
Article
Durable and Efficient Hollow Porous Oxide
Spinel Microspheres for Oxygen Reduction
Hao Wang, Ruiping Liu, Yutao

Li, ..., Ru Zhang, Ming Lei,

Zhiqun Lin

lytthu@gmail.com (Y.L.)

mlei@bupt.edu.cn (M.L.)

zhiqun.lin@mse.gatech.edu (Z.L.)

HIGHLIGHTS

We synthesize hollow porous

oxide spinel microspheres

The ZnMnCoO4 microspheres

exhibit the best oxygen reduction

activity

The ZnMnCoO4 microspheres

show excellent durability in the

alkaline solution

The superior performance is

ascribed to the electronic

transition of Co3+ ions
The oxygen reduction reaction performance of the hollow porous oxide spinel

microspheres was investigated. The ZnMnCoO4 possessed a high onset potential

of 1.00 V and an outstanding durability in the alkaline solution. The electronic

transition of Co3+ ions was found to weaken the Co3+-OH bond and facilitate the

O2�/OH� displacement. Thus, it may offer promising potential for use as an

effective catalyst with high oxygen reduction activity and durability in fuel cells and

metal-air batteries, among other applications.
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Context & Scale

Transition metal oxide catalysts

with high oxygen reduction

activity and durability are highly

desirable as they promise new

opportunities as alternatives to

rare noble-metal catalysts for use

in fuel cells and metal-air

batteries. However, transition

metal oxides often possess high

overpotentials. In this paper, we

report the crafting of a family of

Co3+-based spinel oxides (AB2O4:

A = Zn2+ and B = Mn3+ and/or

Co3+) and the subsequent
SUMMARY

Transition metal oxide catalysts with high oxygen reduction activity and dura-

bility are highly desirable for use in fuel cells and metal-air batteries. Herein

we report, for the first time, the oxygen reduction activity of hollow porous

spinel AB2O4 microspheres, where A = Zn2+ and B = Mn3+ and/or Co3+ (i.e.,

ZnMnxCo2�xO4). Among them, ZnMnCoO4 (x = 1) microspheres exhibit the

best oxygen reduction activity with a half-wave-potential only 50 mV lower

than that of the Pt/C counterpart and an excellent durability in the alkaline so-

lution. Importantly, the electronic transition of Co3+ ions from low-spin state

in commercial Co3O4 catalyst to a mixed high-spin and low-spin state in

ZnMnCoO4 catalyst was found to weaken the Co3+-OH bond and facilitate the

O2�/OH� displacement. The density functional theory calculation substantiated

that ZnMnCoO4 displayed a more favorable binding energy with O2 and

oxygenated species, thereby enabling the fast reaction kinetics in the oxygen

reduction reaction process.
exploration of their use as

catalysts in the oxygen reduction

reaction (ORR) by scrutinizing the

correlation between the

electronic structure of Co3+ ions

and the resulting ORR

performance. Among them,

ZnMnCoO4 (x = 1) microspheres

where Mn and Co ions are located

at the B site of spinel AB2O4 were

found to exhibit the best oxygen

reduction activity, with a half-

wave-potential only 50 mV lower

than that of the Pt/C counterpart

and an excellent durability in the

alkaline solution. The electronic

transition of Co3+ ions from low-

spin state in commercial Co3O4

catalyst to a mixed high-spin and

low-spin state in ZnMnCoO4

catalyst was found to weaken the

Co3+-OH bond and facilitate the

O2�/OH� displacement.
INTRODUCTION

Due to high cost of noble-metal catalysts and the declining oxygen reduction activity

on the cathode of proton exchange membrane (PEM) fuel cells and metal-air batte-

ries, recent research has witnessed intense investigation into the promising and ver-

satile non-precious catalysts for the oxygen reduction reaction (ORR).1–5 To this end,

several low-cost non-noble-metal alternatives have emerged, including carbon-

based materials,6–9 non-precious transition metals and metal alloys (e.g., Fe, Co,

Ni-Cu alloy),10–12 and transition metal oxides (e.g., Fe3O4, Co3O4).
13,14 However,

transition metal oxides often possess high overpotentials. Moreover, carbon-based

catalysts and transition metal alloys often involve poor durability, thus preventing

them from large-scale commercial applications in PEM fuel cells and metal-air

batteries.

It is notable that the activity of ORR catalysts is primarily controlled by their elec-

tronic structures, where the energy released due to the bond formation of

M(m+1)+-O2
2� (M = Co, Mn, etc.) on the surface of catalyst is required to be close

enough to the energy needed to break the Mm+-OH� (M = Co, Mn, etc.) bond to

ensure a fast displacement of O2�/OH� and OH� regeneration.15 As an important

class of metal oxides, perovskite oxides (ABO3) with the s* antibonding orbital

(eg = 1) displays the highest ORR activity.16 However, most perovskite oxides tend

to dissolve in an acid solution and their surface amorphization usually occurs in an

alkaline solution.17 Notably, Co3+-based oxides such as Co3O4 and LaCoO3 have

been explored as promising ORR catalysts.18,19 The reasons are twofold. First, the

Co3+-O2� and Co3+-OH possess the moderate bond strength. Second, Co3+ with
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six 3d electrons is on the border of high-spin states (t2g
4eg

2) and low-spin states

(t2g
6eg

0) owing to their similar crystal field splitting energy (D) and the pairing energy

(P), making Co3+-based oxides unique as ORR catalysts. The electronic structure of

Co3+ in oxides depends sensitively on the Co3+-O2� bond strength. For example,

the electrons in LaCoO3 undergo a spin-state transition from low-spin states to inter-

mediate-spin states and eventually to high-spin states as temperature increases

from 50 to 600 K as a result of the change of the Co3+-O2� bond length.20

Herein, we report the crafting of a family of Co3+-based spinel oxides AB2O4 (A =

Zn2+ and B = Mn3+ and/or Co3+) and the subsequent exploration of their use as

catalysts in ORR by scrutinizing the correlation between the electronic structure

of Co3+ ions and the resulting ORR performance. Moreover, the morphology of

materials has a great impact on their catalytic activities. A desirable structure as

electrocatalysts should have the abundant active sites and the excellent mass

transport ability with the electrolyte. The catalysts with hollow porous structure

possessing high surface area and good contact with electrolyte usually show the

improved ORR activities. Organic soft template, polyvinyl pyrrolidone (PVP), is

often used in forming well-defined porous structure as it can be removed easily

by calcination in air after the target structure is obtained. The decomposition of

PVP creates the hollow structure, and the release of CO2 and H2O results in the

porous surface. In this study, the hollow porous ZnMnxCo2�xO4 (0 % x % 2) micro-

spheres were yielded via a simple two-step process, that is, the synthesis of the

coordination complex as precursors containing Zn, Co, and Mn ions, followed by

its calcination in air. Compared with solid commercial Co3O4 used as control,

these ZnMnxCo2�xO4 microspheres have higher surface areas and more active

sites for ORR. Among various spinel oxides ZnMnxCo2�xO4 crafted, hollow porous

ZnMnCoO4 microspheres exhibited the highest oxygen reduction performance

with a half-wave potential 50 mV lower than that of widely used Pt/C and an excel-

lent durability in an alkaline solution. It was found that the stronger Zn2+-O bond

than Co2+-O in the tetrahedral a sites and the larger size of Mn3+ ions than Co3+

ions in octahedral b sites weakened the Co3+-O bond and altered the spin states

of Co3+ ions, thereby leading to a greatly improved ORR performance of

ZnMnCoO4 compared with that of solid Co3O4 and hollow porous ZnCo2O4.

More importantly, the density functional theory (DFT) calculation corroborated

that the Co3+-O and O-O bond distances were increased with the increased incor-

poration of Mn3+ ions, suggesting the suitable bond strength for fast ORR reac-

tions. Moreover, in stark contrast to ZnMn2O4 which has a weak interaction with

oxygen and a low ORR activity as a result of the largest Mn-O bond distance,

ZnMnCoO4 demonstrated a more energetically favorable binding with O2 and

oxygenated species, thus resulting in the fast ORR kinetics.
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RESULTS

The morphology of as-prepared ZnMnxCo2�xO4 samples were examined by trans-

mission electronmicroscopy (TEM) and field-emission scanning electronmicroscopy

(FESEM) as shown in Figures 1, S1, and S2, respectively. The ZnCo2O4 and

ZnMnCoO4 samples possessed a microsphere-like structure with an average diam-

eter of approximately 750 nm (Figure S1). A hollow interior of ZnCo2O4 and

ZnMnCoO4 microspheres is clearly evident in TEM images (Figure 1), where the shell

of ZnCo2O4 microspheres is slightly thicker than that of ZnMnCoO4 microspheres. It

is not surprising that the hollow interior resulted from thermal decomposition of

poly(vinyl pyrrolidone) (PVP) in the PVP-metal-ion-containing precursors (i.e., a coor-

dination complex formed by the coordination of pyrrolidone groups and metal ions;
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Figure 1. Morphologies and Element Distribution of As-Obtained Microspheres

(A) TEM images of hollow porous ZnCo2O4 (x = 0). Scale bar, 500 nm.

(B) ZnMnCoO4 (x = 1) microspheres. Scale bar, 600 nm.

(C–F) Elemental mapping of hollow porous ZnMnCoO4 microspheres: (C) Co, (D) Mn, (E) Zn, and (F) O. Scale bar, 1 mm.
see Experimental Procedures) in air at high temperature and, moreover, the release

of CO2 created porous surface on microspheres.21 The EDX mapping of ZnMnCoO4

microspheres revealed the uniform distribution of Zn, Mn, Co, andO elements within

microsphere (Figures 1C–1F).

The Brunauer-Emmett-Teller (BET) specific surface area of ZnCo2O4 and ZnMnCoO4

microspheres was found to be 21.2 and 30.9 m2 g�1, respectively (see Experimental

Procedures). The pore size distribution was then calculated from the desorption

curve of the nitrogen isotherm by the Barrett-Joyner-Halenda method (Figure S3).

The hollow ZnCo2O4 microspheres had a pore size over a range of 3.0–16.0 nm

with an average pore diameter of approximately 9.7 nm. For ZnMnCoO4 micro-

spheres, a more uniform pore size distribution with a slightly smaller pore

(�8.5 nm) was observed.

Figures 2A and S4 compare the powder X-ray diffraction (XRD) patterns of as-pre-

pared hollow porous ZnMnxCo2�xO4 microsphere samples and commercially avail-

able solid Co3O4 powder. A pure phase with cubic spinel structure was obtained

for samples with x = 0 and 1 (i.e., ZnCo2O4 and ZnMnCoO4). ZnMn2O4 with a lat-

tice parameter a = b = 5.7284 Å and c = 9.1953 Å has a tetragonal structure

because of the strong Jahn-Teller effect of Mn3+ (t2g
3eg

1). Clearly, tetragonal

and cubic phases coexisted in the ZnMn1.2Co0.8O4 sample with x = 1.2 (Figure S4).

The diffraction peaks at 2q = 18.9�, 31.2�, 36.8�, 38.4�, 44.7�, 55.5�, 59.2�, and
65.1� correspond to the (111), (220), (311), (222), (400), (422), (511), and (440)

lattice planes, respectively. Rietveld analysis of the synchrotron XRD pattern of

ZnMnCoO4 microspheres is shown in Figure 2B and Table S1 with the reliability
Joule 2, 337–348, February 21, 2018 339



Figure 2. XRD Pattern and XPS of the As-Obtained Microspheres

(A) XRD patterns of as-prepared hollow porous ZnMnxCo2�xO4 microspheres and commercially available Co3O4 powder. The standard XRD profiles of

ZnMn2O4 (JCPDS no. 77-0470) and Co3O4 (JCPDS no. 74-2120) are shown in pink and green, respectively.

(B) Rietveld analysis of the synchrotron XRD of ZnMnCoO4 (open circles, experimental measurement; red line, fitted profile). The crystal structure of

spinel ZnMnCoO4 is shown as an inset.

(C and D) XPS spectra of (C) Co and (D) Mn in hollow porous ZnMnCoO4 microspheres.
factors (Rwp = 7.29% and Rp = 5.26%). The cubic spinel phase ZnMnCoO4 has a

space group Fm-3m with a lattice parameter a = b = c = 8.2661 Å. Figures 2C,

2D, and S5 depict the X-ray photoelectron spectroscopy (XPS) results of hollow

porous ZnMnCoO4 microspheres. Clearly, the representative survey XPS spectrum

showed the presence of Zn, Mn, Co, and O elements. The two peaks at 1,044.2 eV

and 1,021.2 eV can be assigned to Zn 2p3/2 and Zn 2p1/2 of Zn2+ ions, respec-

tively.22 The two peaks at 780.7 eV for Co 2p3/2 and 795.8 eV for Co 2p1/2, respec-

tively, are in good agreement with the binding energy of Co3+ in pure Co3O4. Two

Mn 2p1/2 and 2p3/2 peaks at 653.5 eV and 642.2 eV (Figure 2D) confirmed the ex-

istence of Mn3+ in ZnMnCoO4.
23

Figures 3 and S6 compare the ORR performance of as-prepared hollow porous

ZnMnxCo2�xO4 microspheres, commercial Co3O4 powder, and commercial Pt/C

powder as catalysts. The ZnMnCoO4 sample had an onset potential of 1.00 V, nearly

the same as that of Pt/C (1.02 V), which is much better than those of the ZnCo2O4

sample (0.89 V), Co3O4 powder (0.83 V), and the ZnMn2O4 sample (0.72 V). More-

over, ZnMnCoO4 had the highest limiting current density up to 6.2 mA cm�2 (Fig-

ure 3A). The half-wave potential of ZnMnCoO4 was only 50 mV lower than that of

Pt/C and 261mV higher than that of ZnCo2O4 (Figure 3B). Moreover, the ZnMnCoO4
340 Joule 2, 337–348, February 21, 2018



Figure 3. The ORR Performances of the As-Obtained Samples

(A) ORR polarization curves of hollow porous ZnMnxCo2�xO4 microspheres with different value of x, solid Co3O4 powder, and the Pt/C powder as

catalysts in an O2-saturated 0.1 M KOH solution stirred at 1,600 rpm.

(B) Comparison of the ORR polarization curves among the ZnCo2O4, ZnMnCoO4, and Pt/C catalysts in an O2-saturated 0.1 M KOH solution stirred at

1,600 rpm.

(C) The Tafel slope of ZnMnxCo2�xO4, Co3O4 powder and Pt/C catalysts.

(D) The chronoamperometric curves of ZnCo2O4 and ZnMnCoO4 catalysts and Pt/C in an O2-saturated 0.1 M KOH electrolyte at the fixed voltage of 0.6 V

stirred at 1,600 rpm.
sample exhibited a smaller Tafel slope than other spinel oxides (ZnCo2O4 and

ZnMn2O4), signifying its outstanding ORR kinetics (Figures 3C and S6C). The ORR

polarization curves and the current densities of ZnMnxCo2�xO4 with different x at

0.9 V are shown in Figures S6A and S6B, respectively. Clearly, with the increase of

Mn3+ content, the ZnMnxCo2�xO4 samples displayed a markedly enhanced ORR

performance. Among all hollow porous ZnMnxCo2�xO4 microsphere catalysts, the

ZnMnCoO4 catalyst demonstrated the highest ORR activity, while the ZnMn2O4

catalyst yielded the worst ORR activity with a half-wave potential of 0.56 V. The elec-

trochemical impedance results of ZnCo2O4/C, ZnMnCoO4/C, and ZnMn2O4/C are

shown in Figure S7. They all have similar charge transfer resistances (� 44 U), indi-

cating that the electronic structure of the spinel ZnMnxCo2�xO4 dictates the ORR

activity instead of the conductivity.

The durability of the ZnCo2O4, ZnMnCoO4, and Pt/C samples at 0.6 V in an O2-satu-

rated 0.1 M KOH solution stirred at 1,600 rpm was also investigated (Figure 3D). It is

clear that ZnMnCoO4 possessed better stability than ZnCo2O4 and Pt/C. It retained

more than 95% of its initial current after 10,000 s, while the ORR currents of Pt/C and

ZnCo2O4 reached 90% and 86% of their original values, respectively. A 93% of its
Joule 2, 337–348, February 21, 2018 341



original current remains when ZnMnCoO4 was tested at 0.6 V in O2-saturated 0.1 M

KOH solution for 10 hr (Figure S8), signifying the outstanding stability of ZnMnCoO4.

Moreover, both ZnCo2O4 and ZnMnCoO4 catalysts showed a better methanol toler-

ance than the commercial Pt/C in a 3 M methanol solution (Figure S6D). Table S2

summarizes the activity and durability of all catalysts studied in this work.

As hollow porous ZnMnCoO4 microspheres exhibited the highest ORR activity

among all ZnMnxCo2�xO4 catalysts as noted above, we now turn our attention to

further scrutinize the ORR kinetics of ZnMnCoO4 catalyst in an O2-saturated 0.1 M

KOH. The linear sweep voltammetry (LSV) were measured at different rotation rates

and the corresponding Koutecky-Levich (K-L) plots are shown in Figures S9A and

S9B. The number of electrons transferred per oxygen molecule calculated from

slope of K-L plot was 3.80–3.93, indicating a desirable four-electron ORR pathway.

The hydrogen peroxide (H2O2) yield and the number of electrons calculated from the

disk and ring currents (Figures S9C and S9D) revealed that only approximately 5%

HO2
� was produced and the number of electrons transferred was about 3.9, which

is consistent with the results from the K-L plot.
DISCUSSION

The interaction betweenO2, intermediate species (e.g., *O and *OH) generated dur-

ing the ORR process, and spinel AB2O4 is determined by the electronic structure of

the transition metal B ions and the B-O bond character. In spinel AB2O4 (A = Zn2+

or Co2+ andB=Mn3+ and/or Co3+),Mn3+ andCo3+with high crystal field stabilization

energy occupy the octahedral 16b sites and Zn2+ andCo2+ occupy the tetrahedral 8 a

sites to form a typical spinel. Figure S4 shows the lattice parameters increased with

the addition of more Mn3+ ions in ZnMn1�xCoxO4 because of the larger size of

Mn3+ (0.65 Å) than that of Co3+ (0.61 Å for high-spin t2g
4eg

2, and 0.54 Å for low-

spin t2g
6eg

0). Co3O4 is a paramagnetic semiconductor at room temperature with

an antiferromagnetic transition atTN=40K; the high-spinCo2+ ions in the tetrahedral

sites with 3 unpaired 3d electrons carry a magnetic moment, while the octahedral

Co3+ ions have a low-spin state with all 3d electrons paired.24 No electron occupied

in the s* antibonding orbital of Co3O4 leads to a very strong Co3+/O2 interaction

and a quite stable Co4+-O2
2� bond (step 1 in Figure 4C), making it difficult for the

Co4+-O2
2�/Co3+-OOH transition (step 2). Moreover, the insufficiently destabilized

Co4+-O2� bond also reduces the regeneration rate of *OH (step 4).

The electronic structure of Co3+ ions and the Co-O bonding character experiences a

change in spinel Co3O4 as the Co2+ or Co3+ ions are replaced by Zn2+ or Mn3+ ions.

The magnetic susceptibility (c) of hollow ZnCo2O4 and ZnMnCoO4 microspheres is

shown in Figures 4A and 4B. ZnMnCoO4 has an antiferromagnetic-to-paramagnetic

transition at 15 K (Figure 4B). In contrast, ZnCo2O4 has no such an orbit ordering (i.e.,

an antiferromagnetic-to-paramagnetic transition) at low temperature (Figure 4A).

The non-linear curves from both ZnCo2O4 and ZnMnCoO4 at low temperature in Fig-

ures 4A and 4B may be ascribed to the ratio change of high-spin states to low-spin

states of Co3+ ions, which was induced by the change of Co3+-O bond length on the

surface of the ZnCo2O4 and ZnMnCoO4 catalysts with temperature. The effective

magnetic moments of ZnCo2O4 and ZnMnCoO4 microspheres were calculated to

be 3.5 mB and 7.9 mB per formula, respectively. It is important to note that in

ZnCo2O4, each Co3+ ion was calculated to have a magnetic moment of 2.5 mB (Fig-

ure 4A), which is close to the intermediate-spin magnetic moment of Co3+ ion

(t2g
5eg

1). According to the XRD measurements noted above (Figures 2A and 2B),

the stronger Zn2+-O bond within ZnCo2O4 than the Co2+-O bond within Co3O4
342 Joule 2, 337–348, February 21, 2018



Figure 4. The Exploration of ORR Mechanism for ZnMnxCo2-xO4

(A and B) Magnetic susceptibility of hollow porous (A) ZnCo2O4 and (B) ZnMnCoO4 microspheres.

(C) The proposed ORR process occurring on the surface of Co3+ ions.

(D) The relationship between the ORR activity (i.e., onset potential) of a series of catalysts and the B3+-O bond length within the spinel oxide catalysts

(B = Co/Mn).
weakened the Co3+-O bond and increased the bond length of Co3+-O bond from

1.926 Å in Co3O4 to 1.931 Å in ZnCo2O4. Compared with Co3O4, the Co3+ ions

in ZnCo2O4 had a mixed low-spin and high-spin states because of the reduced

Co3+-O covalent bond. On the other hand, Mn3+ ions with a larger size than Co3+

ions in the octahedral sites increased the lattice parameter of ZnMnCoO4 and the

bond length of Co3+-O to 1.964 Å. The effective magnetic moment of ZnMnCoO4

(7.9 mB measured experimentally; Figure 4B) is close to the magnetic moment of

ZnMnCoO4 (7.7 mB theoretically calculated; g = 2) with high-spin states of Co3+

and Mn3+ ions, indicating that Co3+ ions in ZnMnCoO4 had a higher ratio of high-

spin states to low-spin states than Co3+ ions in ZnCo2O4. The much more suitable

population of highly energetic electrons in s* antibonding orbital of ZnMnCoO4

than ZnCo2O4 destabilize the Co3+-OH� bond and provide more energy to form a

relatively stable Co4+-O2
2� bond (step 1 in Figure 4C), thereby facilitating the

O2�/OH� displacement on the surface Co3+ ions of the spinel. Moreover, the rate

of OH� regeneration can be also improved due to the reduced Co4+-O2� bond

strength (step 4 in Figure 4C).

The relationship of catalytic activity of Co3O4, ZnCo2O4, ZnCoMnO4, and ZnMn2O4

catalysts and the bond length of Co3+-O is shown in Figure 4D. The ORR activity was

greatly improved as the bond length of Co3+-O increased. In ZnMn2O4 catalyst, the
Joule 2, 337–348, February 21, 2018 343



Mn3+ ion has a s*-antibonding-filling eg = 1; however, Mn3+ with a strong Jahn-

Teller effect and an Mn3+-O bond length of 2.099 Å (calculated from the XRD profile

in Figure 2A) has a weak interaction with the oxygen and a low ORR activity. More-

over, recently Mn3+ ions in spinel LiNi0.5Mn1.5O4 was found to be unstable in solu-

tion and underwent a disproportionation reaction to form Mn2+ and Mn4+ ions,25

both of which have very low ORR activities. Thus, it is expected that the Mn3+ ions

on the ZnMn2O4 catalyst surface may have low stability. Taken together, ZnMn2O4

catalyst exhibited a worse ORR performance.

The DFT calculations were then conducted to elucidate the relationship between

the ORR activity and the spinel structure of crafted ZnMnxCo2�xO4 catalysts. The

ORR in alkaline solution proceeded via the following reactions.26

O2 + 2H2O+ 4e--/�O2 + 2H2O+ 4e-- (Equation 1)
�O + 2H O+ 4e--/�OOH+OH-- +H O+ 3e-- (Equation 2)
2 2 2

� -- -- � -- --
OOH+OH +H2O+ 3e / O+ 2ðOH Þ+H2O+ 2e (Equation 3)
�O+ 2ðOH--Þ+H O+ 2e--/�OH+ 3ðOH--Þ+ e-- (Equation 4)
2

� -- -- --
OH+ 3ðOH Þ+ e /4ðOH Þ; (Equation 5)

where * represents the adsorbed species on the surface Co3+ ions. Alternatively, a

peroxide intermediate OOH� can be formed instead of the product in reaction (3)

and desorbed from the catalytic site as a stable intermediate. The O2�/OH�

displacement on the surface Co3+ ions in reactions (1) and (5) are the rate-limiting

steps of ORR in the alkaline solution.27 The first step of ORR is the O2 adsorption

on the surface of catalyst (Figure 5A), the oxygenmolecule and Co3+ ion on ZnCo2O4

surface forms a strong bond with a Co-O bond distance of 1.767 Å (second panel in

Figure 5A). In sharp contrast, ZnMnCoO4 has a larger Co-O bond distance of 1.820 Å

(second panel in Figure 5B) and a weaker binding with O2. Moreover, the oxygen

molecule has an O-O bond distance of 1.448 Å in ZnMnCoO4 (second panel in

Figure 5B), which is much larger than that in ZnCo2O4 (1.312 Å; second panel in Fig-

ure 5A). As a result, the reaction (3) in ZnMnCoO4 proceeds much faster and gener-

ates less peroxide intermediate OOH� than that in ZnCo2O4. The dissociation of the

oxygenated intermediated species such as *O and *OH in reactions (4) and (5) limits

the ORR activity in spinel oxides. As shown in Figure 5, the Co-O bond lengths in

ZnMnCoO4 and ZnCo2O4 are 1.712 Å (third panel in Figure 5B) and 1.670 Å (third

panel in Figure 5A), respectively, and the corresponding binding energy in

ZnMnCoO4 is smaller than that in ZnCo2O4. Consequently, ZnMnCoO4 carries a

more favorable binding energy with O2 and oxygenated species (i.e., *O and

*OH) over ZnCo2O4, thereby leading to the faster kinetics in the ORR process.

In summary, a set of hollow porous spinel ZnMnxCo2�xO4 microspheres was suc-

cessfully crafted by forming a metal ion/polymer coordination complex followed

by calcination at elevated temperature. Subsequently, these were exploited as

catalyst in ORR. Among all ZnB2O4 microspheres, ZnMnCoO4 (x = 1) possessed

a high onset potential of 1.00 V and an outstanding durability in the alkaline solu-

tion. An integrated experimental and theoretical study revealed that the 3d elec-

trons in Co3+ ions transformed from low-spin states in Co3O4 (used as control) to a

mixed high-spin and low-spin state in ZnCo2O4 and ZnMnCoO4, which reduced

the bond strength of Co3+-O2� and increased the O2�/OH� displacement.

Compared with ZnCo2O4 catalyst, ZnMnCoO4 catalyst was found to have a more

favorable binding energy with O2 and oxygenated species (i.e., *O and *OH),

thus leading to the faster kinetics in ORR. As such, it may offer promising potential

for use as an effective catalyst with high oxygen reduction activity and durability in

fuel cells and metal-air batteries, among other applications.
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Figure 5. The DFT Calculations for Correlating the ORR Activity with the Spinel Structure of

Crafted ZnMnxCo2�xO4 Catalysts (i.e., ZnCo2O4 at x = 0 and ZnMnCoO4 at x = 1)

(A and B) Optimized atomic structures for the main process of an ORR: (A) ZnCo2O4 and (B)

ZnMnCoO4. The red circles and gray circles represent O atom and Zn atom, respectively. The blue

circle refers to Co atom in (A) and represents B atom (i.e., 50% Mn and 50% Co atoms) in (B).
EXPERIMENTAL PROCEDURES

Synthesis of Hollow Porous ZnMnxCo2�xO4 Microspheres

All hollow porous ZnMnxCo2�xO4 (0 % x % 2) microspheres were synthesized

by a two-step reaction. 0.3 g of polyvinyl pyrrolidone (PVP; molecular weight,

Mw = �30,000 g/mol) was first dissolved in 150 mL of ethylene glycol to

obtain a transparent solution. A stoichiometric amount of zinc acetylacetonate

(Zn(C5H7O2)2), cobalt acetylacetonate (Co(C5H7O2)3), and manganese acetylaceto-

nate (Mn(C5H7O2)3) (all in powder forms) were then added to the above solution

at different cationic ratios under magnetic stirring at room temperature for 2 hr

to yield desired ZnMnxCo2�xO4 (0 % x % 2) microspheres. The mixture was

then transferred to a flask and maintained at 190�C in an oil bath for 6 hr. The

light-brown precipitate was collected by centrifugation and washed several times

with ethanol. The as-synthesized precursors (i.e., the PVP and the metal ions

coordinated complexes) were calcined at 500�C in air for 3 hr to yield the final

product.

Commercial Co3O4 powder was also used as control without any further purification.

Characterization of Spinel Samples

Powder XRD was employed to monitor the phase formation over a 2q range

of 10�–70�. High-resolution synchrotron XRD data was collected at Sector 11
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ID-C beamline at the Advanced Photon Source, Argonne National Laboratory.

A monochromatic X-ray beam with a wavelength of 0.1173 Å was used. The

diffraction data were recorded by an amorphous silicon detector. The two-dimen-

sional images were then integrated to one-dimensional patterns with the Fit2D

program.

The morphology and microstructures of ZnMnxCo2�xO4 samples were investi-

gated by an S-4800 field-emission scanning electron microscope and a transmission

electron microscope. The BET specific surface area of samples was analyzed by

nitrogen adsorption with a V-Sorb 2800P Surface Area and Pore Distribution

Analyzer.

The temperature dependence of magnetic susceptibility was conducted from 2 to

300 K under a magnetic field H = 1 T with a Superconducting Quantum Interference

Device magnetometer.

Electrode Preparation and Electrochemical Measurement

All electrochemical measurements were carried out on an Autolab electrochemical

workstation with a conventional three-electrode system in N2- and O2-saturated

0.1 M KOH solution. The Hg/HgO electrode, a Pt foil, and a glassy carbon elec-

trode (GCE, 5 mm in diameter) were used as the reference, counter, and working

electrodes, respectively. All the potential values were calibrated to reversible

hydrogen electrode (RHE). The catalyst inks were prepared as follows: 5 mg of cat-

alysts (including 1 mg of Vulcan XC-72 carbon black) and 20 mL of 5 wt.% Nafion

were dispersed in 300 mL of deionized water and 700 mL of isopropanol. Ten mi-

croliters of catalyst ink with a catalyst loading of 0.25 mg cm�2 was dropped

onto GCE and dried at room temperature. The cyclic voltammetry and LSV mea-

surements were performed at a rate of 50 and 5 mV s�1 from 0.3 to 1.1 V (versus

RHE), respectively. The chronoamperometric responses were conducted on a fixed

potential of 0.6 V in an O2-saturated 0.1 M KOH solution; 3 M methanol was added

into the electrolyte when the test proceeded to 500 s in the methanol tolerance

experiment.

First-Principles Calculations

First-principles calculations were performed based on DFT with a plane-wave

basis set for expansion of the wave functions that were implemented with the

CASTEP program. CASTEP in Accelrys Materials Studio was used in this study.

The geometrical structures and density of states were calculated with the PBE

form for generalized gradient approximation (GGA). An energy cutoff of 500 eV

and appropriate k point were chosen to ensure the convergence of total

ground-state energy. The convergence in energy and force were 1 3 10�5 eV

and 3 3 10�2 eV Å�1, respectively. Since electron correlation with the d states

significantly affects the electronic structure and energetic properties of transition

metal oxides, the GGA + U approach was used to accurately calculate the O2 bind-

ing energy with U = 3.3 eV. We only considered typical stoichiometric (311) sur-

face, which exhibited the strongest signal in the XRD result. Inversion symmetrical

slabs were used to remove the dipole moment. The inner two layers of the slab

were frozen at bulk position to simulate the bulk of this material. The thicknesses

of vacuum (10 Å), slab (�10 Å), and free relaxation layer were chosen to obtain a

surface energy in the given direction converged to within 5% of the calculated

value. The O2-binding and O-binding energies for the investigated catalysts

were calculated as Eb = Esubstrate+adsorbate � Esubstrate � Eadsorbate, where Eb,

Esubstrate+adsorbate, Esubstrate, and Eadsorbate refer to the binding energy and the total
346 Joule 2, 337–348, February 21, 2018



energy of the substrate and adsorbate, the substrate, and the adsorbate,

respectively.28

SUPPLEMENTAL INFORMATION

Supplemental Information includes nine figures and three tables and can be found

with this article online at https://doi.org/10.1016/j.joule.2017.11.016.

ACKNOWLEDGMENTS

This work was financially supported by National Natural Science Foundation of China

(nos. 61574020 and 61671085), Natural Science Foundation of Beijing (no.

2162037), Beijing Nova Program (no. Z171100001117077), and China Scholarship

Council (no. 201606470040).

AUTHOR CONTRIBUTIONS

R.L., Y.L., M.L., and Z.L. conceived the idea and co-wrote the manuscript. M.L., Y.L.,

and Z.L. supervised the project. H.W., R.L., Y.L., Z.C., X. Lü, S.Z., Q.W., S.X., and K.Y.
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