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Role of the Morphology and Surface Planes on the Catalytic Activity
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ABSTRACT: The electrocatalytic activity of the spinel oxide LiMn,Ni,O, with
different morphologies (cubic, spherical, octahedral, and truncated octahedral) has been
investigated for the oxygen evolution reaction (OER) in alkaline solutions that is of
interest for metal—air batteries. The OER activity increases in the order truncated
octahedral < cubic < spherical < octahedral, despite a larger surface area (2.9 m* g™") for
the spherical sample compared to nearly similar surface areas (0.3—0.7 m” g”") for the
other three samples. The high activity of the octahedral sample is attributed to the
regular octahedral shape with low-energy {111} surface planes, whereas the lowest
activity of the truncated octahedral sample is attributed to the high-energy {001} surface
planes. The octahedral sample also exhibits the lowest Tafel slope of 70 mV dec™" with
the highest durability whereas the truncated octahedral sample exhibits the highest Tafel
slope of 120 mV dec™' with durability similar to the cubic and spherical samples. The
study demonstrates that the catalytic activities of oxide catalysts could be tuned and
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optimized by controlling the surface morphologies/planes via novel synthesis approaches.
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1. INTRODUCTION

The oxygen evolution reaction (OER) plays a major role in
several electrochemical devices, such as rechargeable metal—air
batteries, water electrolyzers, electrosynthesis reactors, and
metal electrowinning processes.' > IrO, is the most widely
investigated OER electrocatalyst due to its high catalytic activity
and stability. However, iridium is expensive; so much effort has
been devoted to develop alternate, less expensive OER catalysts
with low overpotential.*~® Spinel oxides are a promising class of
non-noble metal electrocatalysts for OER.” ™"

Several factors, such as chemical composition, electronic
structure, and surface atomic arrangement can influence the
OER activity. For example, alloying of Pt and Pd has been
shown to improve the catalytic activity for the oxygen reduction
reaction (ORR)."*">%Also, the catalytic activity of Pt and Pd for
ORR is known to depend str0n§1y on the surface planes, e.g,
{100}, {110}, and {111} planes.*"** For example, Markovic et
al> reported the {111} planes of Pt to exhibit the highest
activity for ORR. Also, the (111) facet of single crystal Pt;Ni
has been reported to exhibit orders of magnitude higher ORR
activity than the conventional Pt/C catalysts,”* and the high-
index facets of Pt particles in size of 100—200 nm have been
reported to exhibit the highest electrocatalytic activity that has
ever been detected.”

However, despite extensive literature on the influence of
composition, synthesis conditions, and size dependence®®*” of
spinel oxides on the OER activity, little information is available
on the dependence of OER activity on the morphology and
surface planes of spinel oxide electrocatalysts.”® The lack of
such information is partly due to the difficulty of stabilizing the
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various surface planes in oxides while maintaining good
compositional control. We present here, for the first time, a
systematic investigation of the influence of the morphology and
surface planes/facets of the spinel oxides on OER by taking
LiMn, sNiy O, spinel as an example. The LiMn, Ni, O, spinel
with various morphologies and surface planes, e.g., octahedral,
truncated octahedral, spherical, and cubic morphologies, are
obtained by controlled synthesis processes, characterized by X-
ray diffraction and scanning electron microscopy, and evaluated
for OER.

2. EXPERIMENTAL SECTION

2.1. Synthesis. The precursors for the octahedral and
spherical morphologies were prepared with a tank reactor by
coprecipitating, respectively, the hydroxides and carbonates of
Mn and Ni with sodium hydroxide and sodium carbonate and
employing ammonium hydroxide as a complexing agent.”” The
pH value was kept at 10 and 8, respectively, for the hydroxide
and carbonate precursors. The hydroxide precursor for the
truncated octahedral sample was prepared by the coprecipita-
tion method of mixing a solution containing the required
quantities of manganese acetate and nickel acetate with KOH.
The precursors for the cubic samples were synthesized by a
hydrothermal method.?**° For the cubic precursor, urea and
cetyl trimethylammonium bromide (CTMB) surfactant were
mixed with stoichiometric amounts of MnCl, and NiCl, in
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deionized water and heated at 150 °C for 15 h in a PTFE-lined
autoclave. All the hydroxide, carbonate, chloride, and sulfate
precursors were collected by rinsing with deionized water,
followed by firing the oven-dried hydroxide precursors with a
required amount of LiIOH-H,O at 900 °C in air for 15 h to
produce the final spinel samples.

2.2, Structural and Morphological Characterization.
The stoichiometric compositions of the synthesized spinel
samples were verified by a Varian 71S5-ES inductively coupled
plasma-atomic emission spectrometer (ICP-AES). The crystal
structure of the sample was analyzed by X-ray diffraction
(XRD) with a Rigaku Ultima-IV X-ray diffractometer and Cu
Ka radiation in the 26 range of 10—80° at an interval of 0.02°
system. The morphology and particle size were obtained with
scanning electron microscopy (Hitachi $-5500 SEM equipped
with STEM) operated at 20 KeV. Multipoint Brunauer—
Emmett—Teller (BET) surface area data were collected with an
automatic nitrogen gas absorption analyzer (NOVA 2000,
Quantachrome) using physical adsorption at 77 K.

2.3. Electrochemical Characterization. A commercial
glassy carbon (GC) rotating disk electrode (RDE) (PINE, S
mm diameter, 0.196 cm?) was polished to a mirror-like finish
and thoroughly cleaned. The preparation of the working
electrode was performed as described below: ethanol
suspensions containing 16 mg of catalyst per mL and 0.02 wt
% Nafion (diluted from S wt % solution, EW1000, Dupont)
were obtained by ultrasonic mixing for about 20 min. The 24.5
uL of the catalyst ink suspension thus obtained was coated onto
the polished GC electrode. Electrochemical studies were carried
out with a standard three-electrode cell connected to an
Autolab electrochemical working station. Pt gauze was used as
the counter electrode, saturated calomel electrode (SCE) was
used as the reference electrode, and the spinel-coated GC was
used as the working electrode. The measured potential,
however, was converted in reference to reversible hydrogen
electrode (RHE). Electrochemical activities of the catalysts
were assessed by linear sweep voltammetry (LSV) and Tafel
plots. LSV was performed in 0.1 M KOH (pH = 13) electrolyte
with a scan rate of 20 mV s™%. Tafel plots were recorded at a
scan rate of 1 mV s™". All the electrochemical experiments were
carried out in an oxygen atmosphere.

3. RESULTS AND DISCUSSION

The X-ray diffraction (XRD) data presented in Figure 1
confirm the formation of the cubic spinel (Fd3m) phase for all
the four morphologies: cubic, spherical, octahedral, and
truncated octahedral. The diffraction peaks at 18.82°, 36.34°,
44.20° and 64.36° correspond, respectively, to the (111),
(311), (400), and (440) planes of spinel LiMn, (Niy:O,
(JCPDS 32-0581). The implication of this impurity phase is
an increase in the Mn/Ni ratio in the spinel phase and a
consequent reduction of a small amount of Mn* to Mn** to
maintain charge neutrality.

Figure 2 shows the SEM images of the four morphologies.
The particle size of the cubic and spherical samples is larger
than that of the octahedral and truncated octahedral samples.
The cubic sample is about 10—20 ym in size with a mixture of
{111} and {112} surface planes, as was reported in our previous
investigation. % The spherical sample is about 10 ym in size but
is composed of numerots nanoscale octahedral crystals as
reported by us before.”” The octahedral sample is 1 ym in size,
with regular octahedral shape and {111} surface planes. The
truncated octahedral sample is about 1 um in size with {111}
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Figure 1. XRD patterns of the LiMn, sNiy O, samples.

Figure 2. FE-SEM images of the LiMn, Ni, O, samples with various
morphologies: (a) cubic, (b) spherical, (c) octahedral, and (d)
truncated octahedral.

planes and truncated {001} planes. Schematic drawings
depicting the various morphologies and crystallographic planes
are shown in Figure 3. The truncated and octahedral particles
are composed of smooth, single-crystal surface planes. The
cubic sample has two predominant crystal planes, with some
surface irregularity and roughness. The spherical particles have
some single-crystal octahedral particle surfaces but with
variations and imperfections. Detailed characterization of the
crystal planes along with the TEM evidence can be seen in our
earlier investigations.””>°

The electrocatalytic activity of the four samples for OER was
evaluated in alkaline solutions by LSV in oxygen saturated 0.1
M KOH solution at a scan rate of 20 mV s '.The apparent
current densities vs potential curves were normalized to the
geometric area of the substrate, without any correction for
ohmic drop, and the results are presented in Figure 3. A
histogram comparing the activities of the four samples is given
in Figure 4. Despite the same chemical composition and final
synthesis temperature, the four morphologies exhibit marked
differences in their OER activities. The OER activity increases
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Figure 3. Linear sweep voltammograms of the LiMn, {Niy O, samples in 0.1 M KOH at a scan rate of 20 mV s™": (a) cubic, (b) spherical, (c)

octahedral, and (d) truncated octahedral.
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Figure 4. Histogram illustrating the shape-dependent electrocatalytic
activity of LiMn, sNiy 5O, spinel oxides for OER.

in the order truncated octahedral < cubic < spherical <
octahedral. For example, the specific catalytic activities of the
truncated octahedral, cubic, spherical, and octahedral samples
are, respectively, 1.1, 1.7, 2.2, and 3.3 mA/cm?” at 1.7 V vs RHE.
Clearly, the octahedral sample with all {111} surface planes
exhibit superior activity compared to the other samples,
whereas the truncated octahedral sample with truncated
{001} planes exhibit the lowest activity. The octahedral sample
also exhibits a ~ 2-fold enhancement in the current density
measured at 1.78 V at the 10th cycle and an ~3-fold
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enhancement at the 100th cycle relative to the 1st cycle. The
spherical sample shows higher activity than the cubic sample as
it is composed of nanoscale octahedral crystals. Although the
cubic, octahedral, and truncated octahedral samples exhibit
similar surface areas of, respectively, 0.3, 0.7, and 0.3 m* g/, the
spherical sample exhibits a larger surface area of 2.9 m* g™!
because it is composed of a smaller secondary particle (~300
nm). Despite a significantly larger surface area, the spherical
sample shows lower activity than the octahedral sample. This
clearly demonstrates that the morphology and surface planes
play a dominant role in controlling the OER activity.
Computational calculations have shown that the {001} planes
have a higher energy than the {111} planes;*' obviously, the
lower energy of the {111} planes in the octahedral sample is
manifested in higher catalytic activity.

To gain further support, the electrochemical kinetics (Tafel
plot) of the four samples was assessed and the data are
presented in Figure S. The Tafel slopes for the cubic, spherical,
octahedral, and truncated octahedral samples are, respectively,
120, 73, 70, and 92 mV dec™!. The octahedral and spherical
morphologies exhibit a Tafel slope of 70 mV dec™', which is
consistent with the values of 60—80 mV dec™' observed for
OER in alkaline or neutral electrolytes.>>™>* For example,
Co;0, nanocrystals on graphene and PbO, have been reported
to exhibit a similar Tafel slope of, respectively, 67 and 70 mV
dec™.%” A value of 59 mV dec™" observed for cobalt phosphate
(Co—Pi) in neutral electrolyte corresponds to 2.3 X RT/F,
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Figure S. Tafel plots of the various morphologies of LiMn, ;Ni, O,
spinel oxides for OER.

which is characteristic of an OER involving a reversible one-
electron transfer prior to a chemical turnover-limiting step.**
The unusually high Tafel slope of 120 mV dec™" exhibited by
the cubic sample implies a sluggish OER. Similar higher Tafel
slopes of ~120 mV/decade have been reported for bulk
LiCoO, and LiCoPO, particles without any particular
morphology.®®*

The durability of the catalysts was assessed by chronoam-
perometric measurements at 25 °C, and the data are shown in
Figure 6. The data were collected at a potential of 1.7 V for a
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Figure 6. Polarization current vs time plots of the LiMn,;NijsO,
spinel oxide with various morphologies at 1.7 V in 0.1 M KOH
solution: (a) octahedral, (b) spherical, (c) cubic, and (d) truncated
octahedral.

period of 3 h. The current density remains nearly constant
throughout the test for the cubic, spherical, and truncated
octahedral samples during the 3 h test. In contrast, the
octahedral sample exhibits rather an increase in current density
with time, illustrating a remarkable stability. Thus, the durability
is also controlled by the surface planes similar to the OER
activity, with the octahedral morphology with {111} surface
planes exhibiting better stability. The better stability of the
octahedral crystal is consistent with the lower energy of the
{111} planes compared to the {001} planes.*

4. CONCLUSION

With an aim to understand the role of morphology and surface
planes on OER activity, the LiMn,¢Ni;sO, spinel in four
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different morphologies (cubic, spherical, octahedral, and
truncated octahedral) has been systematically investigated.
The octahedral sample with the {111} surface planes exhibits
the highest OER activity with the best stability due to the low
surface-energy planes. On the other hand, the truncated
octahedral sample with truncated high-energy {001} planes
exhibits the lowest OER activity. Although the dependence of
ORR activity on surface planes has been well documented with
metal electrocatalysts such as Pt or Pd, such studies are lacking
with oxide OER catalysts partly due to the difficulty in realizing
specific morphologies or surface planes with oxides. This study
initiates such an activity through controlled synthesis, and a
systematic investigation with various other oxide electro-
catalysts could lead to potentially viable low-cost ORR and
OER electrocatalysts for metal—air batteries.
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