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Application of micro-impinging stream reactors in
the preparation of Co and Al co-doped Ni(OH),
nanocomposites for supercapacitors and their
modification with reduced graphene oxide
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A micro-impinging stream reactor (MISR) consisting of a commercial T-junction and steel capillaries, which
is of intensified micromixing efficiency as compared with traditional stirred reactors (STR), was applied for
the preparation of Co and Al co-doped Ni(OH), nanocomposites and their modification with reduced
graphene oxide (RGO). The co-precipitation preparation process was conducted under precisely
controlled proportions and concentrations of reactants in the MISR. Therefore, element analysis showed
a higher uniform distribution of metal ions within the nanocomposites obtained through the MISR. The
structural characterization and electrochemical measurements also showed that the MISR-prepared
metal-doped nanocomposites were of more uniform dispersion and superior electrochemical
performance than those prepared with STR. In addition, by modifying with RGO in the MISR, the
electrochemical performance of Co and Al co-doped Ni(OH), nanocomposites could be further
improved. The Co and Al co-doped Ni(OH),/RGO prepared under optimal conditions achieved an
ultrahigh specific capacitance of 2389.5 F g~* at the current density of 1 A g~* and displayed an excellent
cycling stability with 83.7% retention of the initial capacitance after 1000 charge/discharge cycles in 6 M
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1. Introduction

Nickel-based materials have attracted intense research
interest for applications in supercapacitors due to their high
electrochemical activity and environmental friendliness.*”
In recent years, much attention has been devoted to doping
other metallic materials like Co(OH), and Al(OH); and
carbon materials like graphene with Ni(OH), in order to
develop hybrid materials with excellent electrochemical
properties.*** It has been reported that Ni(OH), can exist in
two forms, ie., o-Ni(OH), and B-Ni(OH),.**> The former
possesses better electrochemical activity than the latter.
However, the o-Ni(OH), phase is difficult to prepare because
of its unstable nature in strong alkaline electrolyte and it
can be easily transformed to B-Ni(OH),."* Research also
indicated that the doping of metallic materials like Co and
Al can enhance the stability of a-Ni(OH), and improve the
electrochemical performance of Ni(OH),."* However,
Ni(OH), has its intrinsic weakness as supercapacitor mate-
rial because of its poor electrical conductivity and rate
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capability.*®*® Graphene is a state-of-the-art carbon material
with large surface area and high conductivity.”” Adding
graphene into Ni(OH), is considered to be an effective
approach to overcome the above weakness of Ni(OH),.'®
Graphene can provide a support with high specific surface
area for the deposition of Ni(OH),. In addition, graphene is
expected to construct a 3D conductive network among metal
oxide particles,” which can enhance the transmitting of
ions between composites and electrolytes. Therefore, the
combined doping route, which can fully take advantage of
the synergetic effects among Ni(OH),, the other metallic
materials and graphene, seems a promising method to
prepare nanocomposites for supercapacitors with excellent
electrochemical properties.

Several methods have been applied to synthesize nickel-
based materials, such as microwave-incorporated hydro-
thermal synthesis,® facile chemical co-precipitation,® in situ
growth,*" etc. Co-precipitation method was widely used due
to its flexibility and simplicity. Recently, Chen et al.
successfully synthesized Al-Co-Ni/graphene by a facile
chemical co-precipitation route and found that the
produced composites showed an ultrahigh specific capaci-
tance and fine cycling stability.** Tiruneh et al. prepared
lamellar Co-Ni(OH),/reduced graphene oxide (RGO) nano-
composites with high capacitance retention and good
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cycling stability by co-precipitation followed by hydro-
thermal synthesis.”” A similar result was obtained by Yan
et al., who successfully anchored Ni(OH), on graphene
sheets by a facile chemical precipitation approach.'” It has
been demonstrated that co-precipitation is an effective
approach for doping additional metal ions.

The co-precipitation process (often fast reaction) is sensitive
to the mixing condition within the reactor. It is usually
considered that the achievement of supersaturation-
thermodynamic controlled phase transition is important
during the precipitation of crystal particles.*® The nucleation
and growth rate depends highly on the supersaturation level.
Therefore, a uniform micromixing condition will be expected to
promote the uniform level of high supersaturation and hence
the product properties. However, uniform supersaturation is
hard to be obtained in a traditional stirred reactor (STR) due to
its poor micromixing performance, which will have great effects
on the crystal size distribution of the co-precipitation process.>*
When one co-precipitation process occurs in a uniform micro-
mixing condition in MISR, reactants will react at a homoge-
neous rate leading to a more uniform size distribution of crystal
particles. In addition, when the co-precipitation process
contains a variety types of elements, these elements may
distribute uniformly within the MISR-prepared products, which
might enhance the synergetic effects among all the compo-
nents. Therefore, a uniform micromixing condition is essential
to the quality of co-precipitation products.

In the past few years, a lot of micro-structured reactors have
been developed for the enhancement of micromixing perfor-
mance such as silicone microreactors,* micro-sieve dispersion
reactor,’*® segmented flow microreactors,” tube-in-tube micro-
channel reactor,” etc. Wang et al. successfully prepared uniform
titanium dioxide particles with a mean particle size of ~10 nm
by the microchannel reactor, demonstrating the great advan-
tage of the microchannel reactor for the control of particle
sizes.? All the micro-structured reactors possess precision
structure and can obtain a certain degree of intensification on
the micromixing efficiency. However, most of the micro-
structured reactors are limited by low throughput and severe
blocking problems when applied to precipitation process.
Besides, due to the precision structure, most of the micro-
structured reactors are hard for massive fabrication and scale
up, which was restricted in part by the high cost.

In this work, a micro-impinging stream reactor (MISR) based
on our previous studies,**** which possesses a superior micro-
mixing performance, was applied to prepare Co and Al co-doped
Ni(OH), (Ni-Co-Al(OH),) nanocomposites. The MISR consists
of two stainless steel capillaries connected with a commercial T-
junction. A uniform supersaturation will be obtained at the
moment when the two streams impinge on each other directly
in the T-junction; therefore, a homogeneous environment for
the co-precipitation of particles can be provided, which is ex-
pected to enhance the synergetic effects of the hybrid materials
so that nanocomposites with excellent electrochemical perfor-
mance will be obtained. In addition, graphene oxide was also
added with MISR to further improve the electrochemical
performance of the Ni-Co-Al(OH),, nanocomposites.
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2. Experimental
2.1 Materials

Nickel sulfate hexahydrate [NiSO,-6H,0], hydrogen peroxide
[H,0,] and hydrazine hydrate [N,H,-H,0] were purchased from
Macklin Biochemical Co., Ltd. (Shanghai, China). Aluminum
sulfate hydrate [Al;(SO4);-7H,0], polyvinylidene fluoride
[PVDF], potassium hydroxide [KOH], acetylene black [C,H,] and
potassium chloride [KCI] were provided by Sinopharm Chem-
ical Reagent Co., Ltd. (Shanghai, China). Sodium hydroxide
[NaOH], ammonia [NH;-7H,0] and sodium sulfate [Na,SO,]
were obtained from Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). Absolute ethyl alcohol [C,HsO] was supplied
by Tongguang Fine Chemical Co., Ltd. (Beijing, China). Cobalt
sulfate heptahydrate [CoSO,-7H,0] was acquired from Thermo
Fisher Scientific (Shanghai, China). Flake graphite was
purchased from Huatai Lube Seals Technology Co., Ltd.
(Qingdao, China). All reagents were of analytical grade and used
without further purification.

2.2 Construction of MISR

As shown in Fig. 1(a), MISR was constructed with two stainless
steel capillaries and a commercial T-junction (Beijing Xiong-
chuan Technology Co. Ltd., SS-1UTF). The two streams
impinged on each other directly inside the T-junction at
a certain volumetric flow rate by two constant-flux pumps
(Beijing Satellite Manufacture Factory, 2PBO0C) to create
a quick and constant supersaturation level so that a more
homogeneous nucleation environment was provided. The
products through the outlet were collected for further treatment
after reaction. The internal structure and geometrical details of
the T-junction are shown in Fig. 1(b).

a ; MISR

e
l

B Pump B
_

Pump A

Fig.1 (a) Schematic diagram of the MISR setup (A and B: storage tanks
for raw materials; C: the product collection tank); (b) internal structure
of the T-junction (d; = 0.6 mm; D = 1.8 mm; H =2 mm). (d;: the inner
diameter of capillaries, D: the three-way chamber size, H: the distance
from the center of the capillaries to the exit).

This journal is © The Royal Society of Chemistry 2019
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2.3 Preparation of Ni-Co-Al(OH),, nanocomposites

The preparation of Ni-Co-Al(OH), was conducted with an MISR
and a stirred reactor (STR), respectively. In a typical preparation,
0.009375 mol NiSO,-6H,0, 0.0009375 mol Al,(SO,);-7H,0 and
0.00125 mol CoSO,-7H,0 were dissolved in 100 mL water as
solution A. 0.025 mol NaOH was dissolved in another 100 mL
water as solution B. The two solutions were injected into MISR
simultaneously by the two pumps and impinged on each other
directly inside the T-junction before flowing into a collecting
vessel, or mixed by stirring in STR for 3 h. The precipitates were
then aged for 3 h after reaction. The Ni-Co-Al(OH), nano-
composites would be obtained after the products were washed,
filtered and dried overnight at 60 °C.

2.4 Synthesis of Ni-Co-Al(OH),/RGO composites

The synthesis of Ni-Co-Al(OH),/RGO composites was con-
ducted by MISR. RGO was prepared with the improved
Hummers' method.*” In a typical preparation, 0.009375 mol
NiSO,-6H,0, 0.0009375 mol Al,(SO,);-7H,O and 0.00125 mol
CoS0,-7H,0 along with 0.05 g GO, which was ultrasounded for
2 h in advance, were dispersed in 100 mL water and stirred for
2 h as solution A. 0.025 mol NaOH was dispersed in another
100 mL water as solution B. The two solutions impinged on
each other directly inside MISR. The precipitates were then aged
for 3 h after reaction and the obtained precursors were reduced
for 1 h at 100 °C with N,H,-H,O. Finally, the Ni-Co-Al(OH),/
RGO composites would be obtained after the reduced products
being washed, filtered and dried overnight at 60 °C.

2.5 Characterization

The structure of the samples was examined by X-ray diffraction
(XRD, Shimadzu XRD-6000) with Cu Ko radiation (2 = 0.15406
nm) at a scan rate of 3° min~'. XRD patterns were recorded in
the range of 5-90°. Raman spectra were measured and collected
using a 633 nm laser by a Raman spectrometer (Invia Reflex
manufactured by Renishaw). The range of Raman shift was 120-
5500 cm~ ‘. SEM analysis was conducted with a Hitachi S-7800
scanning electron microscope operated at 10 kV. TEM anal-
ysis was conducted with a Hitachi HT7700 transmission elec-
tron microscope operated at 120 kV. Energy dispersive
spectroscopy (EDS) analysis was conducted with a Hitachi S-
4700 spectrum analyzer to analyze the element distributions
of the prepared materials, so as to compare the effects of
different synthetic methods on the element distribution. X-ray
photoelectron spectroscopy (XPS) was conducted by a PHI-
5000 Versaprobe spectrometer with a monochromated Al Ka
radiation.

2.6 Electrochemical measurement

All electrochemical tests were carried out in a three-electrode
system with Pt electrode as an auxiliary electrode, HgO elec-
trode as a reference electrode and 6 M KOH as electrolyte. The
working electrodes were prepared by pressing mixtures of the
as-prepared samples, acetylene black and polyvinylidene fluo-
ride (PVDF) binder (at weight ratio of 0.08:0.015 :0.005)

This journal is © The Royal Society of Chemistry 2019
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together with an appropriate amount of N-methyl-2-pyrrolidone
(NMP) onto a nickel foam current collector. Each working
electrode had a geometric surface area of about 1 cm®. About
4 mg active substances were accurately weighed before elec-
trochemical measurements. Cyclic voltammetry (CV) (with
a window potential of 0-0.6 V) and electrochemical impedance
spectroscopy (EIS) were carried out in an CH660e electro-
chemical workstation (Wuhan Land Electronic Co., Ltd.,
China). Galvanostatic charge/discharge (GCD) tests (0-0.4 V)
were carried out with a CT2001A battery performance testing
system (Shanghai Chenhua Instrument Co., Ltd., China). The
specific capacitance (Cs) of the electrode could be calculated
from the galvanostatic charge/discharge curves according to the
following equation:

IAt
Cs = AV (1)
where I is the electric current (A), At is the charge/discharge
time (s), m is the mass of the active substance (g) and AV is
the voltage window (V).

In addition, hybrid supercapacitors were also fabricated
using Ni-Co-Al(OH),/RGO and activated carbon as the positive
and negative electrodes, respectively. To maintain the charge
balance of the hybrid cell, the mass of the active materials was
set as 1 mg (Ni-Co-Al(OH),/RGO) and 7 mg (activated carbon).
The total mass of the two electrodes in the hybrid capacitor was
8 mg.

3. Results and discussion

3.1 Electrochemical properties and characterization of Ni-
Co-Al(OH),, nanocomposites

Fig. 2a presents XRD patterns of the Ni-Co-Al(OH), nano-
composites produced in MISR under different doping condi-
tions: no doping, doping with AlI*" or Co**, and doping with
both AI>" and Co". It shows that the crystal structure of Ni(OH),
was changed after doping in MISR. On the XRD curve for pure
Ni(OH),, the diffraction peaks corresponding to the (001), (100),
(101), (102), (110) planes, represent the crystal form of B-
Ni(OH),. However, the diffraction peaks corresponding to the
(003), (006), (101), (012), (101) and (113) planes, which represent
the crystal form of o-Ni(OH),, became dominant after pure
Ni(OH), was doped. Such XRD result implies that the crystal
form of B-Ni(OH), might change to «-Ni(OH), after being doped
with other metal ions.™ Due to the synergetic effect of the
inserted metal ions, the stability of the structure of «-Ni(OH),
would be strengthened.

The transformation of the crystal form reveals that AI** or
Co*" was well doped in nickel hydroxide, which demonstrates
that MISR could be applied effectively to dope additional metal
ions. In addition, it showed that the nanocomposites doped
with AI’* and Co®" had the biggest full width at half maximum
and the highest peak intensity of the (003) plane among these
different doping scenarios, indicating that the crystal shape was
the most integrated and the grain was the smallest. It also
suggested that a better product quality could be obtained by

RSC Adv., 2019, 9, 25677-25689 | 25679
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Fig. 2 (a) XRD patterns; (b) cycle performance; (c) CV curves at a scan rate of 2 mV s * and (d) EIS spectra of the nanocomposites produced in

MISR with different doping agents.

doping AI** and Co”" uniformly in nickel hydroxide with the
benefit of superior micromixing performance of MISR.

Fig. 2b and c present the cycle performance and CV diagrams
at a scan rate of 2 mV s~ to verify the effects of doping agents
on the electrochemical performance of the synthesized nano-
composites under different doping conditions. It showed that
the highest maximum specific capacitance but poorest cycle
performance was obtained when the materials were only doped
with AI**, while a better cycle performance but poor maximum
specific capacitance was obtained when only Co®" was doped. By
doping with both Co®>" and AI** at a suitable ratio, both good
cycle performance and high specific capacitance could be ach-
ieved, as shown in Fig. 2b and c. In this work, the ratio of Ni** to
the doping ions was chosen as 3 : 1. It has been reported that
the addition of AI** could significantly enhance the specific
capacitance. However, when only AlI*" was doped, the ratio of
Ni** : AI** was 3:1, which is an excessive content for AI*",
leading to increasing difficulty to charge due to the high charge
potential.” Therefore, the discharge capacities would decrease
quickly and the cycle performance was poor. Co>" doping is
considered to be an effective approach to improve the lifetime.*
But when just Co** was doped, the increase of the maximum
specific capacitance was not as significant as when AI** was
doped. Therefore, when Co®>" and AI’** were both doped at

25680 | RSC Adv., 2019, 9, 25677-25689

a suitable ratio, both of cycle performance and specific capaci-
tance could be improved.™ The eventual specific proportion of
Ni*" : Co®" : AI** was chosen as 15 : 3 : 2 after careful study in
this work.

The CV diagram of Fig. 2c also showed that, when AI** and
Co>" were added at the same time, the peak separation of the
redox peak (AE) of the materials was 239 mV, far less than
288 mV and 327 mV. A smaller peak separation means a faster
electron transfer rate and a better reversibility.**** The CV
diagram agrees well with the cycle performance. The most
symmetrical CV curve was obtained when both AI’** and Co**
were doped, indicating the best reversibility during the redox
process. Due to the high reversibility, the electrochemical
performance of the nanocomposites would not decrease greatly
during the charge-discharge process. The results of the elec-
trochemical tests were in good agreement with that of XRD. It
demonstrated that additional metal ions were well inserted into
the lattice of Ni(OH), by MISR so that the positive synergetic
effects would be successfully motivated, which is the key to
enhance the stability of «-Ni(OH), and achieve superior elec-
trochemical performance.

Fig. 2d presents the EIS diagram of the nanocomposites with
different doping agents. The semicircle of the Nyquist plots
reflects charge transfer resistance (R.) and double-layer

This journal is © The Royal Society of Chemistry 2019
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capacitance (Cq). R is caused by Faradaic reactions and Cy is
on the grain surface. At low frequencies, the slope of the curve is
controlled by the electrolyte diffusion in the electrode pores and
the proton diffusion in the host materials (a Warburg imped-
ance). The curve at very high frequencies is related to the
intrinsic resistance of substrate, ionic resistance of electrolyte
and contact resistance at the active material/current collector
interface.” From Fig. 2d, it can be observed that the semicircle
of the plot for the Ni-Co-Al electrode was the smallest, indi-
cating that the charge transfer resistance decreased slightly
after the materials were modified with both AI** and Co®*. Based
on the above analysis, it suggested that AI** and Co®" could be
doped well in nickel hydroxide by MISR so that a better elec-
trochemical performance could be achieved.

For further studying the performance of MISR in the prep-
aration of nanocomposites and verifying the importance of
micromixing in the co-precipitation process, the structure and
morphology of both Ni-Co-Al(OH),, nanocomposites prepared
by MISR and STR, respectively, were investigated. SEM and TEM
images of the Ni-Co-Al(OH), nanocomposites prepared by
MISR and STR are presented in Fig. 3a and b, respectively, both
showing an irregular microsphere morphology of the nano-
composites with an average size less than 100 nm. However, the
MISR-prepared Ni-Co-Al(OH),, nanocomposites were less
aggregated than the STR-prepared samples with a much smaller
and more uniform particle size, due to the enhanced micro-
mixing performance of MISR over the traditional STR, which is
similar to the preparation of other composites with MISR and
STR as reported previously.*®** The structure with loose
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distribution of the nanocomposites obtained by MISR could
provide more surface area and higher pore volume than those
by STR, which is essential for achieving superior electrode
performance as a supercapacitor material.

Fig. 4 and Table 1 show the element distributions of Ni, Co
and Al of two different nanocomposite samples for each of the
MISR route and STR route at the same feeding atomic ratio of
the raw materials. It was found that the element distributions of
the two MISR-prepared samples were similar and both close to
the feeding ratio, while big difference of the element distribu-
tions between the two STR-prepared samples was observed. The
EDS images of Fig. 5 displays the element distributions of Ni, Co
and Al in the prepared Ni-Co-Al(OH),, nanocomposites visually.
It also shows that the element distribution in nanocomposites
prepared by MISR was more uniform than that of the STR-
prepared samples, which agreed well with Fig. 4 and Table 1.
The element distribution of the prepared nanocomposites is
greatly affected by the reactor micromixing performance.
Quicker micromixing can provide a more uniform environment
for the crystal formation and growth, leading to a more uniform
element distribution and more stable product quality, which is
essential for the excellent performance of supercapacitor
materials. Therefore, these results confirmed that MISR is
a promising technology for preparing composites with high and
stable quality due to its enhanced micromixing performance
over STR.

Fig. 6a presents XRD patterns of the nanocomposites
prepared by MISR and STR, respectively. As shown in Fig. 6a, the
XRD patterns of the two nanocomposites are quite different.

100:nm

Fig. 3 SEM images of Ni-Co—-Al(OH), prepared: (a) by MISR; (b) by STR; TEM images of Ni-Co—-Al(OH),, prepared: (c) by MISR; (d) by STR.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 SEM images and element contents in Ni-Co—-Al(OH),, nanocomposites.

The crystal structure of the nanocomposites prepared by MISR
was similar to that of a-Ni(OH),, with the (003), (006), (101),
(110) and (113) crystal planes; while the crystal structure of the
STR-prepared nanocomposites was mostly of B-Ni(OH),, with
the (001), (100), (101), (102) and (110) crystal planes. Due to the
low micromixing efficiency of STR, the doped metal ions might
not be inserted into the Ni(OH), crystal lattice uniformly during
the precipitation reaction, leading to severe element aggrega-
tion within the crystal lattice, which is consistent with the
element distributions in the EDS images. The element aggre-
gation weakens the synergetic effects of metal ions. As a result,
the STR doping route would not change the crystal form of
Ni(OH), but only reduce the intensity of the characteristic peaks
of Ni(OH),, which confirms the importance of micromixing in
the co-precipitation process again.

Fig. 6b presents the cycle performance of the nano-
composites prepared by MISR and STR, respectively. It shows

Table 1 EDS element distributions of two different Ni-Co—-Al(OH),
nanocomposites prepared from each of MISR route and STR route, at
the same feeding atomic ratio of the raw materials

Atom (at%) Feed MISR STR

Ni 65.21 68.43 64.42 54.61 77.22
Al 26.09 24.19 26.65 29.44 16.37
Co 8.70 7.38 8.93 17.95 6.41

25682 | RSC Adv., 2019, 9, 25677-25689

that the initial specific capacitance of the two prepared nano-
composites under the same optimal doping conditions was
2010.8 and 1850.4 F g~ ' at 1 A g~ current density, respectively.
After 500 cycles of charging and discharging, the specific
capacity retention rate was 80% and 62.5%, respectively. Such
results demonstrated that the modified nanocomposites
prepared by MISR showed not only higher initial specific
capacity, but also better cycle performance, owing to the more
uniform distribution of metal ions obtained through the MISR
route.

3.2 Structure and morphology of RGO

In order to improve the electrical conductivity and also extend
the cycle life of the Ni-Co-Al(OH),, nanocomposites, reduced
graphene oxide (RGO) was selected to further modify the
nanocomposites by making use of the high conductivity and
large specific surface area of RGO.

RGO was firstly prepared by the Hummers' method,*® and
the Raman spectra of RGO are presented in Fig. 7a. The Raman
characteristic peaks of carbon materials mostly include two:
peak G and peak D.** Peak G around 1580 cm ™ reflects the in-
plane bond-stretching motion of the pairs of C sp* atoms (the
E,, phonons) and peak D around 1360 cm ™' has a relationship
with breathing modes of rings or K-point phonons of A;,
symmetry.***® As shown in Fig. 7a, the characteristic peak D and
peak G of the prepared RGO appeared more pronounced after
the flake graphite was oxidized and then reduced. The ratio of

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 EDS images of Ni-Co—-Al(OH),, nanocomposites.

Ip/Ig was 1.13, indicating that the disorder degree of the RGO
prepared with the Hummers' method is much greater than that
of graphite. Besides, the Ip/I; ratio of RGO is also bigger than
that of GO, indicating a decrease in the average size of sp’
domains upon reduction of GO,*” which is typical in GO and
chemically reduced graphene.*

XRD patterns of graphite, GO and RGO are presented in
Fig. 7b. It shows that the peaks of RGO changed remarkably
after reduction. There was a characteristic diffraction peak of
graphene at 25° in the RGO XRD curve, and no (001) reflection
of GO was observed, indicating that GO was effectively reduced
into graphene.*

Fig. 7c presents TEM image of the prepared RGO. It shows
that the RGO has some wrinkles and the lamellae are very thin
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Fig. 6 (a) XRD patterns and (b) cycle performance of Ni-Co—-Al(OH),
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like nearly transparent films, demonstrating that the RGO has
a high specific surface area and can provide sufficient sites for
the loading of metal hydroxide.*

3.3 Electrochemical properties and characterization of Ni-
Co-Al(OH),/RGO composites

As discussed above, the stability of «-Ni(OH), has been
successfully enhanced with the addition of Co and Al ions by
MISR. However, the electrical conductivity and rate capability of
the prepared nanocomposites still have room for improvement.
Therefore, the prepared RGO was used to modify the Ni-Co-
Al(OH),, nanocomposites within MISR. Fig. 8a presents the XRD
pattern of the obtained Ni-Co-Al(OH),/RGO. It shows that the
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Fig. 7

a-Ni(OH), (JCDPS no. 38-0715) crystal structure was remained
after the addition of RGO. There were no obvious characteristic
diffraction peaks around 25° and 42°, which might be due to
that the multilayers were prevented by the deposited metal
ions™ so that the peaks for graphene could not be observed.
This result implies the uniform loading of Ni(OH), on RGO
within MISR may provide the possibility of full utilization of the
large surface area and high conductivity of RGO. Fig. 8b pres-
ents the Raman spectra of Ni-Co-Al(OH),/RGO. It shows that
there were two prominent peaks at 1360 and 1580 cm ™', cor-
responding to peak D and peak G of RGO, respectively. Ip/Ig
remained a high value of 1.05, indicating that the RGO after
loading still kept a high degree of disorder, which was probably
because that the stacking of graphene was effectively inhibited
by the deposition of Ni(OH),. In addition, there was a peak at
550 cm ™! belonging to metal hydride, confirming that Ni(OH),
has been successfully loaded on RGO by MISR.

To confirm the formation of Ni-Co-Al(OH),/RGO, the
surface electronic states of the as-obtained products were
examined and analyzed by XPS, as demonstrated in Fig. 9. It
shows that the composites were primarily composed of Ni, Co,
Al, C and O elements. Two major peaks of Ni 2p centered
around 855.7 and 873.3 eV with a spin-energy separation of
17.6 eV due to Ni 2p,, and Ni 2p;,,, which are characteristic Ni**
peaks in Ni(OH),. In addition, there were two extra peaks

(@) Raman spectra of graphite, GO and RGO; (b) XRD patterns of graphite, GO and RGO; (c) TEM image of RGO.

located at 879.5 and 861.6 eV, attributing to the satellite peaks
of the major Ni 2p,,, and Ni 2p;/, peaks. The results are in good
agreement with other literatures.””*

Fig. 10 presents TEM and SEM images of the Ni-Co-Al(OH),/
RGO composites. Compared with the TEM image of RGO, the
surface of the Ni-Co-Al(OH),/RGO composites was obviously
much rougher than that of RGO, which is owing to the loading
of metal hydroxides on RGO. The uniform loading and covering
of Ni-Co-Al(OH),, on the surface of RGO would benefit to the
full use of large surface area and high conductivity of RGO. In
addition, the close combination between Ni-Co-Al(OH),
composites and RGO would form electron superhighways,*
which allows charges transporting rapidly and efficiently and
improves the overall electronic conductivity. In the high
magnification SEM image (Fig. 10b), some unique folds of
graphene could be easily observed and the uniform loading of
Ni-Co-Al(OH),, nanoparticles on the surfaces of RGO was also
clearly demonstrated. In addition, the uniformly dispersed
nanoparticles might also play the role as spacers, which could
prevent the agglomeration of RGO. Hence the mutual promo-
tion between Ni-Co-Al(OH), and RGO will remarkably modify
the electrochemical performance of the materials as super-
capacitors. The overall morphology and particle size distribu-
tion can also be observed clearly in the low magnification SEM
image (Fig. 10c) of the composites.
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Fig. 8 (a) XRD pattern and (b) Raman spectra of Ni-Co—-Al(OH),/RGO.
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Fig. 11a presents the CV curves at various scan rates of the
Ni-Co-Al(OH),/RGO composites. The CV diagram was similar
to that of Ni-Co-Al(OH), nanocomposites, showing strong
redox peaks due to the Faradaic reaction. It can be seen that the
CV curve at a scan rate of 2 mV s~ of the material was highly
symmetric, and AE was 199 mV, far less than 239 mV of Ni-Co-
Al(OH),, showing a great modification in reversibility. In addi-
tion, shifts of oxidation and reduction peaks can be observed
with the increasing scan rate, which is owing to the resistance of
the electrode.*

Fig. 11b shows the Nyquist plots for the Ni-Co-Al(OH),, and
Ni-Co-Al(OH),/RGO composites. The semicircle of the plot was
slightly reduced after modification with RGO, indicating the
decrease of R, and the enhanced electrical conductivity of
Ni(OH), by the addition of RGO due to the uniform loading
process in MISR.

Fig. 11c illustrates that when the current density was 1, 2, 5,
10 and 20 A g, respectively, the initial specific capacitance of
the Ni-Co-Al(OH),/RGO composites was 2230.9, 2195.7, 2080.6,
1947.4 and 1687.5 F g™, respectively. Compared to that at the
current density of 1 A g~', which was the highest one, the
retention rate of the initial specific capacitance was 98.4%,
93.3%, 87.3%, and 75.6% for the current density of 2, 5, 10 and
20 A g, respectively. It demonstrates that the prepared Ni-Co-
Al(OH),/RGO composites can achieve a high rate capability,
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satisfying requirements for fast charging and discharging. The
satisfying rate capability is due to the fast transmitting of ions
through the 3D conductive network constructed by RGO, which
demonstrates the uniform loading of metal hydroxides again.
Compared with the 2010.8 F g~' of Ni-Co-Al(OH), at the
current density of 1 A g, the specific capacitance of Ni-Co-
Al(OH),/RGO was successfully promoted with RGO due to its
large surface area.

The cycle performance is a crucial parameter for the appli-
cation of supercapacitors. Fig. 11d shows the cycle performance
of Ni-Co-Al(OH),/RGO composites. The initial specific capaci-
tance was 2230.9 F g~ . After full activation for about 200 cycles,
the maximum specific capacitance reached 2389.5 F g '. After
1000 cycles, the capacity remained 83.7% of the initial specific
capacitance. Table 2 compares the electrochemical perfor-
mance of these Ni-Co-Al(OH),/RGO composites prepared by
the MISR technology with some similar materials prepared by
different approaches as reported in literatures, which shows
that the MISR-prepared samples have the highest initial specific
capacitance but with a little poorer cycling stability. However,
the MISR route processes several significant advantages over the
other methods. Firstly, the MISR setup is very easy to build and
operate. Secondly, it can run at a continuous manner rather
than drop by drop adding to reduce the reaction time dramat-
ically. Thirdly, MISR production capacity can be expanded by

Fig. 10

This journal is © The Royal Society of Chemistry 2019

(a) TEM; (b) and (c) SEM images of the Ni-Co-Al(OH),,/RGO composites.
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Fig. 11
performance of the Ni-Co—Al(OH),,/RGO composites.

a numbering-up method with almost no negative scaling-up
effects. Therefore, the MISR approach is a promising tech-
nology for the preparation of high performance nano-
composites through co-precipitation process with more
uniform element distributions and more stable product quality.

In addition, asymmetric supercapacitors (ASC) containing
the prepared Ni-Co-Al(OH),/RGO (as the positive electrode) was
also constructed, as shown in Fig. 12a, to further evaluate its
electrochemical performance. Fig. 12b demonstrates that the
CV curves of the activated carbon negative electrode possessed
the fine rectangular shape of the electronic double-layer
capacitor behavior with the potential window ranged from

Table 2 Comparison of different preparation methods
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0 to —1 V. Therefore, the stable operating voltage window of the
ASC device could be extended to 1.4 V (Fig. 12b). Fig. 12c
showed the CV curves of the ASC device at various scan rates
ranging from 10 to 50 mV s~ . The broad redox peaks indicates
the battery-type capacitive properties of the ASC device arising
from the Ni-Co-Al(OH),/RGO electrode. The initial charge and
discharge curves of the ASC device shown in Fig. 12d were
almost symmetric to each other, which suggested a good
capacitive characteristic. The initial calculated specific capaci-
tances of the ASC device were 40.8, 38.3, 35.3, 32.6 and 25.4 F
g ' at the current densities 0of 0.2, 0.5, 1,2, 5 A g’l, respectively,
based on the total mass of the electrode materials. In addition,

Initial specific capacitance

Materials Methods Electrolyte Fg™) Capacity retention rate
Ni-Co-Al(OH),/RGO (this MISR 6 M KOH 2389.9 (1A g 83.7% (1 A g, 1000 cycles)
work)

RGO/Ni; _,Co,Al* Situ self-reduction 6 M KOH 1902 (1A g 98.6% (1 A g™, 1000 cycles)
Al-Co-Ni(OH),/GNS™ Co-precipitation 6 M KOH 2257 (2 mV s ) 77% (2 mV s~', 1000 cycles)
RGO/Nig 75 xCOAlg 55 (ref. Hydrothermal 6 M KOH 1544 (1A g Almost unchanged (10A g™ ",
46) 2000 cycles)
Ni/Co/Al-layered triple Situ crystallization 6 M KOH 1504 (20 A g™ 1) 91% (20 A g, 2000 cycles)
hydroxide@brominated hydrothermal method

graphene®”
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Fig. 12 (a) Layout of the assembled asymmetric supercapacitor (Ni-Co-Al(OH),,/RGO//activated carbon); (b) CV curves of Ni-Co-Al(OH),, and

activated carbon electrodes at a scan rate of 2 mV s~ in a three-electrode system; (c) CV curves of Ni-Co—Al(OH),/RGO//activated carbon ASC
device at different scan rates; (d) initial GCD curves of Ni-Co-Al(OH),,/RGO//activated carbon ASC device at different current densities; (e) the
cycle stability of Ni-Co-Al(OH),/RGO//activated carbon ASC device at a current density of 0.5 A g%

the ASC device exhibited a good electrochemical stability with
78.3% of the maximum capacitance retention after 1000 cycles
at a current density of 0.5 A g~ (Fig. 12e).

4. Conclusions
In this study, Ni-Co-Al(OH),, as electrode materials for super-

capacitors was successfully prepared by co-precipitation with

This journal is © The Royal Society of Chemistry 2019

a novel micro-impinging stream reactor (MISR). MISR processes
a much intensified micromixing performance over the tradi-
tional stirring reactors (STR) so that a more homogeneous
nucleation environment for reaction will be provided. As
a result, more stable structure and higher degree of crystallinity
of the nanocomposites was obtained by MISR, and more
uniform dispersion of Ni, Co, Al elements was achieved for the
Co and Al co-doped Ni(OH), nanocomposites as well. In

RSC Adv., 2019, 9, 25677-25689 | 25687
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addition, RGO was used to further modify the nanocomposites
through MISR. At the current density of 1 A g™, the initial
specific capacitance of the Ni-Co-Al(OH),/RGO composites was
2230.9 F g%, and the maximum specific capacitance could
reach 2389.5 F g~ after full activation. After 1000 cycles, the
capacity could remain 83.7%. Under the current density of
20 A g, the specific capacitance of Ni-Co-Al(OH),/RGO could
reach 1687.5 F g~ ', and the retention rate was 75.6%, indicating
an excellent rate capability. The work demonstrated that the
MISR technology would be a promising synthesis route for
nanocomposites as electrode materials for supercapacitors.
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