0 Å on
the [110] zone axis, which were consistent with the theoretical
values of 4.26 and 3.01 Å, based on the crystal model of CoO
(Figure 2f). The [110] zone axis is proportional to the lattice

plane indicated by the dashed rectangles in the unit cell of
CoO (Figure 2e). The d-spacings of 3.01 Å can be obtained by
dividing the lattice parameter, 4.26 Å by √2 due to a
projection angle of 45°. The magnified image in Figure 2c
showed the characteristic hexagonal symmetry on the [110]
zone axis of CoO. The corresponding Fourier transform (FT)
in Figure 2d displayed the hexagonal arrangements of
diffraction spots with {111} d-spacings of 2.5 Å, which
matched well the theoretical values of 2.46 Å in the crystal
model in Figure 2f. Besides the imaging analysis on crystal
structures, atomic-scale EELS mapping was employed to
extract chemical composition using metal L3 edges (Figure
S8). An atomic-scale EELS map of Mn exhibited a clear

Figure 2. Atomic-scale HAADF-STEM image of rock-salt-type MnCo2O3/C. (a) Overall lattice image of MnCo2O3 on the zone axis of [110]. (b)
Atomic-scale EELS elemental map of Mn acquired from the dashed box in (a). (c) The magnified single unit cell of MnCo2O3 showing the typical
hexagonal symmetry. (d) Fourier transform (FT) of lattice image in (a) showing the corresponding hexagonal symmetry with {111} d-spacing (2.5
Å). (e) Unit cell of rock-salt-type CoO (lattice parameter, a = 4.26 Å) based on PDF# 01-071-1178. Dashed lines indicate the lattice planes
proportional to the [110] zone axis. (f) 2D projection of the crystal model exhibiting the hexagonal symmetry with {111} d-spacings of 2.46 Å.
Theoretical lattice spacings of 4.26 and 3.01 Å are consistent with experimental values of 4.3 and 3.0 Å in (a).

Figure 3. STEM−EELS elemental mapping and fine spectroscopic analysis of MnCo2O3/C. (a−d) STEM images of one MnCo2O3 nanoparticle
and the corresponding EELS elemental maps of Mn (red), Co (green) and composite map of Mn vs Co. (e) Electron energy-loss near-edge
structure (ELNES) of Co L3,2 edges of MnCo2O3/C and reference Co oxides, CoO, Co3O4, and CoOOH. (f) ELNES spectra of Mn L3,2 edges of
MnCo2O3/C and reference Mn oxides, MnO, Mn3O4, Mn2O3. Black arrows in (e, f) indicate the negative and positive shifts of Co and Mn L3
edges, relative to CoO and MnO references, respectively.
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layered structure, indicating the successful incorporation of Mn
into the Co-based rock-salt-type structures at the atomic scale.
The chemical composition was investigated using electron

energy-loss spectroscopy (EELS). Figure 3a−c presents the
STEM image of one MnCo2O3 nanoparticle and the
corresponding EELS elemental maps of Mn in red and Co
in green. The composite map of Mn vs Co in Figure 3d
suggests a Co-rich core with a thin Mn-rich shell of 1−3 nm,
which was further evidenced by EELS maps of other MnCo2O3
NPs (Figure S9). The electron energy-loss near-edge structure
(ELNES) analysis offers microstructural analysis with atomic-
scale spatial resolution and high-energy resolution (0.5 eV)
simultaneously. ELNES serves as a “fingerprint” to probe the
local electronic structure, i.e., density of unfilled states (unfilled
density of states (DOS)) above the Fermi level (EF), which is
particularly sensitive to the local atomic environment, such as
valence state, chemical bonding, and coordination environ-
ment.36 ELNES spectra of Co and Mn L edges were aligned
against the zero loss peak (ZLP) and found to have high
reproducibility among five different regions on the TEM grids
(Figure S10a,b). Given the existence of a thin Mn shell in
MnCo2O3/C, ELNES spectra of Co and Mn in core and shell
sections were extracted separately from spectrum images to
identify any inhomogeneities of electronic structures between
the core and shell. As shown in Figure S10c,d, Co and Mn in
core and shell sections shared nearly the same features in
ELNES spectra, indicating a homogeneous local valence
distribution despite the heterogenous elemental distribution
with a Mn-rich shell.
To further identify the valence state of active sites of the

electrocatalysts, ELNES spectra of MnCo2O3/C were
compared to Co and Mn reference oxides (Figure 3e,f). Co
and Mn L3 edges of MnCo2O3/C exhibited similar features to
CoO and MnO references (green and red lines in Figure 3e,f)
and were distinct from the ELNES spectra of Co3O4(II,III),
Mn3O4(II,III), CoOOH(III), and Mn2O3(III). It has been
suggested that Co and Mn in MnCo2O3/C share the same
rock-salt-type structures as CoO(II) and MnO(II), respec-
tively. Furthermore, Co L3 edge showed a slightly negative
shift, relative to CoO(II), while the Mn L3 edge had a slightly
positive shift, relative to MnO(II). This symmetrical spectra
shift indicated a local charge transfer from Mn to Co and a
possible synergistic effect between the two of them, serving as
co-active sites, which is consistent with our observation on
Co−Mn spinel oxides using in situ X-ray absorption spectros-
copy (XAS).28,29 Besides the relative peak position, the
intensity ratio of L2/L3 edges also reveals the covalency of

metal−oxygen bonds.37 A higher L2/L3 ratio indicates a more
covalent bond, as shown by the difference between CoO(II)
and CoOOH(III) and between MnO(II) and Mn2O3(III)
(Figure 3e,f). Co in MnCo2O3/C exhibited an even lower L2/
L3 ratio than CoO(II), while Mn in MnCo2O3/C showed a
much higher L2/L3 ratio than MnO (II), suggesting a less
covalent (more ionic) Co−O bond and symmetrically a more
covalent Mn−O, relative to CoO and MnO, respectively. Apart
from the metal L edges, oxygen K-edge can also provide a
complementary picture of the metal−oxygen binding environ-
ment. The first and second peaks in ELNES spectra of the O
K-edge represent the O 2p character in metal partially filled 3d
bands and empty 4s,p bands, respectively (Figure S11). The O
K-edge of MnCo2O3/C resembled the features of CoO and
MnO rather than other reference oxides with higher valence
(Figure S11a,b). More specifically, the O K-edge of
MnCo2O3/C is more similar to CoO than MnO since Co is
the majority metal in MnCo2O3/C (Figure S11a).
After thorough structural investigation, the well-defined

rock-salt-type MnCo2O3/C as well as the spinel-type
MnCo2O4/C materials were employed as oxygen reduction
electrocatalysts in alkaline fuel cells. ORR polarization profiles
were acquired in O2-saturated 1 M KOH at 1600 rpm and 5
mV/s using a rotating disk electrode (Pine Instruments).
MnCo2O3/C with a loading of 0.1 mg/cm2 exhibited a
promising ORR activity with a half-wave potential (E1/2 = 0.86
V vs a reversible hydrogen electrode, RHE). This is 20 mV
higher than that of the spinel MnCo2O4/C (E1/2 = 0.84 V),
corresponding to about 2-fold enhancement in mass-specific
activity (Figure 4a). The E1/2 of MnCo2O3/C is only 30 mV
away from the benchmark 20 wt % Pt/C (E1/2 = 0.89 V),
making MnCo2O3/C a promising nonprecious ORR electro-
catalyst for alkaline fuel cells. It should be noted that the
catalytic activities were preliminarily evaluated employing RDE
measurements, while the more realistic MEA measurements
are currently under investigation. MnCo2O3/C is able to reach
the same diffusion-limited current density (−3.6 mA/cm2), Id,
as Pt/C, suggesting a 4e− process of reducing O2 completely to
H2O. It is important to note that, based on the Levich
equation, the Id of the 4e− reduction of oxygen in 0.1 M
oxygen-saturated KOH or HClO4 should be −5.5 mA/cm2 at
1600 rpm. Since the O2 solubility (CO2) in 1 M KOH at 25 °C
and 1 atm is 8.42 × 10−4 mol/L, which is 70% of the CO2 in
0.1 M KOH (1.21 × 10−3 mol/L),38 the Id of the 4e

− ORR in 1
M KOH will be correspondingly lower with a value of about
−3.8 mA/cm2 at 1600 rpm. Additionally, as shown in Figure
S13, MnCo2O3/C and MnCo2O4/C have smaller Tafel slopes

Figure 4. (a) ORR polarization profiles of MnCo2O4/C, MnCo2O3/C, and Pt/C in O2-sat. 1 M KOH at 1600 rpm and 5 mV/s. Metal oxides and
Pt mass loadings are 0.1 mg/cm2 and 25 μg/cm2, respectively. (b) CV profiles of MnCo2O4/C and MnCo2O3/C in Ar-sat. 1 M KOH at 10 mV/s.
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of 45 and 50 mV/dec, respectively, relative to Pt/C (60 mV/
dec), suggesting a smaller overpotential to achieve the same
kinetic current change. To investigate the catalyst surface,
cyclic voltammetric (CV) profiles of MnCo2O3/C and
MnCo2O4/C were acquired, which showed that MnCo2O3/C
had a larger redox current than MnCo2O4/C, indicating the
existence of more active sites in MnCo2O3/C (Figure 4b).
Both MnCo2O4/C and MnCo2O3/C shared a similar redox
peak position, indicating a similar catalyst surface, which
actually matched our previous observation that spine-type
MnCo2O4/C has a shell rich in CoO(II) and a core rich in
Co3O4 (Figure S12). The small reduction peak at 1.1 V vs
RHE was separated from the main peak by changing the lower
scan limit of the CV profile (Figure S14). It was identified as
monolayer species on the Mn-rich shell with a highly reversible
redox process.
In an attempt to implement a Pt-free cathode for AEMFCs,

nonprecious ORR electrocatalysts are required to not only
satisfy the initial activity requirements but also survive long-
term durability tests.2 Catalyst durability was examined by
following an accelerated aging protocol: continuous 10 000 CV
cycles at 10 mV/s from 0.6 to 1.0 V vs RHE in O2-sat. 1 M
KOH (Figure S15a). MnCo2O3/C exhibited a mild decay in
ORR activity after 10K cycles as the E1/2 shifted from 0.86 to
0.84 V. The activity decay of MnCo2O3/C is comparable to or
slightly better than Pt/C (ΔE1/2 = 25 mV after 10K cycles)
under same test conditions (Figure S16). The activity decay of
Pt/C was mainly ascribed to the loss of electrochemical surface
area (ECSA), as shown in the CV profiles of Pt/C. Noticeably,
the activity of MnCo2O3/C after 10K cycles was still
comparable to the initial activity of MnCo2O4/C. A noticeable
loss in the Id was found in both MnCo2O3/C and MnCo2O4/
C, suggesting a loss of surface area, possibly due to particle
aggregation during cycles. Further strategies to enhance the
catalyst−support interactions will be critical to mitigate the
particle aggregation and extend the lifetime of nonprecious
metal oxide electrocatalysts. TEM−EDX spectra were used to
quantitatively investigate the changes in chemical composition
after durability tests. Mn and Co Kα edges were used to
quantify the relative contents of Mn and Co (Figure S15b).
They showed that the Mn content increased slightly from 33.1
± 0.2 to 35.9 ± 0.4 atom % (Table S1).

■ CONCLUSIONS
In summary, a new rock-salt-type Mn−Co oxide MnCo2O3/C
was discovered by treating MnCo2O4/C in a mild reducing
agent, NH3. The microstructure and chemical environment
were comprehensively investigated by atomic-scale STEM
imaging, EDX, EELS, and ELNES spectroscopic analysis. The
promising ORR activity of MnCo2O3/C is likely due to
rationally designed nanostructure with Mn and Co serving as
synergistically active sites. This in-depth structural inves-
tigation will offer insightful strategies for material design and
developments in the renewable energy community, in general,
and in fuel cells, in particular.

■ EXPERIMENTAL SECTION
Material Synthesis. Mn(Ac)2·4H2O and Co(Ac)2·4H2O were

dissolved in 15 mL of deionized (DI) water and sonicated for 15 min.
Concentrated NH3·H2O (500 μL) was diluted in 5 mL of DI water
and added to the metal precursor solution dropwise under vigorous
stirring at 1200 rpm. The pH of the formed metal−NH3 complex
solution was tested and controlled to be around 11. Ethanol (20 mL)

was later added to the metal−NH3 complex solution with an EtOH/
H2O volume ratio of 1:1. Ketjen Black (KB) with a BET surface area
of 900 m2/g was added to the resulting suspension/solution, which
was kept stirring at 1200 rpm and 60 °C for 12 h. The solution was
then transferred into a 50 mL autoclave for the hydrothermal reaction
at 150 °C for 3 h. Co3O4 and MnCo2O4 supported on carbon (40 wt
%) were separated from the residual solution using a centrifuge at
6000 rpm and washed with EtOH/H2O (vol 1:1) three times and
oven-dried at 80 °C for 6h. Rock-salt-type CoO/C and MnCo2O3/C
were formed by treating the as-synthesized Co3O4/C and MnCo2O4/
C in NH3 at 300 °C for 3 h with a temperature ramping rate of 5 °C/
min. NH3 treatment at higher temperatures would introduce metallic
or metal nitride impurity phases, and H2 treatment at 300 °C would
lead to the formation of metallic Co. MnCo2O3 NPs with no carbon
support were prepared from MnCo2O4 NPs with no carbon support,
which was synthesized using the same hydrothermal procedures
except without adding carbon during the synthesis.

Structural Characterization. The crystal structures of all of the
synthesized electrocatalysts were examined by powder X-ray
diffraction (XRD) using a Rigaku Ultima IV Diffractometer.
Diffraction patterns were collected at a scan rate of 2 °/min at
0.02° steps from 20 to 80°. Specific surface area and pore size
distributions were analyzed based on Brunauer−Emmett-Teller
(BET) and Barrett−Joyner−Halenda (BJH) methods from the N2
adsorption−desorption isotherms acquired at −195 °C (liquid N2) in
a Micromeritics ASAP2020 instrument. XPS spectra were acquired
using a Surface Science Instruments SSX-100 with an operating
pressure of 2 × 10−9 Torr. Monochromatic Al Kα X-rays (1486.6 eV)
with 1 mm diameter beam size were used. Photoelectrons were
collected at a 55° emission angle. A hemispherical analyzer
determined electron kinetic energy using a pass energy of 150 V for
wide/survey scans and 50 V for high-resolution scans. Scanning
transmission electron microscopy (STEM) images and elemental
electron energy-loss spectroscopy (EELS) maps were acquired on a
fifth-order aberration-corrected STEM (Cornell Nion UltraSTEM)
operated at 100 keV with a beam convergence semiangle of 30 mrad.
TEM−EDX spectra were collected in a FEI Tecnai F-20 electron
microscope equipped with an Oxford X-Max detector. Detailed S/
TEM analysis can be found in the Supporting Information.

Electrochemical Characterization. Electrocatalysts (5.0 mg)
were mixed with 1.0 mL of 0.05 wt % Nafion/ethanol solution and,
subsequently, sonicated for approximately 30 min to form a
homogeneous catalyst ink. The resulting catalyst ink (10 μL) was
loaded onto a glassy carbon (GC) electrode (D = 5.0 mm, Pine
Instruments) as the working electrode (WE), achieving a metal oxide
loading of 0.1 mg/cm2, followed by thermal evaporation of the solvent
under infrared light. Similarly, 5 μL of a Pt/C catalyst ink was loaded
onto a GC electrode to achieve a loading of 25 μg/cm2, a common
value for comparison in fuel cell tests. Ag/AgCl in the saturated KCl
solution was served as the reference electrode (RE), and a large area
graphite rod was used as the counter electrode (CE). More
experimental details can be found in the Supporting Information.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.chemma-
ter.9b02801.

Electron microscopy characterization; electrochemical
characterization; powder XRD patterns; crystal struc-
tures; EDX, EELS, XPS spectra; STEM images; pore size
distribution (Figures S1−S16 and Table S1) (PDF)

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: hda1@cornell.edu.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.9b02801
Chem. Mater. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02801/suppl_file/cm9b02801_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02801/suppl_file/cm9b02801_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02801/suppl_file/cm9b02801_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02801/suppl_file/cm9b02801_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02801/suppl_file/cm9b02801_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02801/suppl_file/cm9b02801_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02801/suppl_file/cm9b02801_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02801/suppl_file/cm9b02801_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.9b02801
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.9b02801
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02801/suppl_file/cm9b02801_si_001.pdf
mailto:hda1@cornell.edu
http://dx.doi.org/10.1021/acs.chemmater.9b02801


ORCID
Yao Yang: 0000-0003-0321-3792
Rui Zeng: 0000-0002-7577-767X
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