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Homogeneous deposition of Ni(OH), onto
cellulose-derived carbon aerogels for low-cost
energy storage electrodesf

Guoging Zu,*#*< Jun Shen,*® Zhihua Zhang,? Bin Zhou,® Xiaodong Wang,?
Guangming WuP and Yewen Zhang®

Nano-architectured carbon aerogel/Ni(OH), composites have been prepared via a wet chemical approach
that combines the sol-gel preparation of a highly porous carbon aerogel using microcrystalline cellulose,
a low-cost and renewable polymer, as the carbon source and subsequent homogeneous deposition of
Ni(OH), nanoparticles onto the backbone of the carbon aerogel via a two-step chemical precipitation
process. The deposited Ni(OH), has small particle size (3—-10 nm) and uniform dispersion and is well
exposed to the electrolyte. The resulting composite possesses an interconnected, three-dimensional,
high-surface-area (327 m? g~1) nanostructure, which provides efficient transport of electrolyte ions and
electrons and enables a fuller utilization of Ni(OH),, thus leading to excellent electrochemical
performance. The composite electrode exhibits high specific capacitance of 1906 and 1206 F g™t at
current density of 1 and 20 A g™, respectively, which are much higher than those of Ni(OH),. Moreover
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1. Introduction

Electrochemical energy storage devices have been widely
studied in order to deal with the energy crisis. They are usually
divided into two types, supercapacitors and batteries, in terms
of their charge/discharge behaviors. Supercapacitors have
drawn great interest as high-efficiency energy storage devices
because of such advantages as long cycling life, high power
density and short charging/discharging time.“* However, the
energy density of the supercapacitor is much lower than that of
batteries, which limits its applications. The most widely studied
electrode materials for energy storage devices are such transi-
tion metal oxides or hydroxides as RuO,,* MnO,,* Co30,4,” NiO®
and Ni(OH),.” Among these transition metal oxides or hydrox-
ides, Ni(OH), is a promising candidate for high-performance
energy storage electrodes due to its relatively low cost, natural
abundance and high theoretical specific capacity.”

However, the reported Ni(OH), usually exhibits poor cycling
stability and low electric conductivity and its specific capacity is
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89% capacitance is retained after 4000 cycles, implying a good cycling stability.

still far below the theoretical value.'®** This is probably because
active Ni(OH), is not effectively exposed to the electrolyte and
the efficiency of the electrolyte ions and electron transport
within the electrode material are relatively low, which limit the
utilization of Ni(OH), for capacity generation. There are mainly
two methods for enhancing the electrochemical performance of
Ni(OH),-based materials: the preparation of highly porous,
high-surface-area Ni(OH),, and the growth of Ni(OH), in
a porous matrix of high electric conductivity such as activated
carbon,””™* carbon nanotubes (CNTs),*>***® graphene,'?
conductive polymers,* nickel foams,> and some other metals
(Au, Ag, Cu, etc.).*®*” The cycling stability of conductive poly-
mers is usually unsatisfactory and the metals with excellent
conductivities, such as Au and Ag, are expensive. Nickel foams
are relatively low cost and can be directly used as binder-free
electrodes. Among these matrixes, carbon-based matrixes
demonstrate their advantage of high surface area, which
enables more efficient charge and mass exchange, leading to
high electrochemical performance. The interconnected, three-
dimensional, conductive structure of the matrix, combined
with the porous structure of Ni(OH),, facilitates electrolyte ions
and electron transport and capacity generation from Ni(OH),
and effectively enhances the specific capacities and cycling
stabilities. Recently, M. Xie et al. reported structurally stable
Ni(OH),, grown in situ on nickel foam, for supercapacitors with
high energy density of 57.9 W h kg~ ".?® The electrodes obtained
from Ni(OH),/ZnO and Ni(OH),/Cu composites grown on nickel
foam exhibited a high energy density of 42 W h kg™" and a high
areal capacitance of 8.66 F cm 2.27?° The Ni(OH), electrodes

RSC Adv., 2017, 7, 10583-10591 | 10583


http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra26566a&domain=pdf&date_stamp=2017-02-07
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra26566a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007017

Open Access Article. Published on 08 February 2017. Downloaded on 10/19/2025 10:48:24 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

with carbon-based matrixes also showed excellent electro-
chemical capacitive performances. The reported Ni(OH),/gra-
phene hydrogel electrodes exhibited a high specific capacitance
of 1632 F g .3

Carbon aerogel (CA) is another type of promising porous
matrix for electrode materials because of its numerous advan-
tages such as high porosity, high surface area, low density,
excellent electrical conductivity, and open, three-dimensional,
interconnected network.*»*>* Recently, CA-based
composites for energy storage electrodes have been reported,
including CA/NiCo,0, composite," CA/Mn;0, composite,** CA/
Fe;0, composite,* etc. The carbon sources of CAs are mainly
organic aerogels that are usually prepared from such precursors
as resorcinol/formaldehyde, cresol/formaldehyde, melamine/
formaldehyde and resorcinol/pyrocatechol in an inert atmo-
sphere.**® Those traditional methods for the preparation of
CAs involve harmful and expensive precursors and complex
synthesis process, which limits the practical applications of
CAs.>>*° Recently, cellulose, a natural, renewable and abundant
polymer, has attracted increasing attention as a source for the
preparation of CAs.***** Highly porous and high-surface-area
CAs with high electric conductivities can be obtained from
cellulose. It is reported that the electrochemical performance of
the cellulose-derived CAs is comparable to that of the tradi-
tional CAs.****

In this study, high-surface-area CA/Ni(OH), composites are
prepared, for the first time, via a two-step chemical precipita-
tion method using microcrystalline cellulose as the carbon
source. First of all, cellulose aerogels are prepared by dissolving
microcrystalline cellulose in an aqueous solution of NaOH,
followed by gelation, regeneration and supercritical CO, drying.
Subsequently, CAs are obtained by carbonizing the cellulose
aerogels in an inert atmosphere. Finally, Ni(OH), nanoparticles
are homogeneously deposited onto the backbone of the high-
surface-area CAs via a two-step chemical precipitation route.
The precursor, namely nickel chloride, is first deposited onto
the CA backbone, followed by the growth of Ni(OH), nano-
particles on the backbone by introduction of water and an
alkaline catalyst. This two-step chemical precipitation route
ensures the deposition of Ni(OH), nanoparticles on the back-
bone of the CA matrix and affords cellulose-derived CA/Ni(OH),
composites with high-surface-area, interconnected, three-
dimensional and homogeneous nanostructures. This
composite nanostructure enables Ni(OH), to be well exposed to
the electrolyte and provides efficient transport of electrolyte
ions and electrons, leading to the excellent electrochemical
performance of the CA/Ni(OH), composites. The resulting
composite materials may have application potentials in low-cost
and high-performance energy storage devices.

several

2. Experimental
2.1 Materials

Ethanol (EtOH), methanol (MeOH), NaOH, KOH, aqueous
ammonia (NHj3) (25-28 wt%), NiCl,-6H,0 and microcrystalline
cellulose were purchased from Sinopharm Chemical Reagent
Corporation (China). Distilled water was purchased from the
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School of Environmental Science and Engineering of Tongji
University. Polyvinylidene fluoride (PVDF) was purchased from
Sigma-Aldrich, Co.

2.2 Synthesis of cellulose-derived CA

The synthesis procedure for the cellulose-derived CA is similar
to that of our previous reports.*® Distilled water was mixed with
a certain amount of NaOH and microcrystalline cellulose at
room temperature, separately. The temperatures of the
mixtures of NaOH/H,O (1 : 7 w/w) and cellulose/H,O (1 : 7.5 w/
w) were decreased to —10 °C and 5 °C, respectively, by putting
them in a refrigerator. A transparent cellulose solution was
obtained by mixing 24 g of NaOH/H,O and 10.2 g of cellulose/
H,O with vigorous stirring for 30 min at room temperature.
After the gel was formed, it was aged for 2 days, and then the wet
gel was regenerated by immersing it in 120 mL of EtOH for 12 h.
The regenerated wet gel was soaked 4 times in distilled water at
50 °C to remove the residual chemicals. Before drying, the wet
gel was subjected to solvent exchange with ethanol 4 times to
afford the alcogel. The cellulose aerogel was obtained after the
alcogel was dried with supercritical CO, at 33 °C and 10 MPa.
The cellulose aerogel was put into a tube furnace, followed by
nitrogen flushing at a rate of 600 mL min~" for 1 h. The
temperature was then raised to 800 °C at a rate of 5 °C min ™"
and kept at this temperature for 2 h under nitrogen flow at a rate
of 300 mL min~". Finally, CA was obtained after the system was
cooled to room temperature naturally.

2.3 Synthesis of cellulose-derived CA/Ni(OH), composites

The CA/Ni(OH), composite was prepared via a two-step chem-
ical precipitation method according to the following proce-
dure. The monolithic CA was first immersed in the mixture of
methanol (5.0 mL) and NiCl,-6H,0 (2.4 or 6.5 g) at 50 °C for
12 h, followed by drying at 50 °C for 1 day, for deposition of
NiCl, on the CA backbone. Then, the dried CA composite was
immersed in the mixture of methanol, aqueous ammonia and
distilled water with the molar ratio of MeOH : NH; : H,O being
10.5 : 1 : 3.5 at room temperature for 1 day for the formation of
Ni(OH), nanoparticles on the CA backbone. The CA/Ni(OH),
composite was obtained after washing with water and meth-
anol and drying at 100 °C for 1 day. The content of Ni(OH), in
the composites deposited by 2.4 and 6.5 g NiCl,-6H,O was
around 30 and 75 wt%, respectively, which was determined by
the weight changes before and after the incorporation of
Ni(OH),. The CA/Ni(OH), composites with 30 and 75 wt%
Ni(OH), were denoted as CA/Ni(OH),/0.30 and CA/Ni(OH),/
0.75, respectively.

For comparison, pure Ni(OH), was also prepared according
to the following two steps. First, NiCl,-6H,0 (2 g) was dissolved
in methanol (12 mL) at room temperature. Then, aqueous
ammonia and distilled water (the molar ratio of MeOH : NH;-
: H,O was 10.5 : 1 : 3.5) were added to the precursor solution
with stirring for 30 min at room temperature. Pure Ni(OH), was
obtained after aging for 1 day, filtering, washing with water and
methanol, and drying at 100 °C for 1 day.

This journal is © The Royal Society of Chemistry 2017
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2.4 Characterization

The morphologies of the samples were measured using
a transmission electron microscope (TEM, JEOL-1230, JEOL,
Japan) and a scanning electron microscope (SEM, XL30FEG,
Philips, Netherlands). The compositions and crystallite struc-
tures were determined by powder X-ray diffraction (XRD) in
a Rigata/max-C diffractometer using the Cu-Ko radiation (DX-
2700, HaoYuan Instruments, China). The surface states of the
samples were characterized by an X-ray photoelectron spec-
trometer (XPS, PHI-5000C ESCA, Perkin Elmer, USA) and
a Raman spectrometer with 514.5 nm wavelength incident laser
light (LabRAM HR800, HORIBA JOBIN YVON, France). The
surface functional groups were investigated by Fourier trans-
form infrared (FTIR) spectroscopy (TENSOR27, Bruker, Ger-
many). The pore structure and SSA were measured by a N,
adsorption analyzer (TriStar 3000, Quantachrome Instruments,
USA). The SSA was determined using the (Brunauer-Emmett-
Teller) BET method. The pore volume was calculated from the
amount of N, adsorbed at a relative pressure of P/P, = 0.99. The
pore size distribution and mean pore diameter were obtained
from the adsorption branch of the isotherm via the Barrett-
Joyner-Halenda (BJH) method.

2.5 Electrochemical measurement

The electrochemical measurements were carried out using an
electrochemical working station (CHI660A, Shanghai, China) in
a three-electrode system with a 6 M KOH solution as the elec-
trolyte. The working electrode was prepared by loading the
mixture of the active materials (carbon aerogel plus Ni(OH),),
poly(vinylidene fluoride) (PVDF) and carbon black with a mass
ratio of 8:1:1 on a graphite substrate, followed by drying at
80 °C for 12 h. The working area of the electrode was 1 x 1 cm®
and the amount of the active materials was about 2 mg. A
saturated calomel electrode (SCE) and Pt electrode served as the
reference and counter electrodes, respectively. The cyclic vol-
tammetry (CV) curves were measured within a potential range
from —0.1 to 0.45 V and —0.3 to 0.6 V by varying the scan rate
from 5 to 100 mV s~ ' and 100 to 500 mV s~ ', respectively.
Galvanostatic charge/discharge measurements were conducted
within a potential window of —0.1 to 0.4 V with a constant
current density of 1-20 A g . The specific capacitance was
calculated from the galvanostatic charge/discharge curve
according to equation Q = (I x Af)/(m x AV) where C is the
specific capacitance (F g~ '), I is the discharge current (A), At is
the discharge time (s), AV is the discharge voltage, and m is the
active material mass of the electrode (g).

3. Results and discussion
3.1 Synthesis

Fig. 1 illustrates the fabrication process of the cellulose-derived
CA/Ni(OH), composite. The cellulose microcrystalline powders
(as shown in Fig. 2a) were first converted into a monolithic
cellulose aerogel by a sol-gel process, followed by supercritical
CO, drying. Subsequently, the cellulose aerogel was carbonized
in an inert atmosphere to afford monolithic cellulose-derived

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic of the fabrication process of the cellulose-derived
CA/Ni(OH), composite.

CA (Fig. 2b) as a nanoporous matrix. Finally, the cellulose-
derived CA/Ni(OH), composite was obtained after a two-step
chemical precipitation process. In the first step of the chem-
ical precipitation process, the precursor was deposited into the
porous CA matrix by immersing the CA in the precursor solu-
tion (NiCl,-6H,0/MeOH), followed by ambient drying. In the
second step, the precursor was precipitated and Ni(OH),
nanoparticles were deposited onto the CA backbone by
immersing the CA in the alkaline solution (NHz;/MeOH/H,0),
followed by solvent exchange and ambient drying. This fabri-
cation method enabled the active material, namely Ni(OH),, to
be deposited onto the backbone of the conductive nanoporous
CA matrix obtained from a low-cost and renewable polymer,
which is presumed to lower the cost and enhance the efficiency
of capacity generation of Ni(OH),.

3.2 Morphology and appearance

As shown in Fig. S1,T the obtained cellulose aerogel is mono-
lithic and exhibits randomly interconnected three-dimensional
networks made up of fibrous nanoparticles with thickness of
40-60 nm. The SEM image (Fig. 2d) confirms that the cellulose-
derived CA preserves the interconnected networks of the cellu-
lose aerogel. Fig. 2e and f show the TEM images of the cellulose-
derived CA. It can be seen that the CA exhibits randomly
interconnected networks made up of fibrous particles with
thicknesses in the range of 15-40 nm, which are smaller than
that of the cellulose aerogel. The interconnected networks
create abundant pores varying in size from several nanometers
to around 100 nm, which confirms the nanoporous structure of
the cellulose-derived CA. For comparison, pure Ni(OH), (Fig. 2c)
was also prepared via a similar chemical precipitation method.
As shown in the SEM image (Fig. 2g) and TEM image at low
magnification (Fig. 2h), the obtained Ni(OH), exhibits randomly
interconnected networks with numerous irregular aggregates
larger than 100 nm. The TEM image at high magnification
(Fig. 2i) shows that the aggregate is porous and made up of
nanoparticles smaller than 20 nm. The corresponding selected
area electron diffraction pattern (the inset of Fig. 2h) shows a set

RSC Adv., 2017, 7, 10583-10591 | 10585
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Fig. 2 Photographs of (a) microcrystalline cellulose powder, (b) cellulose-derived CA, and (c) Ni(OH),. (d) SEM images and (e and f) TEM images
of cellulose-derived CA. (g) SEM images and (h and i) TEM images of Ni(OH),.

of concentric, diffuse rings indicating the polycrystalline
structure of the obtained Ni(OH), sample.

As shown in the SEM images (Fig. 3a, b, e and f), after the
incorporation of Ni(OH),, the cellulose-derived CA/Ni(OH),
composite also exhibits the three-dimensional, interconnected,
porous nanostructure. From the TEM images (Fig. 3¢, d, g and
h) we can further see that the morphology of the CA/Ni(OH),
composite is quite different from those of the cellulose-derived
CA and Ni(OH),. The CA/Ni(OH), composite not only keeps the
nanoporous structure of the CA but also shows embedded
Ni(OH), nanoparticles on the interconnected CA backbone. The
magnified TEM images (Fig. 3d and h) show that the small
Ni(OH), nanoparticles in the ranges of 3-8 and 3-10 nm are
homogeneously deposited onto the CA backbone for CA/
Ni(OH),/0.30 and CA/Ni(OH),/0.75, respectively. Apparently, the

10586 | RSC Adv., 2017, 7, 10583-10591

particle size of Ni(OH), in the CA/Ni(OH), composite is much
smaller than that of the pure Ni(OH), sample and there is no
large Ni(OH), aggregate observed in the composite. This
composite nanostructure would enable Ni(OH), to be well
exposed to the electrolyte and make the charge travel distance
within the Ni(OH), domain much shorter. The corresponding
selected area electron diffraction pattern of CA/Ni(OH),/0.75
(the inset of Fig. 3h) shows weaker concentric diffuse rings,
compared to those of pure Ni(OH),, which indicates the lower
crystallinity of Ni(OH), in the CA/Ni(OH), composite, compared
to that of the pure Ni(OH), sample. Fig. 3i and j show the
appearance of CA/Ni(OH),/0.30 and CA/Ni(OH),/0.75, respec-
tively. It can be seen that the CA/Ni(OH), composite maintains
the initial shape of the CA and exhibits little shrinkage after the
two-step chemical precipitation process.

This journal is © The Royal Society of Chemistry 2017
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(@ and b) SEM images and (c and d) TEM images of CA/Ni(OH),/0.30. (e and f) SEM images and (g and h) TEM images of CA/Ni(OH),/0.75.

Photographs of (i) CA/Ni(OH),/0.30 and (j) CA/Ni(OH),/0.75. (k) XPS spectra and (1) Ni 2p XPS spectra of CA/Ni(OH),/0.75. The inset is the selected

area electron diffraction pattern of CA/Ni(OH),/0.75.

3.3 Composition

The composition of CA/Ni(OH),/0.75 was examined by XPS
measurement as shown in Fig. 3k and l. The XPS spectra
confirm the presence of C, O, and Ni elements in the CA/
Ni(OH), composite. It should be noted that the Ni 2p XPS
spectra show two major peaks at around 856 and 874 eV, cor-
responding to Ni 2p3, and Ni 2p,,,, respectively, with a spin-
energy separation of approximately 18 eV, which is character-
istic of a Ni(OH), phase.” The satellite peaks at around 862 and
880 eV, corresponding to Ni 2p;/, and Ni 2p,,, respectively, are
also observed.

The compositions of the cellulose-derived CA and CA/
Ni(OH), composite were further investigated by Raman spectra
and Fourier transform infrared (FTIR) spectral measurements.
Fig. 4a shows the Raman spectra of the CA and CA/Ni(OH),
composite. All the curves exhibit two broad peaks at around
1361 and 1583 cm™ ', corresponding to the D and G bands of the
CA. The G band represents the in-plane bond-stretching motion
of the pairs of C sp” atoms, whereas the D band is assigned to
the breathing modes of rings or k-point phonons of A,
symmetry.* Probably due to the incorporation of Ni(OH),, these
two peaks of the CA/Ni(OH), composite are apparently weaker
than those of the CA. It should be noted that the spectra of the
CA/Ni(OH), composite exhibits two additional broad peaks at

This journal is © The Royal Society of Chemistry 2017

around 361 and 530 cm ™', which can be assigned to the E(T)

and A,,(T) lattice vibrations of Ni(OH),, respectively.**** Due to
the higher loading of Ni(OH),, the peaks at 361 and 530 cm™ ' of
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Fig. 4 (a) Raman spectra and (b) FTIR spectra of the cellulose-derived

CA and CA/Ni(OH), composite. (c) XRD patterns of cellulose-derived
CA, Ni(OH),, and CA/Ni(OH), composite. (d) Pore size distributions of
cellulose-derived CA and CA/Ni(OH), composite.
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CA/Ni(OH),/0.75 are more apparent than those of CA/Ni(OH),/
0.30. The FTIR spectra of the CA and CA/Ni(OH), composite are
shown in Fig. 4b. The broad band at 3420 cm ™' is attributed to
the O-H stretching vibration, whereas the band at 1400 cm ™ is
assigned to the C-H bond.*” The band at 1623 cm ' can be
assigned to H-O-H bending vibration of weakly bound H,O
adsorbed on the nanoparticle surface of aerogels.* The band at
1100 cm ™" can be ascribed to the C-O-C stretching vibration.**
These bands indicate that there are -OH, C-H, H,0, and C-O-C
in the CA and the CA/Ni(OH), composite. In addition, unlike the
spectrum of the CA, the spectrum of the CA/Ni(OH), composite
shows two bands at around 665 and 457 cm ™ that are ascribed
to the don and vnj-ou Vvibrations respectively, which become
more intense with higher loading of Ni(OH),."®

Fig. 4c shows the XRD patterns of the cellulose-derived CA,
Ni(OH), and CA/Ni(OH), composite. The two broad diffraction
peaks at around 24° and 43° in the XRD patterns correspond to
the CA."** The XRD pattern of Ni(OH), shows broad peaks at
16.2°, 32.9°, 36.6°, 58.4°, and 61.1°, which are assigned to the
(001), (100), (101), (110), and (111) lattice planes of B-Ni(OH),,
respectively (JCPDS no: 14-0117)."*"” These five broad peaks can
also be identified in the diffraction pattern of CA/Ni(OH),/0.75.
Moreover, the peaks at 16.2° and 58.4° can be identified in the
diffraction pattern of CA/Ni(OH),/0.30. These broad peaks
indicate the successful incorporation of Ni(OH), and the poly-
crystalline structure of the CA/Ni(OH), composite. In addition,
the weaker peaks of the CA/Ni(OH), composite compared to
those of Ni(OH), reveal the lower crystallinity of Ni(OH), in the
CA/Ni(OH), composite, compared to that of the pure Ni(OH),
sample. These results are consistent with the abovementioned
selected area electron diffraction pattern (the insets of Fig. 2h
and 3h) analysis. The lower crystallinity is probably because the
nanoporous CA matrix restrains the growth of large aggregates
and enables the homogenous deposition of smaller Ni(OH),
nanocrystals than those of the Ni(OH), sample prepared
without the matrix, which was confirmed by the TEM results
mentioned above.

3.4 Pore structure and specific surface area

The pore size distributions of the cellulose-derived CA and CA/
Ni(OH), composite were measured by a N, adsorption analyzer
using the Brunauer-Emmett-Teller (BET) N, adsorption/
desorption technique as shown in Fig. 4d. It was observed
that both the CA and CA/Ni(OH), composite exhibit micropores
(<2 nm), mesopores (2-50 nm) and macropores (>50 nm), and
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show a pore size peak located in the micropore region. The pore
volume, particularly the micropore volume, decreased after the
incorporation of Ni(OH),, which further decreased with higher
loading of Ni(OH),. Table 1 details the pore structural param-
eters of the CA and CA/Ni(OH), composite. The specific surface
area and total pore volume decreased from 883 m* g~ ' and 1.74
em?® g~ ' for the CA to 327 m? ¢ ' and 1.23 cm® g ', respectively
for CA/Ni(OH),/0.75. The corresponding micropore specific
surface area and micropore volume were reduced from 506 m>
g ' and 0.202 cm® g for the CA to 125 m* g~ * and 0.054 cm®
¢ ', respectively for CA/Ni(OH),/0.75. There are probably two
main reasons for the decrease in pore volume and specific
surface area, particularly micropore volume and micropore
specific surface area. On one hand, nanopores in the CA matrix
are partially filled with Ni(OH), nanoparticles during the
precipitation process. On the other hand, some nanopores of
the CA may collapse during the ambient drying process.
According to the report,® the deposition of polymer follows the
hierarchical structure of aerogels. Thus, Ni(OH), forms
a conformal coating around primary particles and then fills
secondary particles, followed by accumulating mostly on and
around secondary particles. This deposition process results in
the significant decrease of micropores in the hierarchically
porous CAs. Mainly due to the decrease in micropores, after the
incorporation of Ni(OH),, the mean pore diameter increases
from 9.48 nm for the CA to 13.1 nm for CA/Ni(OH),/0.30 and
15.0 nm for CA/Ni(OH),/0.75. The N, adsorption/desorption
isotherms of the cellulose-derived CA and CA/Ni(OH),/0.75 are
additionally provided in Fig. S2.7 Both of the aerogels exhibit
type IV isotherms and type H3 hysteresis loops, indicating the
nanoporous 3D network structure. This high-surface-area,
highly porous composite nanostructure would enable active
Ni(OH), to be well exposed to the electrolyte and enhance the
efficiency of the electrolyte ions and electron transport within
the electrode material, which could significantly enhance the
efficiency of capacity generation from Ni(OH),.

3.5 Electrochemical performances

The electrochemical performances of the CA/Ni(OH),
composite as well as the cellulose-derived CA and Ni(OH), were
investigated using cyclic voltammetric (CV) measurements
within the potential window from —0.1 to 0.45 V and —0.3 to
0.6 Vin 6 M KOH aqueous solution with a two-electrode system.
The CV curves of the CA, Ni(OH),, and CA/Ni(OH), composite at
a scan rate of 25 mV s~ ' are shown in Fig. 5a. It can be seen that

Table 1 The pore structural parameters of cellulose-derived CA and CA/Ni(OH), composite

Sample Sper® (Smic?) (m? g™ D (nm) Ve (Vimic®) (em® g7
Cellulose-derived CA 883 (506) 9.48 1.74 (0.202)
CA/Ni(OH),/0.30 529 (238) 13.1 1.42 (0.097)
CA/Ni(OH),/0.75 327 (125) 15.0 1.23 (0.054)

“ Specific surface area. ” Micropore specific surface area from t-method micropore analysis. ¢ Mean pore diameter. ¢ Total pore volume. ¢ Micropore

volume from ¢#method micropore analysis.
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Fig.5 (a) CV curves of cellulose-derived CA, Ni(OH),, and CA/Ni(OH),

composite at a scan rate of 25 mV s L. (b) CV curves of CA/Ni(OH),/
0.75 at different scan rates ranging from 5 to 100 mV s~ (c) CV curves
of CA/Ni(OH),/0.75 in a potential window of —0.3to 0.6 V at scan rates
of 100, 200, 300, 400 and 500 mV s,

the CV curve area of the CA is much smaller than those of
Ni(OH), and CA/Ni(OH), composite, indicating the negligible
capacity of the CA compared to those of Ni(OH), and CA/
Ni(OH), composite. The maximum CV curve area of CA/
Ni(OH),/0.75 indicates the better electrochemical performance
of CA/Ni(OH),/0.75 than those of other samples. It should be
noted that the CV curve of the CA/Ni(OH), composite shows
a pair of oxidation and reduction peaks, which result from the
reversible reaction of Ni(OH), + OH~ < NiOOH + H,0 + e,
involving the intercalation and deintercalation of protons.>*
From the CV curves at different scan rates (Fig. 5b) we can see
that the oxidation peak of CA/Ni(OH),/0.75 shifts to a more
positive position and the reduction peak shifts to a more
negative position with an increase in scan rate. This is probably
due to the increase of the internal diffusion resistance within

This journal is © The Royal Society of Chemistry 2017
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the active material with an increase of scan rate.*® In addition,
the CV curves of the CA at different scan rates are given in
Fig. S3.1 The CV curves of CA/Ni(OH),/0.75 in a wide potential
window of —0.3 to 0.6 V at scan rates of 100, 200, 300, 400 and
500 mV s ' were also carried out (Fig. 5c). With a further
increase in the scan rate, the oxidation and reduction peaks
further shift to the positive and negative directions,
respectively.

The galvanostatic charge/discharge performances of the CA/
Ni(OH), composite and Ni(OH), were also investigated at
current densities ranging from 1 to 20 Ag™ ', as shown in Fig. 6a
and b. The charge/discharge curves of both Ni(OH), and CA/
Ni(OH),/0.75 show a significant deviation from the typical
triangular shape of electric double layer capacitances, indi-
cating the faradaic redox reaction characteristics of the charge
storage. This result is consistent with the abovementioned
analysis of CV curves. The specific capacities of CA/Ni(OH),/0.75
from the discharge curves based on the mass of the active
material Ni(OH), are calculated to be 1906 and 1206 C g~ " at
a current density of 1 and 20 A g™, respectively, approximately
700 F g " higher than those of Ni(OH), (1164 and 540 C g *,
respectively). In addition, the specific capacities of CA/Ni(OH),/
0.75 based on the mass of the entire CA/Ni(OH), electrodes
(1430 and 904 C g " at 1 and 20 A g ', respectively) are also
higher than those of Ni(OH),. Both the samples show decreased
specific capacity with increasing current density as shown in
Fig. 6¢c. This is because ion transport within the porous struc-
ture lags behind the potential variation, and the internal
resistances for charge carriers retard the electrochemical
performance of the active materials at higher current densi-
ties.*®* However, when the current density is increased from 1 to
20 A g ', about 63% specific capacity of CA/Ni(OH),/0.75 is
retained, well above that of Ni(OH), (46%), indicating a better
diffusion of electrolyte ions and electrons of the CA/Ni(OH),

S s
s s
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& &
400 800 1200 1600 2000 0 400 800 1200 1600 2000
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c d:
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X oy
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Fig. 6 Galvanostatic charge/discharge curves of (a) Ni(OH), and (b)
CA/Ni(OH),/0.75 at different constant current densities, ranging from 1
to 20 A g L (c) Specific capacitances at various discharge current
densities. Here, the capacitances of CA/Ni(OH),/0.75 are based on the
mass of the entire CA/Ni(OH), electrodes. (d) Cycling performance
measured at a current density of 20 A g~tin a potential range of —0.1
to 0.4 V.
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composite compared to that of Ni(OH), at high current densi-
ties. The higher specific capacity of CA/Ni(OH),/0.75 compared
to that of Ni(OH), is probably attributed to the enhanced effi-
ciency of capacity generation due to the fuller utilization of the
well-exposed Ni(OH), nanoparticles on the interconnected,
three-dimensional, high-surface-area CA matrix. The specific
capacity is further compared to that of the reported Ni(OH),-
based materials. The specific capacity of CA/Ni(OH),/0.75 at
a current density of 1 A g " is lower than that of Ni foam/
Ni(OH), (2384 F g "), but higher than that of carbon fiber/
Ni(OH), (1416 F g ').5*%* The specific capacity of CA/Ni(OH),/
0.75 at a current density of 2 A g~ ' is higher than that of gra-
phene/CNT/Ni(OH), (1212 F g~ 1).*

The cycling stabilities of Ni(OH), and CA/Ni(OH), composite
were further investigated at a current density of 20 A g™ ' as
shown in Fig. 6d. After 4000 cycles, the specific capacitance of
CA/Ni(OH),/0.75 maintains 89% of the initial capacitance,
higher than that of Ni(OH), (79%). This confirms that the
cycling stability of Ni(OH), is effectively enhanced by intro-
ducing the CA as the conductive and nanoporous matrix. The
capacitance loss is probably due to the loss of the electrical
contact between the porous CA and the active materials, namely
Ni(OH),, resulting from the volume change in the active mate-
rial during cycling.

The Nyquist plots of the cellulose-derived CA, Ni(OH),, and
CA/Ni(OH), composite obtained using AC electrochemical
impedance spectroscopy in the frequency range from 0.5 Hz to
0.1 MHz are shown in Fig. S4.1 In the low frequency region, the
Nyquist plots of CA/Ni(OH),/0.75 show a more vertical curve
compared to that of Ni(OH),, indicating better capacitive
behavior.*® The equivalent series resistance of the energy
storage devices can be obtained from the intercept at the real
axis in the Nyquist plot at high frequency® and it is composed of
the ionic resistance of the electrolytes, electronic resistance of
the electrode materials, and interface resistance. The obtained
equivalent series resistance of CA/Ni(OH),/0.75 is 0.69 Q, which
is higher than that of the CA (0.63 Q) but lower than that of
Ni(OH), (0.95 Q). This demonstrates that the internal resistance
in the energy storage devices of the CA/Ni(OH), composite is
smaller than that of Ni(OH),, indicating better electrochemical
performance of the CA/Ni(OH), composite compared to that of
Ni(OH),. Considering the renewable carbon source, high
specific capacity and good cycling stability, the cellulose-derived
CA/Ni(OH), composite materials may have application potential
in low-cost and high-performance energy storage devices.

4. Conclusion

A wet chemical approach has been applied to the synthesis of
nano-architectured carbon aerogel/Ni(OH), composites, which
combines the sol-gel preparation of highly porous carbon aer-
ogel using microcrystalline cellulose as the carbon source and
the subsequent homogeneous deposition of Ni(OH), nano-
particles onto the backbone of the obtained carbon aerogel via
a two-step chemical precipitation process. The deposited
Ni(OH), on the carbon aerogel shows much smaller size and
more uniform dispersion, compared to the Ni(OH), prepared by
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a conventional method. The specific capacitance of the result-
ing composite was 1906 and 1206 F g~ ' at a current density of 1
and 20 A g~ respectively, much higher than that of Ni(OH),.
The composite also showed good cycling stability with 89% of
the capacitance retention after 4000 cycles. The good electro-
chemical performance is attributed to the enhanced efficiency
of capacitance generation from Ni(OH), due to the better utili-
zation of the well-exposed Ni(OH), nanoparticles on the inter-
connected, three-dimensional, high-surface-area carbon
aerogel matrix. The cellulose-derived carbon aerogel/Ni(OH),
composite materials may have application potentials in low-cost
and high-performance energy storage devices.
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