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Nanoporous gyroid Ni/NiO/C nanocomposites
from block copolymer templates with high capacity
and stability for lithium storagef
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Chung-Fu Cheng,? Yu-Ming Chen,? Feng Zou,? Kai-Chieh Yang,® Tzu-Ying Lin,°
Kewei Liu,® Chi-Huang Lai,@ Rong-Ming Ho*® and Yu Zhu @ *2

A nanoporous Ni/NiO/C nanocomposite with a gyroid nanostructure was fabricated by using a nanoporous
polymer with gyroid nanochannels as a template. The polymer template was obtained from the self-
assembly of a degradable block copolymer, polystyrene-b-poly(L-lactide) (PS-PLLA), followed by the
hydrolysis of PLLA blocks. Templated electroless plating followed by calcination was performed to create
a precisely controlled Ni/NiO gyroid nanostructure. After carbon coating, a well-interconnected
nanoporous gyroid Ni/NiO/C nanocomposite can be successfully fabricated. Benefiting from the well-
interconnected nanoporous structure with ultrafine transition metal oxide and uniform carbon coating,
the gyroid nanoporous Ni/NiO/C nanocomposite electrodes exhibited high specific capacities at various
rates (1240 mMAh g tat 02 Ag 902 mAhgtat2 Agtand 424 mAhgtat10 A g™ and excellent
cyclability (809 mA h g~ at 1 A g~* after 1000 cycles, average coulombic efficiency 99.86%). This

Received 3rd May 2018
Accepted 14th June 2018

DOI: 10.1039/c8ta04077) research demonstrates a universal approach for constructing a nanostructured electrode with explicitly

rsc.li/materials-a

1 Introduction

With the increased energy demand from the emerging tech-
nologies such as wearable electronics and electric-powered
vehicles, various functional high-efficiency energy storage
devices have attracted extensive attention in recent years.'°A-
mong the electrochemical energy storage devices, lithium ion
batteries (LIBs) are highly desirable in portable electronic
devices as well as greener automobiles, including electric
vehicles (EVs) and hybrid electric vehicles (HEVs).” "> Never-
theless, a commercial graphite anode exhibits a relatively low
theoretical specific capacity of 372 mA h g™, which is no longer
able to fulfill the requirements of emerging applications such as
EVs, where higher energy density and power density are of
paramount importance. In order to increase the energy density
and power density of LIBs, novel anode nanomaterials with
lower cost, higher specific capacity, and better durability as well
as ratability are urgently needed. Transition metal oxides (MO,,
M =Mn, Fe, Ni, Co, Sn, etc.), as emerging conversion-reaction

“Department of Polymer Science, University of Akron, Akron, Ohio 44325, USA. E-mail:
yu.zhu@uakron.edu

*Department of Chemical Engineering, National TsingHua University, Hsinchu 30010,
Taiwan
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Hsinchu 30010, Taiwan
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This journal is © The Royal Society of Chemistry 2018

controlled block copolymer phase separation.

type anode materials, are appealing candidates due to their
higher specific capacities (~1000 mA h g~ ') compared to that of
an intercalation anode like graphite.***® Furthermore, within
the transition metal oxide category, nickel oxide-based nano-
materials are one of the most studied systems due to their high
lithium storage capacity.**>® However, the performance of the
nanostructured NiO anode has been limited by its poor elec-
trical conductivity and large volume variation upon lithiation
and de-lithiation.?**” Various methods have been carried out to
accommodate the volume expansion phenomenon and
enhance the electrical conductivity. For instance, successful
nanostructure engineering of transition metal oxide materials
has been demonstrated in lithium ion batteries'**>*° to miti-
gate the volume-change-induced mechanical strain. Addition-
ally, hybridization with carbonaceous materials (graphene,
graphene oxides, carbon nanotubes, or conductive polymers)
has been used to enhance the conductivity of the transition
metal oxide electrode.****Another straightforward route to
fabricate nanostructured NiO with carbonaceous hybrid mate-
rials is to directly deposit desired NiO-based materials into
templates with defined nanochannels through templated
syntheses using nanostructured carbon or a nanoporous poly-
mer as a template.>*

In recent decades, block copolymers (BCPs) have been
comprehensively investigated because of their capability to self-
assemble into one-, two-, and three-dimensional periodic
nanostructures while being readily adjustable in size, which is
dependent on their constituted compositions and molecular
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weights.*>*® Moreover, the degradable characteristic of BCPs is
advantageous because it enables the synthesis of nanoporous
polymers with a well-ordered texture by simple removal of
degradable component(s) in BCPs through hydrolysis,*** ozo-
nolysis,* UV degradation,” reactive ion etching*® or hydro-
fluoric acid etching.*” In addition, the nanoporous polymers
with well-defined nanochannels, in particular, for the gyroid-
structured phase from the self-assembly of BCPs, can be used as
templates for templated synthesis.*® By exploiting the templat-
ing process, reactions such as atomic layer deposition,*>*®
electrochemical deposition,>~* electroless plating,**” and sol-
gel reaction®**° can be carried out using the BCP templates for
the fabrication of nanoporous inorganic materials with
precisely controlled morphology after removal of the polymer
template.

Herein, a new approach is proposed for the fabrication of
the nanoporous gyroid Ni/NiO/C nanocomposite with a well-
defined morphology (i.e., gyroid-forming nanostructure). The
well-ordered network structures are of particular interest as
they exhibit excellent performance in mitigating the volume
expansion.® The continuous gyroid structure also provides an
ideal electron transport channel (through the structure of
gyroid itself) and an ion transport channel (through the
continuous voids of the gyroid matrix) for the electrode,
enhancing the power of the electrode. The nanoporous gyroid
nanocomposite was synthesized by using hydrolyzed poly-
styrene-b-poly(r-lactide) (PS-PLLA) to prepare the nanoporous
PS template with gyroid-forming nanochannels,***° followed
by templated electroless plating of Ni to form PS/Ni nano-
hybrids. In order to convert the Ni-based gyroid structure into
a conductive electrode material, a modified two-step calcina-
tion process was incorporated in this study. The main purpose
is to thermally decompose the PS template with good preser-
vation of the gyroid structure and to post oxidize the Ni into
NiO. It must be noted that severe collapse may occur if the PS
template is drastically removed. Therefore, it is necessary to
attune the ramping temperature process for removal of the PS
template and oxidation of Ni, in order to prevent the drastic
deformation of the nanostructure. After removal of the PS
template and further oxidation of Ni, a subsequent carbon
coating procedure was performed to enhance the conduc-
tivity. This nanoporous gyroid-structured Ni/NiO/C nano-
composite is an ideal anode material for the high-
performance lithium-ion battery as it possesses a well-inter-
connected nanoporous structure with an ultrafine transition
metal oxide nanonetwork and uniform carbon coating. These
desirable features enable the subsequently fabricated elec-
trodes to exhibit high specific capacity while simultaneously
providing excellent electrical conductivity and a robust
structure. Consequently, the LIB with this novel anode
exhibits an extremely long cycle life of 1000 cycles at a current
density of 1 A g~ " and excellent rate performance. To the best
of our knowledge, the Ni/NiO/C nanocomposite with a well-
ordered unique nanoporous gyroid structure serving as an
anode in LIB, giving such outstanding performance and
cyclability, has not been previously reported.

2 | J Mater. Chem. A, 2018, xx, 1-9

Paper

2 Experimental section
Synthesis of PS-PLLA

Detailed synthetic strategy and routes for the PS-PLLA sample
were described in previously published results.***> Generally, PS-
PLLA was synthesized by atomic transfer radical polymerization
(ATRP) using a double-headed initiator. GPC was further utilized
to characterize the number-average molecular weight and poly-
dispersity index (PDI) of the product. The PDI of the synthesized
PS-PLLA was then further determined and the repeated unit
number of L-LA versus PS was determined by "HNMR analysis. In
this study, the number-average molecular weights of PS and
PLLA and the PDI of PS-PLLA are 34 000 ¢ mol *, 27 000 g mol "
and 1.21, respectively. For the given densities of PS and PLLA
(1.02 and 1.248 g cm™®, respectively), the volume fraction of
PLLA, fprLa, is then calculated as 0.37.

Preparation of the block copolymer template

Solution casting was carried out to prepare bulk samples of PS-
PLLA with dichloromethane (CH,Cl,) as solvent (10 wt% of PS-
PLLA) at room temperature. The samples were set for two weeks,
and then dried in a vacuum oven at 65°C for three days. With an
aim to eliminate the residual PLLA crystals, the dried samples
were heated to the maximum annealing temperature, Tiax =
175°C for 3 minutes. After quenching (by using liquid nitrogen)
the microphase-separated ordered melt at 175°C, the samples
were used for SAXS experiments. To prepare the nanoporous PS
template with the gyroid nanochannel, hydrolysis of PLLA
blocks from the PS-PLLA samples was carried out by using
a 0.5 M basic solution that was prepared by dissolving 2 g of
sodium hydroxide in a 40/60 (by volume) solution of methanol/
water. After three days of hydrolysis to complete the removal of
PLLA, the hydrolyzed samples were rinsed with a mixture of DI
water and methanol, and then used as templates for following
experiments.

Templated electroless plating of Ni

The nanoporous PS templates with interconnected air networks
were soaked in seeding aqueous solution mixed with methanol
(12 ml) and PdCl, (0.01-0.02 g) with stirring at room tempera-
ture for 3-4 hours. After washing gently with methanol/H,O
solution to remove redundant Pd ions covering on sample
surfaces, the pore-filled samples were immersed into a hydra-
zinium hydroxide (85%, 4 ml) methanol solution for the
nucleation of Pd. With the control of low enough Pd ion
concentrations, a suitable amount of Pd nuclei within the
nanochannels of the template can be formed. Subsequently,
a fresh aqueous solution consisting of NiCl, (0.4 g), hydrazi-
nium hydroxide (4 ml), ammoniumhydroxide (6.4 ml), DI water
(40 ml) and methanol (40 ml) was prepared and then the pre-
treated templates with low content of Pd nuclei were immersed
into the prepared solution. Accordingly, Ni ions were reduced to
Ni clusters arising from preformed Pt nuclei so as to gradually
develop within the nanochannels throughout the growth
process and eventually form the PS/Ni nanohybrids with
a preserved gyroid texture.

This journal is © The Royal Society of Chemistry 2018
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Formation of the nanoporous gyroid Ni/NiO nanocomposite

To produce the nanostructured Ni/NiO nanocomposite, the PS
template of the PS/Ni nanohybrids was degraded and oxidized
by modified calcination under air purge. The temperature was
first increased to 350°C and kept for 1 h for further stabilization.
After that, the temperature was then increased to 450°C. Finally,
the temperature was further kept at 550°C for 5 h to complete
the PS removal. In the second oxidation stage, the temperature
was then decreased to 450°C and stabilized for 1 h. After that,
the temperature was decreased to 350°C for 1 h and then
decreased to room temperature. Consequently, the nano-
structured Ni/NiO materials were obtained.

Carbon coating

Carbon coating was performed by atmospheric pressure
chemical vapor deposition (CVD). Acetylene was used as the
carbon source and the reaction temperature was 450°C. A
continuous argon purge was used during the carbon coating
process. The sample was loaded in a ceramic boat and the
coating time is 5 min. The flow rates of acetylene and argon
were 4 and 200 sccm, respectively.

Battery fabrication

The nanoporous gyroid Ni/NiO/C nanocomposite was mixed
with carbon black and PAA at a weight ratio of 7:2:1,
respectively. The addition of NMP and subsequent mixing using
a pestle and mortar produced a homogenous thick slurry. The
mixture slurry was cast on copper foil using a doctor blade. The
cast electrode was placed in a vacuum oven at 50°C overnight to
remove solvent. 2032 coin cells were used for the fabrication of
half cells. The fabrication of the cells was conducted in an Ar
glovebox. Lithium metal was used as the counter electrode and
Celgard 3501 as the separator. The electrolyte is 1 M lithium
hexafluorophosphate solution in EC and DEC (1 :1 v/v) with
10 wt% fluoroethylene carbonate. The electrodes were punched
into 5/16 circular discs, typically with a mass loading of 0.4-

0.6 mg cm >,

3 Results and discussion

The fabrication procedure of the Ni/NiO/C nanocomposite with
a nanoporous gyroid structure is illustrated in Fig. 1. A PS-PLLA

(a) (b)
Nanoporous PS Template PS/Ni Nanohybrids

> &

Electroless
Plating

&

(c) Nanoporous Gyroid
Ni/NiO Nanocomposite

=

Calcination

Journal of Materials Chemistry A

sample with a molecular weight of 61 000 ¢ mol " and a PLLA
volume fraction of 37% was synthesized, following the previous
reports.’”** A gyroid-forming phase consisting of co-continuous
PLLA networks in a PS matrix can be formed after solution
casting of the synthesized PS-PLLA followed by quenching from
the microphase-separated melt. The one-dimensional small-
angle X-ray scattering (1D SAXS) profile (curve (i) in Fig. 2(a))
confirms the formation of a gyroid phase from the self-assembly
of PS-PLLA at which reflections are found at the relative g values
of V6 : V8 : V14 : /16 : \/32. The inter-domain spacing of
the (211)gyroia (d211)c) Was determined as approximately
51.2 nm from the primary reflection, suggesting a cubic unit cell
of 119.7 nm for the forming gyroid phase. Fig. 2(a) displays the
1DSAXS profile of PS-PLLA after hydrolysis (curve (ii)); the
reflections at the relative g values remain unchanged as
compared to curve (i) in Fig. 2(a), reflecting the preservation of
the gyroid phase after hydrolytic treatment, suggesting that the
PLLA networks can be selectively removed. As a result, the PS
matrix with well-defined, bi-continuous nanochannels can be
fabricated, and then employed as a template for following
electroless plating of Ni. The corresponding one-dimensional
wide-angle X-ray diffraction (1D XRD) profile shown in
Fig. S1(c)T confirmed the formation of Ni in the PS matrix.

To acquire high conversion of Ni to NiO, a 2nd stage calci-
nation was conducted by controlling the treatment temperature
(from 550°C to room temperature), the diffusion of oxygen into
nanoporous Ni will occur after removal of the PS template,
giving rise to the acquired degree of thermal oxidation of Ni. As
shown in Fig. 3(a), all the diffractions can be indexed as fcc
(both Ni and NiO) based on JCPDS card no. 04-0850 and no. 47-
1049, respectively. The lattice constant was calculated by the
first diffraction peak with ay; =3.520 A and anio = 4.171 A. Note
that all diffractions can be well indexed as the reflections of
(111) and (200) for Ni, and (111), (200) and (220) for NiO, sug-
gesting that the nanoporous gyroid Ni/NiO nanocomposite can
be trustfully fabricated after the designed thermal processes for
calcination. As shown in Fig. 3(b), the FESEM micrograph
depicts the unique gyroid texture with tripod and three-fold
symmetry after the calcination, indicating that the well-ordered
nanonetwork for the nanoporous gyroid NiO/Ni nanocomposite
was successfully fabricated. High-resolution TEM (HRTEM) was
utilized to prove the crystalline lattice in real space. Fig. 3(d)
displays the lattice fringes of Ni and NiO grains. The (111) and

(d) Nanoporous Gyroid
Ni/NiO/C Nanocomposite

<3
:> r‘f‘,’g :

Carbon Coating

Oxidation of Ni

Fig. 1 Schematic illustration of fabricating a nanoporous gyroid Ni/NiO/C nanocomposite using a polymer template from self-assembled
degradable BCPs: (a) nanoporous gyroid PS; (b) PS/Ni nanohybrids via templated electroless plating; (c) removal of PS and oxidation of Ni with
controlled calcination. (d) Nanoporous gyroid Ni/NiO/C nanocomposite after carbon coating.

This journal is © The Royal Society of Chemistry 2018
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(a)

—PSINi
—Ni/NiO
Ni/NiO/C

6 —PS-PLLA BCP
Nanoporous PS

I 1 1 I
0 0.2 0.4 0.6 0.8
q (nm)

1.0

Fig. 2 Nanostructural characterization. (a) 1D Small angle X-ray scattering (SAXS) profiles of (i) self-assembled PS-PLLABCPs; (ii) nanoporous PS
template after removal of the PLLA blocks in PS-PLLA BCP by hydrolysis; (iii) PS/Ni gyroid-structured nanohybrids; (iv) nanoporous gyroid Ni/NiO
nanocomposite; (v) nanoporous gyroid Ni/NiO/C nanocomposite. (b) TEM micrographs of the PS/Ni nanohybrids with projection planes along
the [211] direction of the gyroid structure. (c) TEM micrographs of the PS/Ni nanohybrids with projection planes along the [100] direction of the
gyroid structure. The dark contrast represents Ni while the white contrast represents PS.

(200) reflections of Ni and the (200) reflection of NiO (Fig. 3(e
and f)) are in line with the calculated results from XRD
(Fig. 3(a)). Also, Fig. 3(f) shows a clear interface between Ni and
NiO, suggesting the formation of the Ni/NiO nanocomposite.
Furthermore, X-ray photoelectron spectroscopy (XPS) was used
to examine the elemental composition of the nanoporous
gyroid Ni/NiO nanocomposite (Fig. S4t). The results also
confirmed that significant oxygen content was observed. As
a result, the degeneration of the PS template and the thermal
oxidation of Ni should be successfully achieved by the designed
thermal processes for calcination to give the nanoporous gyroid
Ni/NiO nanocomposite. The structure of the nanoporous gyroid
Ni/NiO nanocomposite can be further identified by SAXS (curve
(iv) in Fig. 2(a)); the reflections at the relative g values of
V2 : V6 : /8 : /32 can be found. Note that the appearance
of the v/2 peak is attributed to the formation of network shifting
resulting from removal of the PS template, giving single gyroid
like scattering with reflections similar to the space group of
14,32.7%%* Although the characteristic reflections for the samples
containing Ni/NiO at high g range are relatively broad, the
identification of the gyroid nanostructure can be verified by
corresponding SAXS results consisting of the reflections at a ¢
ratio of v/2 and /6.

Carbon coating has been proved as an effective method to
improve the stability of the nanomaterial electrode.’>*** With
conformal carbon coating, the electrode made from this

4 | J Mater. Chem. A, 2018, xx, 1-9

conversion reaction material will not only have high specific
capacity but also possesses a stable SEI layer, excellent electrical
conductivity, and a robust structure. To fulfill the requirement
of the high stability of the nanoporous gyroid Ni/NiO nano-
composite fabricated, carbon coating was performed to fabri-
cate the nanoporous gyroid Ni/NiO/C nanocomposite via
chemical vapor deposition (CVD) using acetylene as the carbon
source (see ESIT for details). As shown in Fig. 3(c), the FESEM
micrograph displays the nanostructure of the nanoporous
gyroid Ni/NiO/C nanocomposite after carbon coating. The
structure of the nanoporous gyroid Ni/NiO/C can be further
identified by SAXS (curve (v) in Fig. 2(a)); the reflections at a ¢
ratio of v/2 and /6 can be verified, suggesting that the well-
ordered nanonetworks with a gyroid structure can be well-
preserved after the carbon coating. The forming nanonetworks
can be in a long-range order as shown in Fig. S5 for the FESEM
observation at low magnification. Also, the nitrogen adsorption/
desorption isotherm at 77 K was performed to investigate the
specific surface area of the nanoporous gyroid Ni/NiO/C nano-
composite. As shown in Fig. S6(a),T the nanoporous gyroid Ni/
NiO/C nanocomposite shows a Brunauer-Emmett-Teller (BET)
specific surface area of approximately 18.7 m* g~ . As confirmed
by the pore size distribution (Fig. S6(b)t), the corresponding
average pore size was about 18.8 nm.

Furthermore, as evidenced by the WAXD (Fig. 3(a)), the
forming NiO can be well preserved after the formation of carbon

This journal is © The Royal Society of Chemistry 2018
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NiO(200)

Ni(111)

Nanoporous gyroid Ni/NiO nanocomposite
Nanoporous gyroid Ni/NiO/C nanocomposite

? Ni(200)

Intensity

>Ni0(111 %’Niouﬂ)

?Ni(zom
F NiO(220) >Ni0(220)

30 40

60 70

Fig. 3 Characterization of a nanoporous gyroid Ni/NiO and Ni/NiO/C nanocomposite (a) one-dimensional X-ray diffraction (XRD) profiles of the
nanoporous gyroid NiO/Ni nanocomposite and Ni/NiO/C nanocomposite; the diffraction peaks of Ni are indexed as black while the peaks of

nanocomposite (b
nanocomposite. (f)
interface of Ni and NiO.

NiO are indexed a::ji. (b and c) Field emission scanning electron microscope (FESEM) micrographs of the nanoporous gyri/NiO

coating at which the diffraction peaks of NiO remain
unchanged. XPS was used to examine the elemental composi-
tion of the nanoporous gyroid Ni/NiO/C nanocomposite
(Fig. S7t). As validated by the Ni 2p XPS results (Fig. S8(a)7), four
peaks are displayed: 2ps,, (854.9 eV and 862.1 eV) as well as 2p;,
(873.3 eV and 880.1 eV). Compared with previous XPS results of
NiO® and Ni(OH),,” it was concluded that the surface of
materials could be Ni(OH), coated NiO.* Since the formation
of NiO is through the oxidation by oxygen in air, it is expected
that NiO instead of Ni is detected by a surface characterization
method like XPS. However, XRD results indicated that majority
of the materials are NiO and Ni. The Ni(OH), detected from XPS
could have resulted from the hydrolyzation of samples during
the short exposure to air. The value of the binding energy
difference between Ni 2p;,, and Ni 2py, is about 18.4 eV, which
reveals the presence of NiO.**® The formation of C and O
characteristic peaks after the carbon coating is displayed in
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Ni/NiO/C nanocomposite after carbon coating (c).
enlarged area shows the lattice fringes and the arrows show the directions for the grains of the Ni and(g) sShows the

(d—f) HRTEM micrographs of the nanoporous gyrq i/NiO

Fig. S8(b) and (c),t reflecting that the nanoporous Ni/NiO/C
nanocomposite can be well prepared. The composition of C and
NiO of the nanoporous gyroid Ni/NiO/C nanocomposite was
determined by thermogravimetric analysis (TGA) (Fig. S91). On
the basis of the TGA result, the compositions of Ni, NiO and C
are about 13%, 74% and 13%, respectively. Such a thin,
conformal carbon coating is of pivotal importance for lithium
ion batteries (LIB) because it not only provides high conduc-
tivity for the transition metal network but also improves the
formation of a stable SEI layer, without sacrificing a significant
amount of capacity.”

Electrochemical properties of a nanoporous gyroid Ni/NiO/C
nanocomposite anode: to systematically investigate the elec-
trochemical performance of the nanoporous gyroid Ni/NiO/C
nanocomposite, LIB half cells using the nanoporous gyroid Ni/
NiO/C nanocomposite and a lithium metal counter electrode
were fabricated. Cyclic voltammetry (CV) measurement was
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Fig. 4 Electrochemical performance of the nanoporous gyroid Ni/NiO/C nanocomposite for LIBs (a) cyclic voltammogram curves of the
nanoporous gyroid Ni/NiO/C nanocomposite anode collected at the scan rate of 0.2 mV s~ within the voltage range of 0.005-3 V. (b) Charge/
discharge profiles at different current densities of 0.2, 0.4, 1, 2, 4, 10 A g~ * as indicated. (c) Ratability test of the gyroid Ni/NiO/C nanocomposite
anode and sheet-film Ni/NiO/C composite anode. The electrode was charged/discharged for ten cycles under current densities of 0.2, 0.4, 1, 2,
4,10,2, 0.4 and 0.2 Agt as indicated. (d) Specific capacity of the nanoporous gyroid Ni/NiO/C nanocomposite anode as a function of the cycling
number at the current density of 1 A g~ (0.2 A g~* was used for the initial four cycles to fully activate the electrode). The capacity retention of the
nanoporous gyroid Ni/NiO/C nanocomposite anode remains as high as 73% after 1000 cycles. The theoretical specific capacity of graphite was

indicated in the figure as a black solid line.

performed under a scan rate of 0.2 mV s~ within the voltage
range of 0.005-3 V vs. Li/Li". Fig. 4(a) depicts the first four cycles
of the cyclic voltammetry (CV). In the first cathodic process, the
peak at 0.2 V is attributed to the formation of the SEI film and
the reduction of NiO to metallic Ni, and the peak at 1.0 V can be

6 | J Mater. Chem. A, 2018, xx, 1-9

attributed to the generation of Li,O. There are two broad oxida-
tion peaks in the following anodic process; the one at 2.2 V is due
to the reversible oxidation of Ni to NiO (Ni + Li,0 — NiO +2Li" +
2e”), and the other at 1.7 V is caused by the partial decomposi-
tion of SEI components.®® The overall electrochemical reaction of
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the nanoporous gyroid Ni/NiO/C nanocomposite electrode can be
described using the following equation:

NiO + 2Li* +2¢~ « Ni + Li,O (1)

In the subsequent cycles, reduction peaks shift to about 1.1V
and oxidation peaks slightly shift to about 2.3 Vand 1.6 V. These
two redox reactions of lithium ions with the electrode are highly
reversible. The difference between the equivalent peaks in the
first cycle and subsequent cycles can be ascribed to the forma-
tion of the SEI layer on the carbon surface.®”*

Fig. 4(b) shows the representative discharge-charge profiles
of the nanoporous gyroid Ni/NiO/C nanocomposite electrode at
various current densities. The electrode exhibits a potential
plateau at 0.7 V during the first discharge (0.2 A g™ ). After the
first cycle, this long potential plateau is replaced by a long-
sloped curve from 1.7 to 0.9 V, which is a typical phenomenon
observed in the conversion reaction electrode. In addition, the
first discharge and charge profile delivered specific capacities of
1754 and 1240 mA h g, respectively. The capacity loss of
29.3% is mainly attributed to the interfacial reaction between
NiO and the electrolyte.'®**** As expected, the increase in
current density gives rise to higher overpotential, resulting from
the kinetic effects of the electrode materials, in terms of lower
discharge plateau and higher charge potential. However, the
discharge and charge curves under different rates still display
a similar curve shape. The nanoporous gyroid Ni/NiO/C nano-
composite electrode also exhibits an impressive rate capability.
Fig. 4(c) shows the rate capability behavior over 90 cycles from
0.2 Ag 'to10 Ag " The discharge specific capacities are 1242,
1154, 1023, 902, 674 and 424 mA h g ' at 0.2, 0.4, 1, 2, 4 and
10 A g7, respectively. Notably, even after cycling at a relatively
high current density at 10 Ag™" (i.e., C rate = 14C), the capacity
can recover in proximity to its corresponding value when the
current density is set backto 2 Ag™ ' and 0.4 A g~ . Furthermore,
when the current density is set back to the initial rate (0.2 A g™ ),
the capacity can almost recover to the original value (i.e., the
specific capacity is 1214 mA h g~ for recovery cycle). Notably, in
contrast to the reported results of the NiO-based electrode,**>*
the nanoporous gyroid Ni/NiO/C nanocomposite exhibits better
rate performance (Fig. S107). It is worth noting that the specific
capacity achieved here is even higher than the theoretical
capacity of NiO (718 mA h ¢~ ) based on the conversion reaction
mechanism. We believe that the additional capacity was ach-
ieved through the lithium storage on the nanoscale interface
and partially reversible SEI decomposition.” The gyroid nano-
structure would be an ideal case for the lithium storage in the
nanoscale interface, which is also observed in previous reports
where the nanoporous transition metal oxide electrodes were
used.”** The oxidation peak at 1.6 V from CV of the anode
(Fig. 4(a)) corresponds to partial decomposition of the anode.**
To further understand the enhancement in specific capacity
from the gyroid nanostructure, Ni/NiO/C composite materials
with sheet-film morphology (see ESI for detailed preparationt)
were also prepared and characterized (Fig. S11(a and b)t). The
sheet-film Ni/NiO/C composite materials were tested in the
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batteries as well and the results are shown in Fig. 4(c) and
S11(c, d).T As shown in Fig. 4(c), the rate performance indicated
that the random structured Ni/NiO/C sheet-film composite
anode exhibited significantly lower specific capacity as
compared to the nanoporous gyroid Ni/NiO/C nanocomposite
anode under all current densities, particularly at high C-rate
cycles. We speculate that the excellent rate capability perfor-
mance of the nanoporous gyroid Ni/NiO/C nanocomposite is
attributed to the bicontinuous nature of the gyroid structure
that provides both short lithium diffusion distance and ideal
electron transport paths.

The cycling performance of the nanoporous gyroid Ni/NiO/C
nanocomposite anodes was further investigated. The data
shown in Fig. 4(d) were recorded at 0.2 A g~ " for the initial four
cycles to fully activate the electrode, and then the data were
collected at 1 A g~ ' current density for the following cycles in
the voltage range of 0.02-3.0 V (vs. Li/Li‘). The nanoporous
gyroid Ni/NiO/C nanocomposite electrode exhibited excellent
cycling stability with a capacity steadily increasing up to
1446 mA h g ' after 191 cycles from the initial value of
1151 mA h g~ ". Furthermore, the rise in capacity was elucidated
by the changes in capacity plateaus of the 60th, 90th, 120th,
150th and 180th cycles as shown in Fig. S12.1 The rise in
capacity is not surprising for the nanostructured NiO-based
electrode. This is usually explained by the gradual amorphiza-
tion of crystalline NiO, which produces more Li ion accessible
sites and improves kinetics for reoxidation of Ni to NiO.?*”> The
electrochemical impedance analysis of the nanoporous gyroid
Ni/NiO/C nanocomposite electrode (see ESI, Fig. S131) was
conducted during the long cycle test. As shown in Fig. S13,7 the
EIS of the initial anode and the anode after 100, 400 and 800
cycles was presented. An equivalent circuit displayed in the
inset of Fig. S131 was used to fit the spectra. The R represents
the intrinsic resistance of the active materials, electrolyte and
ionic resistance. The Ry and CPE; relate to the resistance and
the constant phase element of the SEI film, respectively; while
the resistance and the constant phase element of the charge
transfer are denoted as R.r and CPE,, respectively. Additionally,
W, represents the Warburg element for diffusion of lithium
ions. The fitting results were shown in Table S1.T Note that the
decrease of the R . with increasing charge/discharge cycles is in
line with some reported studies with NiO-based elec-
trodes.”>**”® The decrease of the charge transfer resistance can
be attributed to the feasibility of the charge transfer for the
following cycles after the activation process is initially presented.”
The specific capacity gradually decreased to 809 mA h g~ " after
1000 cycles, which was still 2.2 times higher than that of the
graphite anode (372 mA h g ). The specific capacity retention
after 1000 cycles was 73% and the average coulombic efficiency
reached 99.86%. The cycling performance of the Ni/NiO/C
composite materials with sheet-film morphology was collected for
comparison. The long cycle tests showed that the sheet-film Ni/
NiO/C anode was subject to a sudden capacity loss at the 187"
cycle (Fig. S11ct). Such an abrupt capacity loss may be attributed
to the loss of electrical contact with the current collector, which is
commonly observed during the pulverization of electrode mate-
rials. It is therefore evident that the sheet-film Ni/NiO/C anode
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cannot mitigate the volume change issues of the nickel oxide
based conversion reaction type anode. The TEM image (Fig. S147)
of the nanoporous gyroid Ni/NiO/C nanocomposite after 1000
cycles showed that the original morphology of the electrode
materials was preserved, indicating a high stability of the active
materials in LIBs. As expected, by taking advantage of the unique
network nanostructure, those nanoporous gyroid Ni/NiO/C
nanocomposite anodes manifest high specific capacity and long-
term cycling stability. We have compared this with the cycling
performance with previous reported NiO based anodes (see ESI,
Table S2+), and the gyroid Ni/NiO/C nanocomposite is among one
of the most stable anodes.

4 Conclusions

In conclusion, a nanoporous gyroid Ni/NiO/C nanocomposite
with a well-ordered nanonetwork texture was successfully
fabricated and developed as an electrode in the LIB applica-
tions. Following the fabrication of gyroid-structured PS/Ni
nanohybrids with templated electroless plating of Ni using
nanoporous PS from a self-assembled degradable BCPs
template, a calcination process to(génerateithe PS template and
oxidize Ni was performed. The Ni/NiO composite with a well-
preserved gyroid texture was used for carbon coating and
produced a nanoporous gyroid Ni/NiO/C nanocomposite that
was further evaluated as an anode material for LIBs. Benefiting
from the well-interconnected nanoporous structure with an
ultrafine transition metal oxide nanonetwork and uniform
carbon coating, the gyroid Ni/NiO/C electrodes exhibited
excellent specific capacity, ratability and cyclability. This work
demonstrates the great potential of the Ni/NiO/C nano-
composite with well-ordered nanonetwork textures in the
design of high power LIBs. It is appealing to exploit the sug-
gested approaches for the design and the development of high-
rate capability electrodes in the future.
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