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Hybridizing hierarchical porous transition oxides composed of nanoscale building blocks is highly desirable
for improving the electrochemical performance of energy storage. Herein, we contribute a fabrication of
hierarchically nanoporous flower-shaped metal/transition oxide (Co/Co304—Co0O) with
controllable three-dimensional structure. The designed Co/Coz04—CoO 3D flowers (3DFs) are made of
petal-shaped nanoporous CozO4-CoO nanosheets with tunable pore sizes, in which metallic Co

novel

nanoparticles tend to attach to the edge of larger ones. The hierarchically nanoporous 3DFs with
bimodal pore size distribution and higher fraction of small nanopores exhibit a higher specific
capacitance (902.3 F g™ at current density of 2 A g™} and better cyclability than the uniformly
nanoporous 3DFs with unimodal pore size distribution and larger BET surface area. The enhanced

capacitance is mainly derived from the synergistic effect of hierarchical nanopores, in which large
Received 29t September 2020 di tionately facilitat tic solution flux and diffusive solute t t, whilst small
Accepted 11th November 2020 nanopores disproportionately facilitate osmotic solution flux and diffusive solute transport, whilst sma

nanopores supply faster channels for electron transportation and ion diffusion. Our work should provide

DOI: 10.1038/d0ra08319d a strategy to fabricate a smart functional hierarchical nanoporous architecture with 3DF structures for
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1. Introduction

The morphologies and structures of materials can effectively
tune their physical and chemical properties, such as shape
which determines surface atomic arrangement/coordination,
and size which controls surface area."® In order to improve
the performances of materials in energy storage and delivery,
considerable efforts”® have been devoted to fabricating various
electrode materials with both a large specific surface area for
increasing activity sites and a stable structure for facilitating the
electron transportation and ion diffusion.”** Among the re-
ported electrode materials, transition metal oxides are consid-
ered to be one group of the most promising and practical
materials because of their high theoretical capacitance values
and variable oxidation states of metal ions.'***® Low-cost
transition metal oxide materials, including W03, Mo00,,*
MnO,,*" Fe,03,>* NiO,* C030,4,>* Co/Ni binary metal oxide*® and
Co-Ni-Cu ternary metal oxide.** with  controlled
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the development of electrochemical energy storage materials.

?” nanotubes,*® nano-

microstructures, such as nanoparticles,
wires,? nanosheets,** and 3D hierarchical microstructures,**
have been developed and utilized for energy storage.

Cobalt oxides as one of transition metal oxides are consid-
ered to be high priority candidates of ideal electrode materials
because of their intrinsic advantages including low-cost, rela-
tively environmental friendliness and theoretical high specific
capacitance (~3560 F g~* for Co;0, and 2467 F g~ " for CoO).
However, similar to other transition metal oxides, cobalt oxides
have poor electrical conductivity due to the relative wide band
gap or large volume change modulated by ions insertion/
extraction during the redox reaction, which prevents them
from practical applications.?*** Numerous efforts have been
devoted to overcome this disadvantage. One approach is to
incorporate cobalt oxides with highly conductive materials such
as hydroxides MoO,/Co(OH),,** carboneous materials Co;0,/
graphane,* conducting polymers CoO@Polypyrrole** or other
transition metal oxides Co;0,@MnO0,.*® Another approach is to
construct porous architectural nanostructure such as meso-
porous Co;0,4 nanosheet,*” multishelled Co;0, hollow spheres®®
and mesoporous Co;0, architectures.® The above approaches
have somewhat improved the performances of cobalt oxide
materials, but there is still a lot of room to further improve.

Construction of porous structure with defined pore size and
shape (length-diameter ratio) is one important approach to
improve the electrochemical properties**** of cobalt oxide
materials for their applications in energy storage. In widely used
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energy storage systems, such as electric double-layer super-
capacitors, Faraday pseudocapacitors and lithium batteries, the
ions are selected to transport among the electrode materials
and electrochemical reactions where localize at selective area.**
Due to the sieving of the electrolyte ions, adequate pore archi-
tecture and size distribution is more important to achieve
higher electrochemical performance.** As the pore size reduces
to nanometer, the transport of ions through pores is modulated
by various factors, such as the hydrophilic or hydrophobic inner
surface, surface charge properties, size effect, and ion-ion
interactions.*® Both experimental and theoretical studies have
showed that micropores provide high accessible surface area
and mesopores offer fast ion transport channels. Therefore,
hierarchically porous materials with both micropores and
mesopores could have relatively high power and energy density
simultaneously, which has been validated by using carbon
materials.*”~*° The same strategy has been also employed in the
development of hybrid transition metal oxide materials.
However, since the ion insertion/extraction during redox reac-
tions could result in large volume change,* the relationship
between the pore size/architechture and the electrochemical
performance of transition metal oxide materials are still
unclear.

In this work, we present a strategy to synthesize hybridizing
hierarchically nanoporous cobalt oxide material (Co/C0304-
Co0) with controllable pore size, and studied the relationship
between pore size/architechture and the electrochemical
performance of this material. The material has a three-
dimensional flower-shaped (3DF) structure composed of nano-
scale building blocks. Pores within the blocks could have
precisely controlled size and architecture, in which Co nano-
particles can be embedded into the edge of large nanopores by
straightforward annealing Co(OH), 3DFs in Ar atmosphere (Co/
C030,-C00). In electrochemical tests, the bimodally nano-
porous Co/Co30,~CoO 3DFs with mainly smaller nanopores
show the best performance. Consistently, EIS study verifies that,
compared with 3DFs with unimodal nanopores, the bimodally
nanoporous Co/Co;0,-CoO 3DFs exhibits faster redox reaction
and ions/electrons transportation/diffusion, smaller charge
resistance and larger diffusion coefficient and slope. The
enhancement of electrochemical performance is likely domi-
nated by the synergistic effect of hierarchical nanopores, in
which large nanopores disproportionately facilitate osmotic
solution flux and diffusive solute transport, while small nano-
pores supply fast channels for electron transportation and ion
diffusion. This hierarchically nanoporous architecture opens up
an opportunity for the development and design of energy
storage device.

2. Results and discussion

2.1 Synergistic effect of hierarchical nanopores in Co-doped
cobalt oxides 3D flowers for electrochemical energy storage

The pore size distribution and stable 3D nanostructure of the
hierarchical nanoporous Co-doped cobalt oxides 3D flowers
(Co/C030,~CoO 3DFs) can be controlled to synthesize by
calcining Co(OH), 3DFs at 300 °C in Ar atmosphere, which
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maintains the 3D morphologies of precursors Co(OH), 3DFs
(Fig. S1 and S27). The mechanism of Co/C03;0,~CoO 3DFs,
a battery-type electrode material for energy storage (Fig. 1a), is
acknowledged to proceed via redox reaction. The corresponding
reversible reactions of Co®*/Co*" and Co®*/Co** associated with
anions OH ™ (Fig. 1d) can be shown by the following chemical
reaction eqn (1)—(4).'>173%51-54

Co;04 + H,O + OH™ < 3CoOOH + e~ (1)
CoOOH + OH™ « Co0O, + HO + e~ (2)
CoO + OH™ < CoOOH + ¢~ (3)
CoOOH + OH™ < Co0O, + H,O + ¢~ (4)

According to the mechanism of redox reaction, one domi-
nant factor that affects electrochemical performance of the
material is the number of activity cites and the transportation/
diffusion coefficient of electrons/ions/molecules. Since the
synthesized Co/C03;0,-CoO 3DFs is assembled from petaloid
hierarchical nanoporous nanosheets consisting of small CoO
and Co;0, nanoparticles building blocks with metallic Co
embedded in the edge of larger nanopores (Fig. S31 and 1a), the
3DFs can provide significantly enlarged specific surface area,
thus shorten the ion-transportion/diffusion path and provide
more activity cites for the reactions between electrode materials
and electrolyte ions.*>*®

The hierarchical nanoporous Co/C0;0,-CoO 3DFs with
bimodal pore size (4.3 nm and 18.2 nm) distribution exhibit
a high specific capacitance 902.3 F g~' at current density of
2 A g " and good cyclability, suggesting a better electrochemical
performance than the uniformly nanoporous Co/Co;04,-CoO
3DFs with unimodal pore size ditribution. It should be noted
that the specific surface area of bimodally nanoporous 3DFs is

Fig. 1 The schematic illustration of electrochemical energy storage:
(@) the nanoporous 3DFs are loaded on nickel foam for electro-
chemical energy storage, (b) the zoom-in view of electron transport
and ion diffusion in the nanosheet of 3DFs, (c) the ions transport
diffusion among the nanopores of nanosheets, (d) redox reaction on
the surface of materials.

This journal is © The Royal Society of Chemistry 2020
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lower than that of unimodally nanoporous 3DFs. This is
consistent with previous reports in which a higher specific
surface area is not always conducive to higher electrochemical
performance due to the sieving of electrode ions.*>**® There-
fore, the enhancement of electrochemical performance of
hierarchical nanoporous Co/Co030,~CoO 3DFs in this work is
deduced from the pore architecture and size distribution.

The roughness and atomic occupancy of the pore surface,
pore size and draw ratio directly affect the transportation of
electrode ions, electrons and water molecules. The insertion/
extraction of ions may occur during the redox reaction
because of the peak of CV and platform of GCD curves,* which
would change the surface structure or volume of nanopores or
cobalt oxides nanoparticles. However, the micro dynamic
behaviour of ions coming from the change can not be tested or
quantitatively simulated. The macro average dynamics param-
eters of ions or electrons can be calculated from the EIS
measurement. The typical Nyquist plots consist of two parts,
a high frequency area (semicircle) controlled by the kinetics
reaction of electrode and a low frequency area (line) governed by
diffusion of reactants or products of electrode reaction.** For
the kinetics reaction, the charge transfer resistance (R,) of the
hierarchically nanoporous Co/Co3;0,~CoO 3DFs electrodes (0.13
Q) is half of that of the uniformly nanoporous Co-C030,-CoO
3DFs electrodes (0.25 Q), which confirms that the hierarchically
nanoporous Co/Co3;0,-CoO 3DFs electrodes have a faster elec-
tron transport. And the diffusion coefficient D of ions can be
calculated from the low frequency line (the detail derivation has
shown in electrochemical performance test part). The diffusion
coefficient Dy, of hierarchically nanoporous Co/Co;04,~CoO
3DFs is 6.86 x 10~ % cm? s, which is twelve times faster than
that of uniformly nanoporous Co-Co030,-CoO 3DFs, revealing
a faster ions diffusion during the electrochemical reactions.
Therefore, the hierarchical nanoporous 3D nanostructure con-
sisting of small Co;0, and CoO nanoparticle building blocks
with Co embedded in the edge of larger pores can facilitate the
electrons transportation and ions diffusion (Fig. 1b and c),
which is mainly dominated by the synergistic effect of hierar-
chical nanopores.

2.2 Morphologies and nanostructures of the hierarchically
nanoporous Co/C030,-CoO 3DFs

To verify the correlation between nanostructure and electro-
chemical performance of Co-Co;0,~CoO 3DFs, the 3D
morphologies, nanostructures and chemical properties of 3DFs
were investigated. The 3DFs were first imaged by scanning
electron microscope (SEM). Fig. 2 shows representative SEM
images of nanoporous Co/C03;0,~CoO 3DFs prepared by
calcining Co(OH), 3DFs at 300 °C in Ar atmosphere, of which
precursors Co(OH), 3DFs were synthesized by using 10 ml
(named as sample C1) or 20 ml (named as sample C2) etha-
nolamine. In these images, all particles show a 3D flower shape
(Fig. 2a like Dahlia pinnata flower and Fig. 2c¢ like Rosa chi-
nensis flower), and are composed of petal-shaped nanoporous
nanosheets as building blocks. These Co/C0;04,~CoO 3DFs
particles (Fig. S1c and dt) have well preserved the morphologies

This journal is © The Royal Society of Chemistry 2020
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Fig.2 The morphologies of the nanoporous Co/Co304—CoO 3DFs at
300 °C calcined temperature: (a) SEM image of the specimen C1; (b)
the magnified SEM image of C1; (c) SEM image of specimen C2; (d) the
magnified SEM image of C2.

of their precursor Co(OH), 3DFs (see ESI Fig. Sla and bt for
details). The average diameters (Fig. S21) of these Co/C0;0,-
CoO 3DFs prepared by above two conditions are ~15.87 um (C1
with precursors of CH1 (~17.95 um)) and ~4.96 um (C2 with
precursors of CH2 (~5.10 um)), respectively. The thicknesses of
the nanosheets within the 3DFs are typically less than 10 nm,
which are smaller than that of the Co(OH), 3DF precursors
(Fig. S31). The thickness shrinkage may originate from that the
dynamic thermal motion makes the ions tending to aggregate at
the surface of the nanosheets, which eventually cause each
nanosheet to split into two pieces during the calcination. The
average diameter and nanosheet numbers of individual Co/
Co03;0,—Co0 3DFs increased as the decrease of the ethanolamine
stoichiometry. The intrinsic reason is deduced to come from the
concentration of the OH™ solution released from the ethanol-
amine. Lower concentration of OH™ solution would provide
more time and suitable conditions for the assembly of larger
and denser precursor Co(OH), 3DFs, in which the morphologies
are eventually preserved in the product of Co/C03;0,-CoO 3DFs
after calcination.

The detailed nanostructures of individual nanosheets of the
nanoporous Co/Co30,-CoO 3DFs were further investigated by
atomic resolution aberration-corrected electron microscopy (Cs-
STEM). The representative TEM images show that individual
nanosheets of Co/C0;0,-CoO 3DFs (C1, Fig. 3a) are hierarchi-
cally nanoporous thin films consisting of nanoscale building
blocks with black nanoparticles embed in the edge of large
pores. The nanopores size shows bimodal distribution with two
peaks at ~4.3 nm and ~26 nm (Fig. S6bt). The nanoparticles
are ~31 nm in diameter, and prefer to embed into the edge of
large-sized nanopores. The nanosheets of the Co-Co;0,-CoO
3DFs (sample C2, Fig. 3f) acquiring by calcining the precursors
CH2 are made of nanoparticles and form a nearly uniform
nanopores with ~3.5 nm (Fig. S6d¥).

The crystal structures of the hierarchically nanoporous

nanosheets of Co/C03;0,~CoO 3DFs (C1) were further
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10 I/nm

Fig. 3 The nanostructure of the nanosheet of the nanoporous Co/
Co304—Co0O 3DFs: (a—e), bright field (BF) TEM, SAED pattern of the
hierarchically nanoporous nanosheet (C1), HAADF-HRSTEM image of
[111] Coz0y4, [011] CoO and [111] Co, respectively. Inset of (c—e) the
perspective view of the [111] oriented cell of CozO,, [011] of CoO and
[111] of Co showing the atomic columns distribution. (f—j), BF TEM,
SAED pattern of the uniformly nanoporous nanosheet (C2), HAADF-
HRSTEM image of [111] Coz04, [011] CoO and [111] Co, respectively.

characterized by SAED and HAADF-HRSTEM. The correspond-
ing SAED pattern of a single nanosheet is shown in Fig. 3b,
which can be indexed into [011] orientation of fcc CoO, [111] of
fee Co30,, and [111] of fec Co. This observation reveals that each
nanosheet has three crystal phases with preferential orientation
distribution. The phase configuration of the three crystal pha-
ses, fce CoO, fce Coz04 and fcc Co, is imaged with HAADF-
HRSTEM. Fig. 3c-e show the atomic resolution HAADF-
HRSTEM images of fcc Co30,, fcc CoO and fcc Co nano-
particles projected from the [111], [011] and [111] orientation,
respectively. The consistent of SAED and HAADF-HRSTEM
studies demonstrates that the nanosheet was assembled from
nanoscale fec CoO and fec Co;0, building blocks with metallic
Co nanoparticles embed in the edge of large nanopores. It is
therefore observed that individual hierarchically nanoporous
Co/C030,~Co0 3DFs (C1) are formed by Co3;0,-CoO petal-like
hierarchically nanoporous nanosheets skeleton with about
10 nm thickness and with two-level nanopore sizes to which
metallic Co nanoparticles are directly attached at the edge of the
large-level nanopores.

The crystal structure of the uniformly nanoporous Co-
Co3;0,-CoO 3DFs nanosheets were also characterized by SAED
and HAADF-HRSTEM techniques. The SAED pattern (Fig. 3g) of
the uniformly nanoporous Co-Co03;0,-CoO 3DFs (C2) also can
be indexed into [011] orientation of fcc CoO, [111] of fcc Coz0,,
and [111] of fcc Co, demonstrating that each nanosheet has
three crystal phases with preferential orientation distribution.
Furthermore, the atomic resolution HAADF-HRSTEM images of
[111] orientation of fcc Co;0, (Fig. 3h), [011] of fcc CoO (Fig. 3i)
and [111] of fcc Co (Fig. 3j) show that the nanosheet is made of
small nanoscale fec Coz0,, fcc CoO and fee Co building blocks.
Thus the individual uniformly nanoporous Co-Co0;0,-CoO
3DFs (C2) are formed by Co-Co3;0,—-CoO petal-like nanoporous
nanosheets skeleton and with one-level nanopore size.

In order to double confirm above observations, the crystal
structures of Co/Co;0,-CoO 3DFs were further investigated by
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XRD technique. Fig. S41 shows the XRD spectra of two Co/
C030,-Co0 3DFs. The corresponding XRD diffraction peaks can
be indexed to (111), (220), (311), (400), (422), (511), (440) planes
of fcc Coz04, (111), (200), (220), (222) planes of fce CoO, and
(111), (200), (220) planes of fcc Co, respectively. This result is
well consistent with the structure characterization by using
SEAD and HAADF-HRSTEM techniques.

2.3 Chemical analysis of the hierarchically nanoporous Co/
C03;0,-Co0 3DFs

The chemistry states of the hierarchically nanoporous Co/
C030,-Co0O 3DFs were characterized by using XPS, EDX and
HAADF-STEM mapping on a 300 kv HRTEM. The chemical
distributions of individual hierarchically nanoporous Co/
C030,-CoO nanosheet were studied by EDX elemental mapping
analysis technique. Fig. 4a shows the HAADF-STEM image of
a single piece of nanosheet (C1), in which the region used for
the elemental mapping analysis is marked by red rectangular.
The EDX spectrum (Fig. 4b) collected from the area in Fig. 4a
shows the peaks of Co and O, proving the existence of cobalt
and oxygen elements in the nanosheet. Fig. 4c—e show the cor-
responding EDX elemental mappings of cobalt (K,, 6.93 keV),
oxygen (K,, 0.52 keV) elements and their combination, respec-
tively. The elements Co and O are nearly evenly distributed
throughout the skeleton of the nanosheet except the place
where the nanoparticles locate. The signal of element Co is
much stronger than that of element O inside the nanoparticles,
which indicates that the nanoparticles are metallic Co and their
surfaces may be slightly oxidized. The EDX elemental mappings
of the uniformly nanoporous Co/Co3;0,-CoO shows that
elements O and Co are evenly distributed throughout the whole
nanosheets (Fig. S5¢ and dt), which do not show a clear exis-
tence of Co nanoparticles. The intrinsic reason is believed to
originate from the uniformly nanoporous nanosheet is
composed of Co, Co;0, and CoO nanoparticles stacked
randomly.

To further verify the chemical states and composition of the
hierarchically nanoporous Co/Co3;0,~CoO 3DFs (C1), XPS
spectra were obtained before polishing (or ion beam etching)
and after polishing, respectively, of which binding energy was
calibrated with the C 1s peak at 284.6 eV. The XPS spectrum of
the hierarchically nanoporous Co/Co;0,-CoO 3DFs obtained
before polishing (the blue curve in Fig. 4f) shows that the
surface is composed of Co;0, and CoO. After Ar" ion polishing
for 600s, a new peak (red curve in Fig. 4f) located at ~778.0 eV
appears in the Co 2p XPS spectrum, which confirms the exis-
tence of metallic Co. The XPS spectrum after polishing was well
fitted with characteristic peaks of Co;0,4, CoO and metallic Co
as displayed in Fig. 4g. The Co 2p;,, peak located at 778.0 eV and
the Co 2p4/, peak located at 793.3 eV verify the existence of the
metallic Co.®**® The 779.8 eV Co 2p;/, peak combing with the
shake-up satellite peak 786.4 eV and the 796.0 eV Co 2p,,, peak
accompanying the prominent shake-up satellite peak 802.9 eV
indicate the existence of the CoO phase.***® The peaks located
at 781.5 eV with shake-up satellite peak 786.4 eV and 797.9 eV
with shake-up satellite peak 802.9 eV confirm the existence of

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Chemical characterization of the hierarchically nanoporous Co/Co3z04—CoO 3DFs (C1): (a) HAADF-STEM image of the single nanosheet
used for elemental mapping analysis; (b) EDX spectrum; (c) cobalt mapping; (d) oxygen mapping; (e) their combination; (f) the XPS spectra before

and after polishing; (g) the fitted XPS spectra after polishing.

Co3;0, phase.”®” Quantitative analysis of the XPS spectrum
indicates a 12 : 40 : 48 mass ratio of Co, CoO and Co;0,. This
analysis confirms that the hierarchically nanoporous Co/Co30,-
CoO 3DFs is consisted of hierarchically nanoporous Co;0,-CoO
petal-shaped nanosheets (within thickness of 10 nm) with two-
level size of nanopores and the metallic Co nanoparticles are
directly attached at the edge of large level nanopores. The XPS
spectrum of the uniformly nanoporous Co/Co;0,-CoO 3DFs
(Fig. S5f and gt) also reveals the present of Co, CoO and Co;0,
with a 10 : 40 : 50 mass ratio, which is approximately equal to
that of the hierarchically nanoporous Co/C030,~CoO 3DFs.

2.4 Electrochemical performances of hierarchically
nanoporous Co/Co30,-CoO 3DFs

The electrochemical performances of hierarchically nano-
porous Co/Co30,~CoO 3DFs were studied in detail by using
cyclic voltammograms (CV) and galvanostatic charging/
discharging (GCD) techniques. Fig. 5a-c show the CV curves
of the two nanoporous Co/C0;0,~CoO 3DFs in 6 M NaOH
electrolyte at three different scan rate (2 mvs~', 10 mV s~ " and
50 mV s~ ') within the potential ranging from —0.1 to 0.5 V.
Their loading mass of the active materials were 1.39 mg cm >
(C1) and 1.42 mg cm 2 (C2). Two redox peaks at about 0.13 V
and 0.29 V (vs. SCE) are clearly observed for the two nanoporous
Co/C030,~CoO 3DFs electrodes, which correspond to the
reversible reactions of Co**/Co*" and Co®"/Co*" associated with
anions OH . As the increase of scan rate, the electrochemical
response current increases. It is also found (Fig. 4b—c) that the
shapes of CV curves nearly keep same except that the peak
positions are slightly shifted, indicating a good electrochemical
reversibility of these nanoporous Co/Co;0,~CoO 3DFs
electrodes.

Fig. 6a-c shows the galvanostatic charging/discharging
(GCD) curves of the two nanoporous Co/Co;0,~CoO 3DFs
electrodes measured at different discharge current densities of
02Ag ', 1Ag " and 2 A g within 0.35 V electrochemical

This journal is © The Royal Society of Chemistry 2020

voltage window. Fig. 6d displays the specific capacitances
calculated from the GCD curves as a function of discharge
current. The specific capacitances of the hierarchically nano-
porous Co/Co3;0,~CoO 3DFs electrodes (the red line in Fig. 6d)
are 1083.6 Fg ', 965.1 Fg ', 902.3 Fg ' and 760 F g~ " at the
discharge current densities of 0.2 Ag ™', 1Ag ', 2 Ag "' and
10 A g7, respectively. The specific capacitance value of 965.1 F
g 'at 1 Ag ' discharge current density (the condition is widely
used in many reports) is higher than the reported values, as
shown in Table S1.1'®°"¢778 In addition, the specific capacitance
value of 760 F g~ " at the discharge current density of 10 A g~ "
shows a capacitance retention of 78.7% in comparison with that
of 2 A g7', demonstrating a stable current density. The specific
capacitances of the uniformly nanoporous Co-Co3;0,-CoO 3DFs
electrodes (the blue line in Fig. 6d) are 799.1 F g ', 753.7 F g/,
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Fig. 6 (a—c) GCD curves of nanoporous Co/Coz04—-CoO 3DFs
electrodes at different current densities of 0.2 A g7%, 1 A g* and
2 A gL (d) Specific capacitance vs. discharge current for the above
two samples calculated from their corresponding GCDs.

721.7 Fg ' and 525.7 F g~ " at the discharge current densities of
02Ag ', 1Ag ", 2A¢g "and 10 A g ', respectively, which are
all smaller than the corresponding capacitances of the hierar-
chically nanoporous Co/C0;0,~CoO 3DFs electrodes. The
specific capacitance value of 525.7 F g~ " at the discharge current
density of 10 A g~ shows a capacitance retention of 69.7% in
comparison with that of 2 A g~ . This capacitance retention
value is smaller than that of hierarchically nanoporous (78.7%),
indicating that the hierarchically nanoporous structure can
improve the electrode current density stability in comparison
with uniformly nanoporous structure, although they are made
of the same Co/Co03;0,-CoO 3DFs materials.

The above electrochemical performance tests prove that the
hierarchically nanoporous Co/Co0;0,-CoO 3DFs could be
a promising high-performance electrode material for electro-
chemical energy storage. The structure-function relationship
between mcrostructure and electrochemical performance
should be then analyzed comprehensively. Moreover, the hier-
archically nanoporous Co/C030,~CoO 3DFs show similar 3D
architecture and phase composition with these of uniformly
nanoporous Co/Co3;0,-CoO 3DFs, but differ in BET surface area
and pore size distribution. It is interesting to note that,
although the hierarchically nanoporous Co/Co03;0,~CoO 3DFs
have smaller BET surface area (83.63 m”> g~ ', Fig. S6at) thus
provide less efficient contacts between electrode materials and
electrolyte ions than that of uniformly nanoporous Co-C030,-
CoO 3DFs (92.60 m”> g~ ', Fig. Sect), they show an improved
electrochemical performance. This is consistent with previous
reports that a higher BET surface area is not always benefit to
electrochemical performance. Therefore, the improved electro-
chemical performance of hierarchically nanoporous Co/Co30,4—
CoO 3DFs is deduced to result from the bimodal pore size
distribution.

To explore the role of different sized pore in redox reactions,
EIS measurement”® were performed on hierarchically and
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uniformly nanoporous Co/Co;0,~CoO 3DFs, which could
provide us information about redox reaction (electron trans-
portation and ion diffusion). Moreover, the hierarchically
nanoporous Co/Co3;0,~CoO 3DFs show similar pore size
distribution around 4.3 nm to that of uniformly nanoporous Co/
Co0350,—Co0 3DFs, but differ from 26 nm. The two-level sizes
nanopores of the hierarchically nanoporous Co/C0304-CoO
3DFs electrodes should perform different roles during the redox
reactions. The typical Nyquist plots (Fig. 7a) of the electrodes
show that charge transfer resistance (R.) of the hierarchically
nanoporous Co/Co3;0,~CoO 3DFs electrodes (0.13 Q) is smaller
than that of the uniformly nanoporous Co/Co;0,~CoO 3DFs
electrodes (0.25 Q), which confirms that the hierarchically
nanoporous Co/Coz;0,-CoO 3DFs electrodes have a faster elec-
tron transport. To calculate the ions diffusion coefficient D, the
resistance Ry, the point at which the straight extension line
intersects the real axis is equal to R; + Re; — 0°/R.: (Where R; is
the solution resistance and ¢ is the Warburg coefficient), were
tested as 1.78 Q of hierarchically nanoporous 3DFs and 2.04 Q
of uniformly nanoporous 3DFs. Meanwhile, the ¢ can be
described as: ¢ = RT/[Z*F’AC*(2D)"?] (where R is the gas
constant (8.31J (K * mol™ %)), T'is the absolute temperature, Z is
the number of transferred electron charges per diffusing
species, F is Faradays constant (96 500 C mol ™), 4 is the surface
area of electrode, C* is the bulk concentration of the diffusing
species).®* Therefore, the ions diffusion coefficient D can be
derived as:

RT?
D=
2Z*F*A2C(R, + R — Ro)Ro,

Accordingly, the ion diffusion coefficient D of hierarchically
nanoporous 3DFs is 6.86 x 10 % cm” s~ and that of uniformly
nanoporous 3DFs is 0.53 x 10~ em® s™", revealing a faster ion
diffusion.

Long cycle life performance is another critical parameter for
electrochemical energy storage, which determines their prac-
tical applications. To examine the long-term cyclability of the
hierarchically nanoporous Co/Co3;0,~CoO 3DFs, charge/
discharge cycling test with a scan rate of 20 mV s~ ' was per-
formed (Fig. 7b). During the first 70 cycles, the specific capaci-
tance of the hierarchically nanoporous Co/Co03;0,-CoO 3DFs

4 800
@) @ (b)
3 & (&~
s |/
-~ g F -
G2 2 700
= 3 ™
= o, 0% 0 00
NI‘ 1 ;‘: 752 M:&& ME A
& o
0 - 3 600
o 748
7 500 1000 1200
I8 20 22 23 25 23 0 200 400 600 800 1000 1200
7' (Q) Cycle number
Fig. 7 (a) Nyquist plots, red curve for the hierarchically nanoporous

Co/Co0304—Co0O 3DFs and blue for the uniformly nanoporous 3DFs.
(b) The cycling performance of the hierarchically nanoporous Co/
Co30,-Co0 3DFs (C1) electrode with scan rate of 20 mV s™%
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electrode gradually increased from 728.2 F g ' to 760.4 F g,
which may be attributed to the gradual activation process of the
electroactive Co/C03;0,~CoO 3DFs surface. As cycle numbers
increase even more than 1200, the specific capacitance only
shows a ~1% negligible decay, which demonstrates a remark-
able electrochemical stability of Co/Co030,-CoO 3DFs.

3. Conclusion

In conclusion, we present a controllable synthesis of a novel
architecture, hierarchically nanoporous Co/Co30,-CoO 3DFs by
straightforward annealing Co(OH), 3DFs in Ar atmosphere, and
the synthesized 3DFs show remarkable electrochemical prop-
erties for energy storage. Individual hierarchically nanoporous
Co/C030,~Co0 3DF is consisted of hierarchically nanoporous
C030,-Co0 petal-shaped nanosheets (thickness within 10 nm)
skeleton with bimodal pore size distribution and the metallic
Co nanoparticles are directly attach to the edge of large sized
nanopores. The hierarchically nanoporous Co/Co;0,-CoO 3DFs
shows a high specific capacitance (902.3 F g~ ' at current density
of 2 A g ") with good cyclability. The high capacitor perfor-
mance is resulted from the novel nanostructure and hierarchi-
cally nanopores, which offer more electroactive sites for
efficient redox reactions and facilitate electron transport and
ion diffusion. The improved capacitance mainly originates from
the novel nanostructures and the hierarchical nanopores coor-
dinating role. Our work should provide a smart way for
synthesize functional hierarchically nanoporous 3D architec-
ture, which can be used as electrochemical electrodes for
improved energy storage capacity.

4. Experimental section
4.1 Synthesis of Co(OH), 3DFs

10 ml of ethanolamine was added to a 1 L of 0.1 M Co(CH3;-
COO0),-4H,0 solution in a glass vial. The uniformity blue-green
mixture was kept at room temperature for 24 h. After complete
reaction, the pink precipitates (sample CH1) were generated at
the bottom of the glass vial and the color of the upper solution
changed to pink. The precipitates were collected and washed
several times with water and ethanol. Then the ethanolamine
was changed to 20 ml (sample CH2), the other steps followed as
upon, and another three samples were prepared.

4.2 Synthesis of nanoporous Co/C03;0,-CoO 3DFs

Co/C03;0,~CoO 3DFs were synthesized by straightforward
annealing the four Co(OH), 3DFs at 300 °C for 4 h under a Ar
flow, where the heating rate was 4 °C min~" and the Ar flow rate

was 20 ml min~ .

4.3 Characterization

The morphological, crystal structural and chemical character-
ization of the Co/Co30,-CoO 3DFs were analyzed at the nano-
scale using a field emission scanning electron microscope
(FESEM, Hitachi S-4800, Japan), spherical aberration correction
electron microscope (Cs-STEM, Titan Cubed Themis G2 300,
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FEI), high angle annular dark field and high resolution scan-
ning transmission electron microscope (HAADF-HRSTEM),
selected area electron diffraction (SAED), EDX mapping and X-
ray diffraction (XRD) instrument using Cu Ka radiation (A =
1.5418 A) (X'pert powder, Philips). The chemical composition
and atomic bonding states were analyzed by X-ray photoelec-
tron spectroscopy (XPS, Kratos Axis Ultra DLD, Japan). The
Nitrogen adsorption-desorption isothermals were measured at
77 K using Brunauer-Emmett-Teller (BET, ASAP2020, Micro-
meritics, USA).

4.4 Electrochemical tests

The electrochemical studies were tested in a three-electrode
system with a 6 M NaOH electrolyte solution at room temper-
ature, where a platinum electrode was used as counter elec-
trode, a saturated calomel electrode as reference electrode and
the nanoporous Co/C03;0,-CoO 3DFs (80 wt%) compounded
with acetylene black (15 wt%) and polyvinylidene fluoride
(5 wt%) then pasted on to a piece of nickel foam (1 x 1 cm?) as
working electrode.*® The cyclic voltammogram (CV), galvano-
static chaging/discharging (GCD) and electrochemical imped-
ance spectroscopy (EIS) were measured with a RST5200
electrochemical workstation (Zhengzhou Shiruisi Instrument
Technology Co., Ltd. China), and the window voltage was set
between —0.1 and 0.5 V at scan rates of 1, 2, 5, 10, 20, 50 and
100 mV s~ ', respectively.

The specific capacitance (Cs) of the nanoporous Co/C030,-
CoO 3DFs electrode could be calculated from the GCD curves
with the following equations:

it
mAV

S

where 7 is the constant current, ¢ is the discharge time, m is the
loading electrode mass, and AV is the potential.
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