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13 ABSTRACT: In lithium−oxygen batteries, the solubility of
14 LiO2 intermediates in the electrolyte regulates the formation
15 routes of the Li2O2 discharge product. High-donor-number
16 electrolytes with a high solubility of LiO2 tend to promote the
17 formation of Li2O2 large particles following the solution route,
18 which eventually benefits the cell capacity and cycle life. Here,
19 we propose that facet engineering of cathode catalysts could
20 be another direction in tuning the formation routes of Li2O2.
21 In this work, β-MnO2 crystals with high occupancies of {111}
22 or {100} facets were adopted as cathode catalysts in Li−O2
23 batteries with a tetra(ethylene)glycol dimethyl ether electro-
24 lyte. The {111}-dominated β-MnO2 catalyzed the formation
25 of the Li2O2 discharge product into large toroids following the
26 solution routes, while {100}-dominated β-MnO2 facilitated the formation of Li2O2 thin films through the surface routes. Further
27 computational studies indicate that the different formation routes of Li2O2 could be related to different adsorption energies of
28 LiO2 on the two facets of β-MnO2. Our results demonstrate that facet engineering of cathode catalysts could be a new way to
29 tune the formation route of Li2O2 in a low-donor-number electrolyte. We anticipate that this new finding would offer more
30 choices for the design of lithium−oxygen batteries with high capacities and ultimately a long cycle life.

1. INTRODUCTION

31 Lithium−oxygen (Li−O2) batteries, with their highest
32 theoretical specific capacity (3623 Wh·kg−1), have received
33 considerable attention over the past decade.1,2 The practical
34 applications of Li−O2 batteries, however, still face great
35 challenges, such as lithium dendrite growth, electrolyte stability
36 issues, and side reactions during the O2/Li2O2 redox reaction
37 at the cathode. While Li dendrite growth could be suppressed
38 using a solid electrolyte or protective layers,3−5 reaching
39 reversible O2/Li2O2 redox reactions still requires a fundamen-
40 tal understanding of the Li2O2 formation/evolution mecha-
41 nism. The key route controlling the morphology of Li2O2 is the
42 formation location of the LiO2 intermediate: when the LiO2
43 intermediate is adsorbed on the cathode surface, Li2O2 thin
44 films tend to form (surface routes); when LiO2 dissolves in the
45 electrolyte, large Li2O2 toroids can be generated (solution
46 routes).6 Because of the insulating behavior of Li2O2, toroid
47 morphology was preferred to thin films in terms of increasing
48 the capacity and cycle life of Li−O2 batteries.

7 The solubility of

49LiO2 is relatively high in high-donor-number (DN) electrolytes
50because of the strong solvation of Li+-containing species;
51therefore, the search for high-donor-number electrolytes was
52believed to be the future research direction for high-
53performance Li−O2 batteries.

6−8 However, strongly solvating
54electrolytes are generally unstable toward the reactive O2

−

55radical, which causes unwanted side reactions.8 The formation
56location of LiO2 intermediate, on the other hand, is also related
57to its adsorption ability on the cathode surface, which might be
58tuned using proper catalysts.
59Effective cathode catalysts, including various precious
60metals, metal oxides, and their composites, have shown the
61ability to reduce the charge/discharge overpotential for Li−O2

62batteries, although the role of the cathode catalyst varies in
63different electrolyte−cathode−catalyst systems.9−12 Carbo-
64nate-based electrolytes tend to decompose in Li−O2
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65 batteries.13 In a Li−O2 cell using dimethoxyethane (DME) as
66 the electrolyte solvent, McCloskey et al. found that metal and
67 metal oxide catalysts were not effective for the oxygen
68 evolution reaction (OER).14 Chen et al. also observed
69 electrolyte decomposition of this electrolyte with the
70 accumulation of Li2CO3 during cycling.15 More stable
71 tetra(ethylene)glycol dimethyl ether (TEGDME) solvent was
72 then developed with higher chemical inertia and low sensitivity
73 to oxygen reduction species.16 Moreover, Wang et al.
74 demonstrated that ruthenium was an effective cathode catalyst
75 in reducing the charging overpotential in a solid-state Li−O2
76 cell with a lithium ion conductive glass−ceramics (LICGC)
77 electrolyte, which implied that nonaqueous OER underwent a
78 solid−solid interaction without liquid facilitators.17

79 The exposed surfaces of the catalysts closely interact with
80 the surrounding electrolytes, thus directly affecting the
81 activation energies for the oxygen reduction or evolution
82 reactions. Song et al. synthesized a Pt catalyst with high-index
83 {411} crystal facets and reported enhanced oxygen reduction
84 and evolution performance compared to those of the
85 commercial Pt/C catalyst in Li−O2 cells.

18 Su et al. reported
86 the effect of Co3O4 crystal facets in reducing the charge
87 overpotential in Li−O2 batteries, which followed {100} <
88 {110} < {112} < {111}.19 Gao et al. found better catalytic
89 performance of the {111} facets compared to that of the {001}
90 facets of Co3O4 and attributed the results to the richer Co2+

91 and more active sites on the {111} facets.20 Lai et al.
92 demonstrated higher OER activities in a Li−O2 cell catalyzed
93 with high-energy facets of Cr2O3 crystals.21 These reported
94 works mainly focus on the facet effect of catalysts during the
95 charging/OER process. The role of catalysts during discharg-
96 ing, particularly the formation of Li2O2, has been poorly
97 developed. Facet engineering of cathode catalysts holds the
98 potential to adjust the adsorption of LiO2 intermediates on the
99 electrode surface, which in turn could control the morphology
100 of Li2O2.

101Earth-abundant MnO2-based structures have received
102considerable attention as the most favorable and nonprecious
103catalysts in lithium−oxygen batteries.22 The effect of crystal
104phases and morphologies on the catalytic properties of MnO2
105has been broadly evaluated.22−26 The catalytic performance of
106MnO2 is greatly limited by its poor electron conductivity.
107Therefore, previous studies mainly focused on improving the
108conductivity of the MnO2 catalyst through the introduction of
109conductive substrates (such as graphene,27,28 carbon nano-
110tubes,29,30 and Ni foam31) or doping with Pd,32,33 Pt,34 or Ti.35

111Although different crystal facets of MnO2 were predicted to
112have different catalytic performance with respect to oxygen
113reduction and evolution reactions (ORR/OER) based on
114density functional theory (DFT) simulations,36−39 the
115controlled growth of MnO2 crystals with tunable facets is
116generally hard to realize at the experimental level and the role
117of MnO2 catalysts in O2/Li2O2 redox reactions is still poorly
118understood.
119In this article, β-MnO2 crystals with high occupancies of
120{111} or {100} facets were successfully synthesized and
121adopted to demonstrate the role of surface engineering in
122tuning the catalytic activities of MnO2 crystals in Li−O2
123batteries. Both {100} and {111} facets of β-MnO2 crystals
124were found to reduce the charge/discharge overpotentials of
125the Li−O2 batteries compared to the pure carbon cathode. For
126the formation of Li2O2 in the low-donor-number TEGDME
127electrolyte, the {111} facets of β-MnO2 facilitated the solution
128routes to forming Li2O2 toroids, while the {100} facets favored
129the surface routes with the formation of Li2O2 thin films. The
130trend in calculated adsorption energies of the LiO2
131intermediate on the {111} and {100} facets of β-MnO2
132further supported our experimental observation.

2. EXPERIMENTAL METHODS
133The detailed experimental methods are provided in the Supporting
134Information.

Figure 1. FE-SEM images of the β-MnO2 crystals with (a) a bipyramidal prism and (b) an octahedron structure obtained with 0.03 and 0.09 M
KCl, respectively. (c) XRD patterns of the β-MnO2 crystals in agreement with standard JCPDS 24-0736. (d) Average occupancy of lateral and
pyramidal surfaces in the two morphologies of β-MnO2 crystals.
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3. RESULTS AND DISCUSSION

135 β-MnO2 crystals were synthesized on the basis of the redox
136 reaction between MnO4

− and Mn2+. The morphology was
137 controlled by varying the concentration of KCl in the
138 precursor solution. The obtained crystals with 0.03 and 0.09
139 M KCl showed bipyramidal prism and octahedron shapes,

f1 140 respectively (Figure 1a,b). The phase of the crystals was
141 confirmed to be β-MnO2 on the basis of their powder X-ray
142 diffraction (XRD) patterns (Figure 1c). The corresponding
143 XRD patterns were in good agreement with standard JCPDS
144 24-0735 with lattice parameters a = b = 4.399 Å and c = 2.874
145 Å. Following the morphology change from bipyramidal prism
146 to octahedron, the ratio of integrated XRD peak intensity
147 I(111)/I(200) increased from 0.514 to 2.001, with a clear change
148 in peak intensities (indicated by the arrows in Figure 1c).
149 Statistical analysis was performed to show the change in
150 exposed surfaces from the bipyramidal prism to the octahedron
151 morphology. The length and width of the prism were
152 measured on the basis of SEM images and analyzed specifically
153 (Figure 1d). The bipyramidal prism morphology had a prism
154 length of close to 3.11 ± 0.34 μm and a prism width of around
155 0.36 ± 0.04 μm, and the octahedron structure had a prism
156 length of around 0.67 ± 0.08 μm and a prism width of around
157 2.78 ± 0.27 μm. The distributions of these dimensions are
158 summarized in the Supporting Information (Figure S1). The
159 occupancy of lateral surfaces and pyramidal surfaces was
160 calculated on the basis of the geometric surface areas of each
161 crystal facet in a single-crystalline particle using the averaged
162 prism length and prism width (Figure 1d). The detailed
163 method is provided in the Supporting Information (Figure S2).
164 The occupancy of lateral surfaces is close to 78% in the
165 bipyramidal prism structure, and the occupancy of pyramidal
166 surfaces is close to 73% in the octahedron structure. More
167 attention, therefore, was drawn to the index of the lateral
168 surfaces in the bipyramidal prism structure and the pyramidal
169 surfaces in the octahedron structure.
170 The surfaces of the bipyramidal prism and the octahedron
171 morphologies were identified by combining high-resolution
172 transmission electron microscopy (HR-TEM), cross-section
173 analysis, and scanning electron microscopy (SEM) analysis.
174 The growth direction of the β-MnO2 crystal was confirmed to
175 be along the [001] tunnel direction on the basis of the
176 selected-area electron diffraction (SAED) pattern obtained

f2 177 from the [100] zone axis (Figure 2a). To identify the lateral
178 surfaces of the bipyramidal prism structure, cross-sectional
179 samples were prepared by ultramicrotomy. The lateral surfaces
180 of the bipyramidal prism were confirmed to be the {100}
181 surfaces based on the SAED pattern acquired from the [001]
182 tunnel axis (Figure 2b). The lateral surfaces of the octahedron
183 were confirmed to be the {110} surfaces based on the SAED
184 pattern obtained from the same [001] zone axis (Figure 2c).
185 The evolution of lateral surfaces from {100} to {110} is
186 consistent with our previous studies40 and is due to the higher
187 surface energy of {100} facets (0.94 J/m2) compared to that of
188 {110} facets (0.62 J/m2).38 Figure 2d shows the atom model of
189 the β-MnO2 crystal with {110} lateral surfaces viewed along
190 the tunnel direction. To confirm that the pyramidal surfaces in
191 the bipyramidal prism and the octahedron structures belong to
192 the {111} facets, interplanar angles were measured in the SEM
193 images (Figure 2e,f) and compared with theoretical values,
194 following our previous methods.41 The interplanar angle
195 between the pyramidal surfaces and {110} facets and the

196diagonal slant angle of the pyramidal surfaces were obtained
197and compared to the theoretical values of 132.7 and 113.6°,
198respectively.41 Representative measurements performed on
199both morphologies are shown in Figure 2e,f.
200On the basis of our previous work,40−43 it should be
201emphasized that the identification of lateral surfaces for
202nanowires is reliable only on the basis of the TEM image
203and the SAED pattern obtained from their growth direction, in
204our case, the [001] tunnel direction. Using SAED patterns
205acquired from the lateral zone axis to identify lateral facets
206would be misleading because TEM images are projected
207images and the random selection of the lateral zone axis (tilting
208the nanowire) will greatly affect the lateral atoms or lattice
209distances observed in the TEM images. As shown in Figure S3,
210β-MnO2 with {100} lateral facets viewed from [100], [110],
211and [210] lateral zone axes gives completely different
212arrangements of lateral Mn atoms and lattice spacings.
213The effect of crystal facets on the catalytic activities of β-
214 f3MnO2 as the cathode catalyst for lithium−oxygen batteries was

Figure 2. Identification of the lateral and pyramidal surfaces of the
two β-MnO2 morphologies combining TEM, SEM, and cross-section
analysis. (a) β-MnO2 bipyramidal prism structure viewed along the
[100] zone axis. The inset panel gives the corresponding SAED
pattern. (b) β-MnO2 bipyramidal prism cross-section sample viewed
along the [001] tunnel direction. The inset SAED pattern confirms
the lateral surfaces to be the {100} facets. (c) β-MnO2 octahedra
viewed along the [001] tunnel direction. The inset SAED pattern
indicates that the lateral surfaces belong to {110} facets. (d)
Simulated atom model showing the structure of β-MnO2 viewed
along the [001] direction with {110} as the lateral surfaces.
Representative interplanar angle measurements performed in β-
MnO2 (e) bipyramidal prism and (f) octahedron structures.
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f3 215 then evaluated. Figure 3a shows the components of the
216 assembled Li−O2 cell. The nonaqueous TEGDME electrolyte

217 was used because of its excellent stability toward highly
218 reactive oxygen radical anion O2

−.44 Our previous work also
219 confirmed the stability of the TEGDME electrolyte upon
220 cycling and the reversibility of Li2O2 formation−dissolution in
221 the presence of the MnO2 catalysts.

45 Figure 3b shows the first
222 charge−discharge cycle of the Li−O2 cells catalyzed with
223 different β-MnO2 catalysts. The capacity-limited charge−
224 discharge method was adopted to avoid electrolyte decom-
225 position and improve the rechargeability of the Li−O2 cell.

45

226 The area capacity was limited to 0.5 mAh cm−2 for all of the
227 cells. A constant discharge and charge current of 0.05 mA cm−2

228 were used. The calculated gravimetric current density was
229 0.023 and 0.025 mA/g for the {100} and {111} structures,
230 respectively. Note that this calculation is based on the mass of
231 the active materials. The two morphologies of β-MnO2 crystals
232 clearly reduced both the charging and discharging over-
233 potentials of the cell (Figure 3b). The {100} and {111} facets
234 showed comparable catalytic performance during the battery
235 discharge, with a discharge plateau at 2.66 V vs Li+/Li. The
236 discharge overpotential was reduced by ∼0.11 V compared to
237 the bare carbon cathode. During charging, the Li−O2 cell
238 catalyzed by the {100} facets had a relatively lower charging
239 potential (3.85−4.10 V) compared to that of the {111} facets

240(3.95−4.25 V), resulting in round-trip efficiencies ∼69 and
241∼67%, respectively. The charge potential was clearly reduced
242compared to that of the Li−O2 cell with a pure carbon cathode
243(4.33−4.49 V). Similar phenomena were observed for the
244second and third cycles (Figure S4). On the basis of our
245previous experiences, the electrochemical performance of the
246Li−O2 cells could be further improved using Al2O3 coatings or
247a smaller particle size of the catalysts.45−47 These methods
248were not developed in this work in order to minimize
249unwanted influencing factors and maintain comparable surface
250areas for the two catalysts.
251Brunauer−Emmett−Teller (BET) analysis was used to
252examine the surface areas of the two morphologies of β-
253MnO2 (Figure S5). The surface areas were found to be 1.33
254and 3.7 m2/g for the bipyramidal prism and the octahedron
255morphologies, respectively. The relatively high surface area of
256the octahedron morphology (rich in {111} facets) did not offer
257better catalytic performance in reducing the charge over-
258potential. This demonstrates that the crystal facets effect is
259more crucial in regulating the charge/discharge overpotential.
260To understand the role of β-MnO2 crystal facets during the
261charge−discharge process, the discharge products were further
262examined using SEM after the initial discharge. The discharge
263product catalyzed by the {100} facets of β-MnO2 (the
264bipyramidal prism) showed a thin-film morphology (Figure
2653c,d), whereas the discharge product catalyzed by the {111}
266facets (octahedron structure) showed a toroidal morphology
267(Figure 3e,f).
268The ideal electrochemical reaction on the cathode side
269follows eq 1:

+ + − X Yoooooooo2Li O 2e Li O2
charge

discharge
2 2

270(1)

271The oxygen reduction to Li2O2 at low overpotentials follows
272two mechanisms: the solution mechanism, where Li2O2 forms
273mainly in the solution as large particles or toroids, and the
274surface mechanism, where Li2O2 forms as thin films on the
275surface of the cathode.48 The formation mechanism of Li2O2
276was found to be governed by the competition between the
277LiO2 solubility in the battery electrolyte and the adsorption of
278the LiO2 intermediate on the electrode surfaces.6,7 The
279solubility of LiO2 in the electrolyte can be increased using
280solvent molecules with high donor numbers.49 A highly
281dissolved LiO2 intermediate in the electrolyte can facilitate
282the solution mechanism for the growth of Li2O2 into large
283particles.6

284The TEGDME electrolyte used here has a relatively low
285donor number (16.6).50 The solubility of the LiO2
286intermediate would be low in this electrolyte.6 Therefore, the
287surface mechanism would have dominated the formation of
288Li2O2 on the basis of the current theory. However, our
289observation shows that, while the Li2O2 formation on the β-
290MnO2 bipyramidal prism followed the surface mechanism, the
291solution mechanism was surprisingly dominant on the cathode
292loaded with β-MnO2 octahedrons ({111} facets). The reason
293could be related to the competition between the LiO2
294solubility in the electrolyte and its adsorption on different
295crystal facets of β-MnO2. With the same electrolyte, the
296solubility of LiO2 should be consistent in the two Li−O2 cells.
297Therefore, the appearance of the solution mechanism might be
298related to the different adsorption energies of the LiO2
299intermediate on the {111} and {100} facets of β-MnO2.

Figure 3. (a) Schematic image showing the structure of the Swagelok-
type Li−O2 cell. (b) First cycle charge−discharge curves of the Li−O2
cells composed of pure carbon, the β-MnO2 bipyramidal prism (0.03
M, {100}), and the β-MnO2 octahedron (0.09 M, {111}) cathode,
respectively. SEM images showing the morphologies of the discharge
products on the surface of (c, d) the β-MnO2 bipyramidal prism and
(e, f) the octahedron.
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300 Further investigations were carried out on the adsorption
301 energies of LiO2 on the two facets using DFT calculations. To
302 provide the first approximation of the interaction between
303 MnO2 surfaces and LiO2, we considered the LiO2 molecule in
304 the calculations. Solvent effects were taken into account51−53

305 on the basis of an implicit solvation model developed by
306 Hennig and co-workers.54 Several binding conformations of
307 LiO2 on each surface were considered; however, only a few of
308 them were determined to be energetically favorable in the
309 TEGDME electrolyte (Figures S6 and S7). In general, the
310 adsorption energies of LiO2 on the {100} surfaces are more
311 negative than those on the {111} surfaces, which indicates
312 stronger binding in the case of {100} surfaces. This is because
313 both the lithium and oxygen atoms bind with appropriate
314 atoms within the {100} β-MnO2 surfaces (Figure S6), whereas
315 in the case of {111} surfaces, either oxygen or lithium (Figure
316 S7) atoms create a bond with an appropriate surface atom. The
317 stronger interaction between the LiO2 intermediate and the
318 {100} surface compared to the {111} surface could promote
319 the capture of the LiO2 intermediate, facilitating the surface
320 mechanism of Li2O2 thin film formation on the {100} surfaces.
321 On the other hand, the weaker adsorption energies of LiO2 on
322 the {111} facets may indicate the suppression of the
323 adsorption of LiO2 intermediates to the cathode surface and
324 thus may facilitate the solution mechanism for forming Li2O2
325 toroids.
326 On the other hand, the adsorption of the LiO2 intermediate
327 could be affected by the presence of vacancies on the electrode
328 surface. Oxygen radical anion O2

− is needed for the generation
329 of the LiO2 intermediate. The formation of O2

− follows eq 2,
330 where O2 molecules are adsorbed in the vacancies (Vo*) on
331 the electrode surfaces and require one electron to form O2

−

332 anions.55

+ + * →− −VO e O2(sol) O 2(ad)333 (2)

334 Previous DFT calculations have reported that the formation
335 energies of oxygen vacancies on the {100} and {111} facets of
336 β-MnO2 are 1.13 and 1.41 eV, respectively.38 The lower
337 oxygen vacancy formation energy on {100} facets would
338 promote the adsorption of dissolved O2 molecules and the
339 formation of O2

− anions. This in return would affect the
340 adsorption of the LiO2 intermediate.
341 To better illustrate the role of different crystal facets of β-
342 MnO2 during the formation of Li2O2, the reaction processes

f4 343 are further summarized and shown in Figure 4. The LiO2

344 intermediate prefers to absorb on the {100} facets. The
345 adsorbed LiO2 then follows a second electron reduction or
346 direct disproportionate to generate Li2O2 thin films. The {111}
347 facets of β-MnO2, however, facilitate a solution-based
348 mechanism, where LiO2 is mainly dissolved in the electrolyte.
349 The dissolved LiO2 then follows a direct disproportionate or a
350 second electron reduction to form large Li2O2 toroids.
351 During the oxidation of Li2O2, the oxidation of thin film
352 Li2O2 is generally facile and the decomposition of large Li2O2

353 particles is a challenge because the large particles are generally
354 remote from the surface of current collectors and the oxidation
355 of Li2O2 has been reported to be controlled by electron
356 conduction.56,57 This explains our observation that a higher
357 charging overpotential was observed in the Li−O2 cell
358 catalyzed by {111} surfaces of β-MnO2, where Li2O2 toroids
359 were formed.

4. CONCLUSIONS
360We successfully realized solution-based Li2O2 formation in the
361low-donor-number TEGDME electrolyte by facet engineering
362of the β-MnO2 cathode catalysts. β-MnO2 crystals with highly
363exposed {100} and {111} facets showed clear improvements in
364reducing the charge and discharge overpotential compared to
365the bare carbon cathode. The {111} facets of β-MnO2
366facilitated the solution mechanism for the formation of Li2O2
367toroids; the {100} facets, however, catalyzed the surface
368mechanism for the generation of detrimental Li2O2 thin films.
369The different formation mechanism was due to different
370adsorption energies of the LiO2 intermediate on the {100} and
371{111} facets. Our findings indicate that the search for high-
372donor-number electrolytes may not be the only choice for
373high-performance lithium−oxygen batteries. Facet engineering
374of the cathode catalysts would offer more choices for the
375selection of stable electrolytes for Li−O2 cells without
376sacrificing the cell capacity or cycle life. The facet engineering
377of MnO2 crystals shall also bring about new findings for their
378applications in various energy storage devices and catalysis
379reactions.
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