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Abstract

Construction of catalysts with designed microstructures is critically important

in heterogeneous catalysis. The soot catalytic oxidation was considered as one

of the most efficient methods for the diesel soot elimination, but its develop-

ment has been hindered by the lack of efficient catalysts. The hierarchically

porous materials with well-defined microstructures are expected to perform

high-catalytic activity for the large-sized soot particulates elimination. Herein,

we report a method to prepare a novel hierarchical hollow structure (HHS)

assembled from porous NiCo2O4 NSs, referred to as NiCo2O4 HHS. The cation-

exchange reaction and Kirkendall effect induce the conversion from the Co-

Asp (Asp: aspartic acid) fibers to the Co,Ni-Asp HHSs. The NiCo2O4 HHSs are

prepared through annealing the Co,Ni-Asp HHSs. As a proof-of-concept appli-

cation, the unique NiCo2O4 HHS is used as a catalyst to eliminate the soot par-

ticulates and exhibits superior performance, which could be attributed to the

improved soot-catalyst contact, sufficient active sites and strong active oxygen

species.
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1 | INTRODUCTION

Construction of catalysts with designed microstructures
is critically important in heterogeneous catalysis.1-4 Soot
particulates released from diesel engines give rise to seri-
ous environmental and health problems.5,6 The combina-
tion of diesel particulate filters and soot oxidation
catalysts has been considered as one of the most efficient
methods for the diesel soot elimination.7,8 Therefore, it is
desired to develop low-cost, efficient and green catalysts
to decrease the ignition temperature of soot particulates.

Although platinum-based precious metals have shown
excellent catalytic performance, the scarcity and high-
price limit their broad utilization.9,10 Recently, numerous
cost-effective transition metal oxides, especially those
with spinel-like or perovskite-like structures,11-13 have
been explored and used as soot combustion catalysts.
However, the catalytic oxidation of soot particulates is a
typical gas-solid-solid tri-phase reaction consisting of gas-
eous reactants (NOx and O2), solid reactants (soot partic-
ulates) and solid catalyst. The conventional meso-/micro-
porous catalysts are inaccessible for the large-sized soot
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particulates (25-100 nm).14 To solve this problem, a series
of advanced catalysts with macro-porous structures have
been developed. For example, by using the hard-template
method, Wei et al. synthesized three-dimensional
(3D) ordered macro-porous catalysts, which exhibited
improved catalytic activity for the soot combustion.15 In
addition, our previous works demonstrated that the mono-
lithic nanoarray structure could remarkably improve the
soot-catalyst contact.16 Nevertheless, the relatively small
surface area of macro-porous catalysts limits the number
of active sites. Therefore, the hierarchically porous mate-
rials are expected to perform high-catalytic activity. On the
other hand, although two-dimensional (2D) nanosheets
(NSs) exhibited high-catalytic performance,17-20 their easy
aggregation hinders their wide utilization. Fortunately, the
assembly of 2D NSs into hollow structures can prevent 2D
NSs from aggregation, endowing 2D NSs with promising
potential in catalysis.21,22

In this work, we report a method to prepare a novel
hierarchical hollow structure (HHS) assembled from

porous NiCo2O4 NSs, referred to as NiCo2O4 HHS. As a
proof-of-concept application, the unique NiCo2O4 HHS is
used as a catalyst to eliminate the soot particulates,
which exhibits superior performance.

Figure 1A illustrates the synthetic procedure for the
porous NiCo2O4 HHSs. First, the Co-aspartic acid (Co-
Asp) fibers were prepared according to our previous work
(Figures S1 and S2).23-25 The Co,Ni-Asp HHSs made of
NSs were obtained by reacting Co-Asp fibers with Ni2+

ions for 3 hours (Step 1 in Figure 1A). The scanning elec-
tron microscope (SEM) images show the hierarchical
nanostructure assembled from 2D NSs with thickness of
12.1 ± 3.4 nm (Figure 1B and Figure S3A). The transmis-
sion electron microscope (TEM) image of a single nano-
structure reveals its hollow interior and open ends
(Figure 1C), indicating the formation of 2D NS-assembled
hollow structure. The X-ray diffraction (XRD) pattern
confirms the inorganic-organic hybrid crystal structure of
Co,Ni-Asp HHSs (Figure S3B). Scanning transmission
electron microscope and energy dispersion spectrum

FIGURE 1 A, Schematic

illustration for preparation of the

NiCo2O4 HHS. B, SEM image, C,

TEM image, and D, STEM-EDS

elemental mappings of the Co,Ni-

Asp HHSs. Inset in (B): high-

magnification SEM image of Co,Ni-

Asp HHSs. E, SEM image, F, TEM

image, G, STEM-EDS elemental

mappings in the selected area in

(F), H, STEM-EDS elemental line

scanning, I, nitrogen adsorption/

desorption isotherms, and J, XRD

pattern of the NiCo2O4 HHSs. Insets

in (E): high-magnification SEM

image, and (I), mesopore size

distribution of the NiCo2O4 HHSs
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(STEM-EDS) elemental mapping images exhibit that the
elements of Co, Ni, and O are uniformly distributed in
the whole hollow structure (Figure 1D). The annealing
treatment can induce the decomposition of Co,Ni-Asp
HHSs to form porous NiCo2O4 HHSs (Step 2 in
Figure 1A).26-29 As shown in the SEM images (Figure 1E
and its inset), although the hierarchical morphology of
NS-based hollow structures maintained well after
annealing, mesopores appeared in the NSs with thickness
of 10.9 ± 1.9 nm (Figure S4A). The TEM image
(Figure 1F) confirms the 2D NS-based hollow structure
with open ends. A typical STEM-EDS elemental mapping
manifests the homogeneous distribution of Co, Ni, and O
in the thermal-induced decomposition product
(Figure 1G). The internal cavities are further verified by
the STEM-EDS elemental line scanning profiles
(Figure 1H). The surface area and size distribution of
mesopores (2-50 nm) in the product are determined by
nitrogen physisorption. The mesopores with pore size
centered at ~7 nm (inset in Figure 1I) were generated in
the NSs owing to the thermal decomposition of aspartic
acid, providing a specific surface area as high as
213.6 m2/g (Figure 1I). Moreover, the hierarchical struc-
ture assembled from 2D NSs endows the NiCo2O4 HHSs
with numerous macropores with pore size of 89.7

± 49.0 nm formed on the surface of HHSs (Figure 1E and
Figure S4B). All the XRD peaks can be indexed to the
spinel-structured NiCo2O4 (JCPDS No. 20-0781)
(Figure 1J). In the Ni 2p X-ray photoelectron spectros-
copy (XPS) spectrum (Figure S5A), the peaks at 873.9 and
855.8 eV are assigned to Ni3+, while the binding energy
at 871.6 and 854.1 eV are indexed to Ni2+. In the Co 2p
spectrum (Figure S5B), the peaks at 795.1 and 780.1 eV
are attributed to Co3+, whereas, the peaks centered at
796.7 and 782.8 eV arise from Co2+. All the aforemen-
tioned results prove the formation of the NiCo2O4 HHSs.

To reveal the conversion from Co-Asp fibers to Co,Ni-
Asp HHSs, the intermediates obtained at different reac-
tion time were studied by SEM and TEM (Figure 2). As
shown in Figure 2A,B, the surface of Co-Asp fibers is
quite smooth. After the Co-Asp fibers reacted with Ni2+

ions for 0.5 hour, a thin layer of small NSs were gener-
ated on the surface (Figure 2C,D). A Co-Asp
fiber@Co,Ni-Asp NS yolk-shell heterostructure was
obtained at reaction time of 1 hour (Figure 2E,F). When
the reaction was stopped at 3 hours, the Co-Asp fibers
have been fully converted into the Co,Ni-Asp HHSs
(Figure 2G,H). A possible mechanism involving the
cation-exchange reaction and Kirkendall effect is pro-
posed for formation of the Co,Ni-Asp HHSs (Figure 2I).

FIGURE 2 A, C, E, G, SEM, and B, D, F, H, TEM images of the obtained products after the Co-Asp fibers reacted with Ni2+ at different

reaction time: A and B, 0 hour, C and D, 0.5 hour, E and F, 1 hour, and G and H, 3 hours. I, Schematic illustration of the conversion from

the Co-Asp fiber to the Co,Ni-Asp HHS
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First, Ni2+ ions can quickly exchange with Co2+ ions of
Co-Asp fibers (Figure 2A,B) to produce a thin layer of
Co,Ni-Asp shell on the surface of the Co-Asp fiber
(Figure 2C,D). The concentration gradient of metal ions
can drive the outward diffusion of Co2+ ions and the
inward diffusion of Ni2+ ions. The difference of the diffu-
sion rates between Co2+ and Ni2+ ions (ie, Kirkendall
effect) lead to the yolk-shell intermediate (Figure 2E,F).30

When the interior Co-Asp is completely consumed, the
Co,Ni-Asp HHS is obtained (Figure 2G,H).31

As a proof-of-concept application, the Co,Ni-Asp
HHSs were used as catalyst to eliminate the soot particu-
lates. The catalytic soot combustion was evaluated by
temperature programmed oxidation (TPO). As compari-
son, the disorder NiCo2O4 NSs were prepared
(Figure S6)32,33 and also used as catalyst for the soot com-
bustion. As shown in Figure 3A, the NiCo2O4 HHSs
exhibit higher activity than NiCo2O4 NSs. Compared with
the NiCo2O4 NSs, the T10 value, that is, the temperature
at 10% soot conversion, decreases from 330�C to 321�C
using NiCo2O4 HHSs as catalyst, and the T50 value, that
is, the temperature at 50% soot conversion, decreases
from 379�C to 354�C (Figure 3B), which is among the
best in the soot elimination catalysts (Table S1). It is

worth mentioning that the practical temperature when
diesel engines exhaust is in the range of 150�C to
380�C.34 Therefore, the NiCo2O4 HHSs can catalytically
remove soot particulates at the practical exhaust tempera-
ture. As known, NO2 is a strong oxidizer and can be
reduced by soot particulates.35,36 In order to reveal the
role of NOx (NO + NO2) in combustion of soot particu-
lates, the NOx concentration was in situ monitored. As a
result, the NO concentration decreases more (Figure 3C),
and the NO2 concentration increases more using the
NiCo2O4 HHSs as catalyst compared to the NiCo2O4 NSs
(Figure 3D), revealing that the NiCo2O4 HHSs can more
efficiently catalyze the oxidation of NO to NO2. It is
worth mentioning that the temperature corresponding to
the maximum NO2 concentration (319�C, Figure 3C,D) is
very close to the ignation temperature of soot using
NiCo2O4 HHSs (321�C, Figure 3B). Therefore, it is rea-
sonable to indicate that the removal of soot is accompa-
nied by the reduction of NO2.

Based on the aforementioned results, the soot oxida-
tion process using the NiCo2O4 HHSs is illustrated
(Figure 4A). Soot particulates are first captured by the 2D
NSs of NiCo2O4 HHSs (Step 1 in Figure 4A and
Figure S7). After NO is oxidized to NO2 on the surface of

FIGURE 3 A, Catalytic soot combustion activities of NiCo2O4 HHSs and NiCo2O4 NSs. B, T10 and T50 values of soot oxidation using

NiCo2O4 HHSs and NiCo2O4 NSs as catalysts. C, Concentration profiles of NO using NiCo2O4 HHSs and NiCo2O4 NSs as catalysts. D,

Profiles of NO2 concentrations and soot removal rate using NiCo2O4 HHSs and NiCo2O4 NSs as catalysts
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NiCo2O4 HHSs, both NO2 and O2 oxidize the soot into
CO2 (Step 2 in Figure 4B). To further explain the high
activity of the NiCo2O4 HHSs, XPS and temperature
programmed reduction by soot (soot-TPR) were per-
formed. The O 1s peak in the XPS (Figure 4B and
Figure S8) showed that the oxygen adsorbed on the sur-
face of the NiCo2O4 HHSs are much more compared to
that of the NiCo2O4 NSs. Moreover, there are mainly two
reductive peaks of α and β in the soot-TPR (Figure 4C).
The α peak represents the active oxygen species for the
soot elimination. Compared with the NiCo2O4 NSs, the α
peak in the NiCo2O4 HHSs appears at lower temperature,
indicating its stronger oxidation ability. Moreover, there
is no obvious change of the morphology, structure and
chemical state of the NiCo2O4 HHSs after the TPO test
(Figure 1E,J, Figures S5 and S9), indicating their high sta-
bility. Therefore, the high activity and stability for the
catalytic soot elimination can be ascribed to the unique
hierarchical nanostructure of the NiCo2O4 HHSs. The
macropores generated from the assembled 2D NSs on the
surface of NiCo2O4 HHSs can capture the soot particu-
lates to improve the soot-catalyst contacts. The meso-
pores generated in the NSs, owing to the thermal
decomposition of aspartic acid, provide high-surface area
and abundant active sites. The 2D NSs are endowed with
strong active oxygen species absorbed on their surface,
and the hollow architectures effectively avoid the aggre-
gation of 2D NSs during catalytic process.

In summary, we have successfully synthesized the
NiCo2O4 HHSs. The cation-exchange reaction and

Kirkendall effect induce the conversion from the Co-Asp
fibers to the Co,Ni-Asp HHSs. The NiCo2O4 HHSs are
prepared through annealing the Co,Ni-Asp HHSs. The
as-obtained NiCo2O4 HHSs exhibit high activity for the
catalytic elimination of soot particulates, which could be
attributed to the improved soot-catalyst contact, sufficient
active sites and strong active oxygen species.

2 | EXPERIMENTAL SECTION

2.1 | Synthesis of Co-aspartic acid
(Co-Asp) fibers

In a typical procedure, 3 mmol of Co(NO3)2�6H2O, 3 mmol
of L-aspartic acid, and 3 mL of NaOH (2 M) aqueous solu-
tion were added to a mixture of 15-mL deionized water and
18-mL glycol. After vigorous stirring for 1 hour, the solution
was transferred into a 50-mL Teflon-lined autoclave, and
then heated and maintained at 180�C for 5 hours. The pink
precipitate was collected by centrifugation at 3000 rpm for
10 minutes, and dried at 40�C for 12 hours.

2.2 | Synthesis of the Co,Ni-Asp
hierarchical hollow structures (Co,Ni-
Asp HHSs)

The as-prepared Co-Asp fibers (0.075 g) were dispersed in
20 mL ethanol. Then, 10 mL of Ni(NO3)2�6H2O

FIGURE 4 A, Schematic illustration of the soot capture and elimination using the NiCo2O4 HHS as catalyst. B, O 1s binding energy

(BE) and percentages of different surface oxygen species. C, Soot-TPR results using NiCo2O4 HHSs and NiCo2O4 NSs as catalysts
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(0.1 mol L−1) aqueous solution were injected into the Co-
Asp fiber ethanolic solution with constant stirring. The
mixed solution was transferred into a 50 mL Teflon-lined
stainless-steel autoclave, and then heated and maintained
at 180�C for 3 hours. The blue-green precipitates were
collected by centrifugation at 3000 rpm for 10 minutes,
and dried at 40�C for 12 hours.

2.3 | Synthesis of the NiCo2O4
hierarchical hollow structures
(NiCo2O4 HHSs)

The NiCo2O4 HHSs were prepared by annealing Co,Ni-
Asp HHSs in air at 400�C for 4 hours.

2.4 | Synthesis of NiCo2O4 nanosheets
(NiCo2O4 NSs)

1.25 mmol of nickel chloride (NiCl2) were first dissolved
in 500-mL deionized water, and then 2.5 mmol of cobalt
chloride (CoCl2�6H2O) and 45 mmol of hexamethylene-
tetramine (HMT, 99%, Sigma-Aldrich) were added. The
mixed solution was refluxed at 95�C for 5 hours under
continuous magnetic stirring and N2 atmosphere. The
powder was collected by centrifuging at 3000 rpm for
10 minutes. Then, the NiCo2O4 NSs were obtained by
annealing the powder in air at 400�C for 4 hours.

2.5 | Characterization

The scanning electron microscopy (SEM) images were
taken with a Hitachi S-4800 scanning electron micro-
scope (SEM, 3 kV). Transmission electron microscopy
(TEM), high-resolution TEM (HRTEM), scanning trans-
mission electron microscopy-energy dispersive spectros-
copy (STEM-EDS) elemental line scanning, and STEM-
EDS elemental mapping were obtained with FEI Tecnai
F2F20 system equipped with GIF863 Tridiem (Gatan).
The X-ray diffraction (XRD) patterns were recorded with
Bruker D8 Focus Diffraction System using a Cu Kα
source (λ = 0.15406 nm). The surface area and pore size
distributions were determined by nitrogen physisorption
by a NOVA 2200e system. The surface area was calcu-
lated using the Brunauer-Emmett-Teller method. Pore
size distributions were calculated using the Barrett-
Joyner-Halenda method from the desorption branch.
X-ray photoelectron spectroscopy (XPS) measurements
were carried out with a spectrometer having Al KR
radiation (PHI5000 Versa Probe). Fourier Transform
Infrared Spectroscopy (FTIR) spectra were recorded on a

MAGNA-IR 750 (Nicolet Instrument Co.). The tempera-
ture programmed reduction by soot (soot-TPR) was eval-
uated by the thermogravimetry (TG) technique using
Printex-U purchased from Degussa as the model soot.
The mixture was heated from 200�C to 850�C at a heating
rate of 10�C min−1 in an atmosphere of N2 with a flow
rate of 50 mL min−1.

2.6 | Catalytic activity evaluation

The temperature programmed oxidation (TPO) of soot was
performed using a fixed-bed tubular quartz reactor
(Ø = 8 mm). The Printex-U purchased from Degussa was
used as the model soot. Catalyst and soot were blended
using an agate mortar, and then placed into the center of a
quartz reactor. The weight ratio of catalyst to soot is 10:1.
The mixture of catalyst and soot was heated from 200�C to
600�C at a heating rate of 2�C min−1 in the flowing N2

atmosphere (50 mL min−1) containing 650 ppm NO and
5% O2. The composition of the effluent gas was analyzed
by a Chemiluminescence NO-NO2-NOx Analyzer (42i-HL,
Thermal Scientific) and on-line gas chromatograph (BFS,
SP3430) using a flame ionization detector (FID). The cata-
lytic activity was evaluated by the values of T10 and T50,
which are defined as the temperatures at the soot conver-
sions of 10% and 50%, respectively. T10 was chosen as the
ignition temperature for soot particulates.

ACKNOWLEDGMENTS
This work was financially supported by the National Nat-
ural Science Foundation of China (No. 21701122). It was
also supported by the Agency for Science, Technology
and Research (A*STAR) under its AME IRG (Project
No. A1783c0009) in Singapore. H.Z. thanks the financial
support from ITC via Hong Kong Branch of National Pre-
cious Metals Material Engineering Research Center
(NPMM), and the start-up grant (Project No. 9380100)
and grants (Project Nos. 9610478 and 1886921) in City
University of Hong Kong.

ORCID
Yifu Yu https://orcid.org/0000-0002-7927-1350
Hua Zhang https://orcid.org/0000-0001-9518-740X

REFERENCES
1. Xu B, He PL, Liu HL, Wang PP, Zhou G, Wang X. A 1D/2D

helical CdS/ZnIn2S4 nano-heterostructure. Angew Chem Int Ed.
2014;53:2339-2343.

2. Chu Y, Wang Z, Jiang Z, Gu D, Yin G. A novel structural
design of a Pt/C-CeO2 catalyst with improved performance for
methanol electro-oxidation by β-cyclodextrin carbonization.
Adv Mater. 2011;23:3100-3104.

6 of 8 YU ET AL.

https://orcid.org/0000-0002-7927-1350
https://orcid.org/0000-0002-7927-1350
https://orcid.org/0000-0001-9518-740X
https://orcid.org/0000-0001-9518-740X


3. Qiao B, Wang A, Yang X, et al. Single-atom catalysis of CO oxi-
dation using Pt1/FeOx. Nat Chem. 2011;3:634-641.

4. Huang X, Tang S, Liu B, Ren B, Zheng N. Enhancing the
photothermal stability of plasmonic metal nanoplates by a
core-shell architecture. Adv Mater. 2011;23:3420-3425.

5. Kimura R, Wakabayashi J, Elangovan SP, Ogura M, Okubo T.
Nepheline from K2CO3/nanosized sodalite as a prospective
candidate for diesel soot combustion. J Am Chem Soc. 2008;
130:12844-12845.

6. Bueno-Lopez A. Diesel soot combustion ceria catalysts. Appl
Catal B-Environ. 2014;146:1-11.

7. Aneggi E, Divins NJ, Leitenburg C, Liorca J, Trovarelli A. The
formation of nanodomains of Ce6O11 in ceria catalyzed soot
combustion. J Catal. 2014;312:191-194.

8. Cao CM, Xing LL, Yang YX, et al. Diesel soot elimination over
potassium-promoted Co3O4 nanowires monolithic catalysts
under gravitation contact mode. Appl Catal B-Environ. 2017;
218:32-45.

9. Liu S, Wu XD, Weng D, Li M, Ran R. Roles of acid sites on
Pt/H-ZSM5 catalyst in catalytic oxidation of diesel soot. ACS
Catal. 2015;5:909-919.

10. Villani K, Kirschhock CEA, Liang D, Tendeloo GV,
Martens JA. Catalytic carbon oxidation over ruthenium-based
catalysts. Angew Chem Int Ed. 2006;45:3106-3109.

11. Lin H, Li Y, Shangguan WF, Huang Z. Soot oxidation and NOx

reduction over BaAl2O4 catalyst. Combust Flame. 2009;156:
2063-2070.

12. Russo N, Fino D, Saracco G, Specchia V. Studies on the redox
properties of chromite perovskite catalysts for soot combustion.
J Catal. 2005;229:459-469.

13. Teraoka Y, Kanada K, Kagawa S. Synthesis of LaKMnO
perovskite-type oxides and their catalytic property for simulta-
neous removal of NOx and diesel soot particulates. Appl Catal
B-Environ. 2001;34:73-78.

14. Cao CM, Zhang YX, Liu DS, Meng M. Gravity-driven multiple
collision-enhanced catalytic soot combustion over a space-open
array catalyst consisting of ultrathin ceria nanobelts. Small.
2015;11(30):3659-3664.

15. Wei YC, Liu J, Zhao Z, et al. Highly active catalysts of gold
nanoparticles supported on three-dimensionally ordered
macroporous LaFeO3 for soot oxidation. Angew Chem Int Ed.
2011;50:2326-2329.

16. Yu YF, Ren JL, Liu DS, Meng M. Domain-confined multiple
collision enhanced catalytic soot combustion over a
Fe2O3/TiO2-nanotube array catalyst prepared by light-assisted
cyclic magnetic adsorption. ACS Catal. 2014;4:934-941.

17. Lei FC, Sun YF, Liu KT, et al. Oxygen vacancies confined in
ultrathin indium oxide porous sheets for promoted visible-light
water splitting. J Am Chem Soc. 2014;136:6826-6829.

18. Bao J, Zhang XD, Fan B, et al. Ultrathin spinel-structured
nanosheets rich in oxygen deficiencies for enhanced electrocatalytic
water oxidation. Angew Chem Int Ed. 2015;54:7399-7404.

19. Chen S, Qiao SZ. Hierarchically porous nitrogen-doped
graphene-NiCo2O4 hybrid paper as an advanced
electrocatalytic water-splitting material. ACS Nano. 2017;7:
10190-10196.

20. Liu J, Zhu D, Ling T, Vasileff A, Qiao SZ. S-NiFe₂O₄ ultra-
small nanoparticle built nanosheets for efficient water splitting
in alkaline and neutral pH. Nano Energy. 2017;40:264-273.

21. Wang PP, Sun HY, Ji YJ, Li WH, Wang X. Three-
dimensional assembly of single-layered MoS2. Adv Mater.
2014;26:964-969.

22. Wang SB, Guan BY, Lu Y, Lou XW. Formation of hierarchical
In2S3–CdIn2S4 heterostructured nanotubes for efficient and sta-
ble visible light CO2 reduction. J Am Chem Soc. 2017;139:
17305-17308.

23. Wang H, Zhuo SF, Liang Y, Han XL, Zhang B. General self-
template synthesis of transition-metal oxide and chalcogenide
mesoporous nanotubes with enhanced electrochemical perfor-
mances. Angew Chem Int Ed. 2016;55:9055-9059.

24. Gao MR, Yao WT, Yao HB, Yu SH. Synthesis of unique
ultrathin lamellar mesostructured CoSe2-amine (protonated)
nanobelts in a binary solution. J Am Chem Soc. 2009;131:
7486-7487.

25. Wu R, Zhang J, Shi Y, Li D, Zhang B. Metallic WO2-carbon
mesoporous nanowires as highly efficient electrocatalysts for
hydrogen evolution reaction. J Am Chem Soc. 2015;137:6983-
6986.

26. Zhu QL, Xia W, Akita T, Zou RQ, Xu Q. Metal-organic
framework-derived honeycomb-like open porous
nanostructures as precious-metal-free catalysts for highly
efficient oxygen electroreduction. Adv Mater. 2016;28:6391-
6398.

27. Xia BY, Yan Y, Li N, Wu HB, Lou XW, Wang X. A metal-
organic framework-derived bifunctional oxygen electrocatalyst.
Nat Energy. 2016;1:15006.

28. Yao HB, Li XB, Ai SY, Yu SH. Hydrazine-cadmium tellurite
hybrid microcrystals: an efficient precursor to porous cadmium
telluride and tellurium architectures through its thermal
decomposition. Nano Res. 2010;3:81-91.

29. Mane GP, Talapaneni SN, Lakhi KS, et al. Highly ordered
nitrogen-rich mesoporous carbon nitrides and their superior
performance for sensing and photocatalytic hydrogen genera-
tion. Angew Chem Int Ed. 2017;56:8481-8485.

30. Pan AQ, Wu HB, Yu L, Lou XW. Template-free synthesis of
VO2 hollow microspheres with various interiors and their con-
version into V2O5 for lithium-ion batteries. Angew Chem Int
Ed. 2013;52:2226-2230.

31. Robinson RD, Sadtler B, Demchenko DO, Erdonmez CK,
Wang LW, Alivisatos AP. Spontaneous superlattice formation in
nanorods through partial cation exchange. Science. 2007;317:
355-358.

32. Yang Q, Wang D, Wang C, Li K, Peng Y, Li J. Promotion effect
of Ga-co spinel derived from layered double hydroxides for tol-
uene oxidation. ChemCatChem. 2018;10:4838-4843.

33. Wang Y, Zhang Y, Liu Z, et al. Layered double hydroxide
nanosheets with multiple vacancies obtained by dry exfoliation
as highly efficient oxygen evolution electrocatalysts. Angew
Chem Int Ed. 2017;56:5867-5871.

34. Peng XS, Lin H, Shangguan WF, Huang Z. A highly efficient
and porous catalyst for simultaneous removal of NOx and die-
sel soot. Catal Commun. 2007;8:157-161.

35. Wei YC, Liu J, Zhao Z, Duan AJ, Jiang GY. The catalysts of
three-dimensionally ordered macroporous Ce1-xZrxO2-
supported gold nanoparticles for soot combustion: the metal-
support interaction. J Catal. 2012;287:13-29.

36. Cao CM, Li XG, Zha YQ, Zhang J, Hu TD, Meng M.
Crossed ferric oxide nanosheets supported cobalt oxide on

YU ET AL. 7 of 8



3-dimensional macroporous Ni foam substrate used for die-
sel soot elimination under self-capture contact mode.
Nanoscale. 2016;8:5857-5864.

SUPPORTING INFORMATION
Additional supporting information may be found online
in the Supporting Information section at the end of this
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