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The development of future mobility (e.g. electric vehicles) requires supercapacitors with high voltage and
high energy density. Conventional active carbon-based supercapacitors have almost reached their limit
of energy density which is still far below the desired performance. Advanced materials, particularly metal
hydroxides/oxides with tailored structure are promising supercapacitor electrodes to push the limit of
energy density. To date, research has largely focused on evaluation of these materials in aqueous
electrolyte, while this may enable high specific capacitance, it results in low working voltage window and
poor cycle stability. Herein, we report the development of Ni;Mn-layered double oxides (Ni,Mn-LDOs)
as mixed metal oxide-based supercapacitor electrodes for use in an organic electrolyte. Ni,Mn-LDO
obtained by calcination of [NiggeMng 33(0H)](CO3)0.175-nH,O at 400 °C produced the best performing
Ni,Mn-LDOs with high working voltage of 2.5 V and a specific capacitance of 44 F g™* (at 1 A g™%). We
believe the performance of the Ni,Mn-LDOs is related to its unique porous structure, high surface area
and the homogeneous mixed metal oxide network. NiMn-LDO outperforms both the single metal
oxides (NiO, MnO,) and the equivalent physical mixture of the two oxides. We propose this performance
boost arises from synergy between NiO and MnO, due to a more effective homogeneous network of
NiO/MnO, domains in the Ni,Mn-LDO. This work clearly shows the advantage of an LDO over the single
component metal oxides as well as the physical mixture of mixed metal oxides and highlights the
possibilities of development of further mixed metal oxides-based supercapacitors in organic electrolyte
using LDH precursors.
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to conventional active carbon.*® To date, most of the studies
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Introduction

Supercapacitors together with the complementary Li-ion
batteries are envisaged to power the future of mobility."”
Currently, the dominant supercapacitors in the market are
made of active carbons using organic electrolyte. Despite their
low-cost, high rate capacity and excellent cycle stability, the
maximum energy density is only up to 10 W h kg~ " which limits
their applications mainly to portable electronics and power
backup.™® To enable their large-scale deployment in the trans-
port sector, it is critical to develop supercapacitors with both
high operating voltage and high energy density. Intensive
research has occured on the development of advanced
materials-based electrodes, particularly metal hydroxides/
oxides because of their higher specific capacitance compared
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have evaluated these materials in aqueous electrolyte, taking
advantage of extra energy storage through the bulk redox reac-
tions.®> However, the operating voltage of such aqueous system
is generally limited as water in the electrolyte undergoes elec-
trolysis beyond 1.23 V.® The high specific capacitance of an
aqueous system is compromised by the limited power density,
low rate capacity and poor cycle stability as the bulk redox
reactions are typically kinetic sluggishly, diffusion-controlled
and not as reversible as the surface-limited electric double
layer capacitance (EDLC)/pseudocapacitance. In comparison,
organic electrolytes like tetraethylammonium tetrafluoroborate
(TEABF,) have high breakdown voltage and are typically only
involved in fast EDLC or pseudocapacitance, which has been
widely used in commercial supercapacitors.®

To achieve high specific capacitance without sacrificing the
operating voltage, power capacity and cycle stability, metal
oxide electrodes using organic electrolyte have been devel-
oped.”"* Sugimoto et al. reported that NiO can achieve a wider
working voltage and much higher energy density in organic
electrolyte than in aqueous electrolyte.” The composites of NiO/
polypyrrole’® and NiO/carbon fibre cloth' have also been
developed to improve the electrochemical performance of NiO.
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Nesscap patented that MnO, achieved better specific capaci-
tance in the organic electrolyte with dual salts than that with
single salt."> Despite the above development, the use of mixed
metal oxides in organic electrolytes remains relatively unex-
plored. Due to their complementary properties, mixed metal
oxides have shown synergetic effects in many applications (e.g.
catalysis,”'* photocatalysis® and batteries'®"’). Individually,
both NiO and MnO, have been investigated as supercapacitor
electrodes, displaying typical surface redox pseudocapaci-
tance®" and bulk intercalation pseudocapacitance,'® respec-
tively. We thought it could be highly rewarding to study mixed
metal oxides for their potential advanced supercapacitor elec-
trode, particularly in the organic electrolyte.

Layered double hydroxides (LDHs), are a big family of anion
layered materials that have positively charged metal hydroxide
layers and negatively charged anion interlayers.**** Transition
metal-LDHs  including  [Nig¢sMng 33(OH),](CO3)0.175- nH,O
(Ni,Mn-LDH) have been widely studied as supercapacitor elec-
trodes using aqueous alkaline electrolyte.>* By simple calci-
nation of LDHs, they can be transformed into a unique type of
mixed metal oxide often referred as layered double oxides
(LDOs). LDOs have found applications in CO, capture,* catal-
ysis,* and batteries.*® LDOs were also developed as advanced
supercapacitor electrode materials in aqueous electrolytes
thanks to their better conductivity and unique structure.**
Herein, we report the use of Ni,Mn-LDO prepared by calcina-
tion of Ni,Mn-LDH as mixed metal oxides-based supercapacitor
electrode in TEABF,/acetonitrile. We investigated the perfor-
mance of Ni,Mn-LDO electrodes prepared at different calcina-
tion conditions including calcination temperature, ramping
rate and hold time. Control samples including NiO, MnO, and
physical mixtures of NiO and MnO, were also prepared and
evaluated in the same organic electrolyte.

Experimental

Preparation of layered double hydroxides (LDHs) and layered
double oxides (LDOs)

[Nip.66Mng 33(0H),](CO3)0.175- nH,O (Nip,Mn-LDH; referred as
LDH hereafter) was synthesised by a conventional co-
precipitation method. 15 mmol Mn(NO;),-4H,0 (3.77 g) and
90 mmol NH,F (3.33 g) were dissolved in 180 mL deionised
water and purged with O, for 30 minutes while stirring.
30 mmol Ni(NOs),-6H,0O (8.72 g) was dissolved in 120 mL
deionised water and added into the above light pink solution to
form a green solution A. 75 mmol Na,CO; (7.95 g) was dissolved
in 150 mL deionised water and the pH was adjusted to be 11 by
HNO; (10 wt%, diluted from 70% HNO3) to get solution B.
Solution B was added into solution A at a rate of 143 mL min "
using a syringe pump (Model R99-E, Razel Scientific Instru-
ments) while stirring (500 rpm). During the addition, O, gas was
bubbled through the reaction mixture to ensure oxidisation of
the Mn>*. And the pH was controlled at 11 by adding NaOH
(4 M) dropwise. The green solution turned to brown suspension
and finally dark brown suspension. This suspension was stirred
(500 rpm) for 18 h at 65 °C. The final product was filtered,
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washed with deionised water until pH 7 and dried overnight at
room temperature in a vacuum oven.

The as-obtained Ni,Mn-LDHs were calcinated in a crucible
without lid in a box furnace in static air. The following condi-
tions were investigated: (a) different calcination temperatures
(200, 300, 400, 500, 600, 700 and 900 °C) with a fixed ramp rate
of 5°C min~" and a holding time of 3 h, samples are referred as
LDO200, LDO300, LDO400, LDO500, LDO600, LDO700 and
LDO0900, respectively; (b) different ramp rate (0.5, 5, 10, 30, 50
and 100 °C min ") at fixed calcination temperatures of 400 °C
and a holding time of 3 h; and c) different holding time (0.5, 1,
3, 6, 12 and 24 h) with fixed calcination temperature of 400 °C
and a ramp rate of 5 °C min . Several control samples were also
prepared: NiO was obtained from the calcination of Ni(OH), at
400 °C, 5 °C min~* for 3 h. Commercial MnO, was used alone
and also physically mixed in with the as-synthesised NiO to give
a2:1 Ni:Mn ratio as a further reference sample.

Preparation of electrodes and electrochemical evaluation

Electrodes were prepared by mixing and grinding LDH or LDOs
(80 wt%), carbon black (15 wt%) and PVDF (5 wt%) in 1-methyl-
2-pyrrolidinone (NMP) solvent in a mortar to form a homoge-
neous slurry with a total solid content of about 15 wt%. The
slurry was then coated on the pre-treated nickel foam with
loading area of ca. 1 ecm” and loading mass of 5-10 mg cm 2.
The electrodes were then dried overnight at 60 °C, then pressed
using a manual hydraulic press (Specac) at 10 tons. Three-
electrode cell (T-cell) test was carried out by using the pressed
electrode as working electrode, Pt wire (7.5 cm, BASi MW-1032)
as counter electrode and a low-leakage Ag/AgCl (5 mm diameter,
Warner Instruments) as reference electrode, and 1 M tetrae-
thylammonium tetrafluoroborate (TEABF,) in acetonitrile as
electrolyte. Cyclic voltammetry (CV) was conducted over
a potential range of —1.0 to 1.5 V at a scan rate of 1-100 mV s~ *
for LDOs. Galvanostatic charge-discharge (GCD) was performed
in the sweep potential range of —1.0to 1.5V for LDOs at 1A g .
Specific capacitance, C,; (F g~ ') can be calculated from the
Galvanostatic discharge profile using the equation below:
ix At

Co= —— 1
mx AV (1)

where i (A) is the constant discharge current, At (s) is the
discharge time, AV (V) is the potential change during the
discharge time A¢, m (g) is loading mass of active materials in
the electrode. The Galvanostatic electrochemical impedance
spectroscopy (EIS) measurement was carried out by applying an
AC current at 10 mA in a frequency range of 0.1 Hz to 100 kHz at
open circuit voltage.

Results and discussion

As shown in Scheme 1, various Ni,Mn-LDOs were prepared by
initial formation of the Ni,Mn-LDH by co-precipitation of the
metal salts, followed by the calcination from 200-900 °C.
Fig. 1(a) and (b) show the XRD patterns of LDH and LDOs. The
Bragg reflections at 260 = 11.5°, 23.2°, 33.6°, 34.4°, 38.9°, 60.0°,
61.3° can be indexed to the (003), (006), (012), (015), (018), (110)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The synthesis route of NipMn-LDH and Ni,Mn-LDO's.

and (113) reflections of Ni,Mn-LDH, respectively.>* After calci-
nation at 200 °C, NiOOH (JCPDS #06-0141) and mixed Ni-Mn
oxides (referred as Ni-Mn-O, hereafter) are formed in LDO200
due to dehydration, dehydroxylation, decarbonation and
hydroxide-oxide conversion of the LDH. At 300 °C, the Bragg
reflections due to NiOOH disappear while the Bragg reflections
arising from Ni-Mn-O, shift to higher 26 values indicating the
different chemical composition and chemical status of Ni-Mn-
O,. No reflections from pure NiO or MnO, phases can be
observed in the XRD patterns of LDO200 and LDO300. At
400 °C, the Bragg reflections due to NiO (JCPDS #44-1159) and
MnO, can be observed which are formed from the thermal
conversion of Ni-Mn-O,. At 500 °C, the XRD data indicates the
formation of NigMnOyg (JCPDS #42-0479) and NiMnO; (JCPDS
#12-0269). Their XRD patterns are partially overlapped with
those of NiO. Between 500 and 700 °C, there is coexistence of

Ni(N03)2'6H20 bubble With 02

» Ni,Mn-LDH ——— Ni,Mn-LDO
18h 200-900 °C

NiO, NigMnOg and NiMnOj;, with Bragg peak intensity from
NigMnOg and NiMnO; increasing with increasing calcination
temperature. At 900 °C, NiO and the spinel NiMn,O, (JCPDS
#01-1110) coexist. Fig. 1(a) also shows that the crystallinity of
LDOs increases with the calcination temperature and reaches
a maximum at 900 °C. In addition to chemical composition, we
are mindful that crystallinity changes could also contribute to
the varied electrochemical performance due to different storage
mechanism.*

To further investigate the steps in LDH to LDO evolution,
TGA was carried out for Ni,Mn-LDH to monitor the thermal
decomposition of LDH in the temperature range of 45-900 °C.
As shown in Fig. 1(c), there are typically three thermal event
onsets/mass losses for the LDH at 97, 186 and 240 °C, corre-
sponding to the loss of physisorbed/intercalated water, the
metal hydroxide layer dehydroxlyation (oxyhydroxide)-metal

1: NiMn,0, 1 b

2: NigMnO,
3: NiMnO,
4: Nio

5: NiOOH ,

3 wawosoo

2: NigMnO,
3: NiMnO,
4:Nio

2

LDO700

e ' " A PP PTG ) JOUU
MMLDOWO
VA N vt DO300

T e o] LDO200
35 40 45 50 55 60 65
c 0.1 o
900°C: NiO-NiMn,O,
. b00 z  500-700°C: NiO-NigMnO;-NiMnO;
o
= 5
£ = 400°C: NiO-MnO,
? F01 = t
8 L
: g |
3 300 °C: Ni-Mn-O,
2
F02 & t
- 200 °C: NiOOH/Ni-Mn-O,
St 0.3 LDH: NiMng 5(OH );(CO3), ,5xH,0
: : ¥ T =0. - NiMn, X
200 400 600 800 05(OH)3(COs)o25xH,

Temperature (°C)

Fig. 1

(@) XRD patterns of NiMn-LDH and Ni;Mn-LDOs from calcination at different temperature (200-900 °C); (b) expanded view of XRD

patterns; (c) TGA profile and DTG analysis of Ni;Mn-LDH in the range of 45-900 °C revealed the three stages of mass loss due to moisture/
solvent loss, decarbonation and hydroxide-oxide conversion; (d) proposed transformation of substances with calcination temperature showing

that LDHSs turned into various mixed metal oxides upon calcination.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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oxide conversion and decarbonation, respectively. At 124 °C,
there is a 11.1 wt% mass loss from the complete loss of mois-
ture. By 300 °C, a further 13.0 wt% mass loss arising from
carbonate decomposition and dehydroxlyation was observed.
Combined with the XRD results in Fig. 1(a and b), the most
likely transformation sequence with increasing temperature is
shown in Fig. 1(d). The data suggests that the LDH converts to
NiOOH and Ni-Mn-O, initially (LDO200) and then transforms
to another Ni-Mn-O, phase at 300 °C (LDO300). At 400 °C, NiO
and MnO, form separated nano-domained phases, which upon
further heating transform into the mixture of NiO-NigMnOg-
NiMnO; from 500 °C until 700 °C. At 900 °C, these mixed metal
oxides convert to the mixture of NiO and the spinel phase,
NiMn,0O,. This rich chemistry of LDH-LDO transformation
provides series of LDOs with different phases and crystallinity
for the study as supercapacitor electrodes.

Fig. 2 and Fig. S11 show the Ni 2p;,,, Ni 2p,,, and Mn 2p3),
XPS spectra for Ni,Mn-LDH and the LDOs (LDO200, LDO300,
LD0400, LDO700 and LDO900). Fig. 2(a) shows binding ener-
gies at 855.8 and 873.5 eV for the pristine LDH, which corre-
sponding to the Ni*" 2ps, and Ni** 2py,, respectively.*® The
other two binding energies at 861.5 and 879.2 eV are corre-
sponding to satellite peaks of Ni**, Similar binding energies for
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Ni 2p are also found in LDO400 (Fig. 2(b)) and LDO300/LDO700/
LDO0900 (Fig. S1(b-d)f), confirming the oxidation state of Ni
remains unchanged in these samples. Fig. S1(a)} shows that the
Ni 2p peak of LDO200 is broad and can be deconvoluted into
three peaks at 855.7, 858.2 and 862.9 eV, corresponding to Ni**,
Ni*" and satellite peaks, respectively.*® The above results are
consistent with the XRD results in Fig. 1(b) that indicates the
presence of NiIOOH in LDO200. Fig. 2(c-d) show very broad
peaks for Mn (about 12 eV full width at half maximum, FWHM),
which are more complicated to analyse due to the multiplet
splitting and shakeup features.”” For all samples except
LDO200, four main peaks can be fitted at about 641.1, 642.4,
643.7 and 645.6 eV (satellite peak), which suggest the co-
existence of Mn>*, Mn** and Mn*".>® Higher oxidation state of
Mn were observed in LDO200 (Fig. S1(e)t) which could be the
mixing of Mn**, Mn*" and even Mn’". The higher oxidation
state of Ni and Mn in LDO200 could be due to the oxidation of
dehydrated hydroxides by oxygen from the calcination in air at
200 °C, but it is unclear for now how they are reduced to original
chemical status when the calcination temperature is lifted
above 200 °C.

To study the effect of morphology, porosity and phases on
electrode performance, TEM and BET have been carried out on

(on
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Fig. 2 XPS spectra of Ni 2p3/2 and Ni 2p1/2 for (a) Ni;Mn-LDH and (b) LDO400, XPS spectra of Mn 2p2/3 for (c) Ni,Mn-LDH and (d) LDO400
indicating that mainly Ni** and mixing of Mn?*/Mn®*/Mn** in LDH and LDO400. Sat.: satellite peaks.
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Fig. 3 TEM images of (a) LDH; (b) LDO200; (c) LDO300; (d) LDO400; (e) LDOS500; (f) LDO600; (g) LDO700 and (h) LDO90O; (i) HADDF image,
STEM-EDS mapping (j) Ni and (k) Mn (1) overlay of Ni and Mn mapping. Ni and Mn are homogeneously distributed across the sample. Green: Ni,

red: Mn, scale bars in (i-1): 500 nm.

both LDH and LDOs. Fig. 3(a) shows the platelet-like
morphology of Ni,Mn-LDH with platelet diameters about 50-
150 nm. A similar morphology is retained in LDO200 (Fig. 3(b))
despite the structural phase change to an LDO. Fig. 3(c and d)
show well-distributed mesopores (2-4 nm) in LDO300 and
LDO400. These mesopores are known as Kirkendall voids which
are formed due to the difference in diffusivities of Ni and Mn
atoms.* As a result, LDO300 and LDO400 have the highest
surface area and pore area (Fig. S2(a and b)}). These results
demonstrate that LDOs with unique porous structures can be
made from a simple and facile calcination method. In
comparison, complex methods are typically required to make
porous mixed metal oxides involving the synthesis with
a template and subsequent template removal.*® Fig. 3(e and f)
show that the Kirkendall voids become larger (4-20 nm) in
LDO500 and LDO600. At 700 and 900 °C, most of the voids
disappear with the particle size becomes larger due to the sin-
tering at higher temperature (Fig. 3(g and h)). The STEM-EDS
mapping of LDO400 in Fig. 3(i-1) show that Ni and Mn are
well-distributed across the entire sample indicating the homo-
geneous mixing of NiO and MnO, in LDO400. In addition to the

© 2021 The Author(s). Published by the Royal Society of Chemistry

unique porous structure, LDOs have another advantage of
intimate homogeneous mixing of two metal oxides, compared
to physical mixing.

Fig. 4(a) and Fig. S31 show the cyclic voltammetry (CV) curves
of LDH and LDOs in the organic electrolyte. As far as we are
aware this is the first electrochemical study of an LDH/LDO in
an organic electrolyte. The LDH has a relative narrow potential
window (2.0 V) and limited specific capacitance over the
potential window investigated. The expansion of the enclosed
area within the CV curves of the LDOs indicates the enhanced
specific capacitance in LDOs compared to the LDH. Particularly,
LDO400 shows the strongest current response due to its highly
porous structure and the intimate homogeneous mixing of
electrochemically active NiO and MnO,. phases. Fig. 4(a) shows
a smooth CV curve for LDH in the organic electrolyte (1 M
TEABF, in AN) except for a minor reduction peak at —0.6 V. This
indicates its surface-limited storage mechanism. In compar-
ison, the CV response of Ni,Mn-LDH in alkaline aqueous elec-
trolyte shows the typical peak shape of a battery-type storage
mechanism.**** Fig. 4(b) shows the galvanostatic charge-
discharge of LDH and LDO400. From the discharge curve and

RSC Adv, 2021, N, 27267-27275 | 27271
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(a) CV curves for LDH and LDH400; (b) galvanostatic charge—discharge curves; (c) Nyquist plots of LDH and LDO400 with inset equivalent

circuit diagram where R is the series resistance, R is charge transfer resistance, CPE1 and CPE2 are constant phase elements used to represent
the non-ideal systems; (d) the effect of calcination temperature (25-900 °C) on the Galvanostatic charge—discharge curves at 1 A g %; (e) the
effect of calcination temperature on the specific capacitance and specific surface area of LDH and LDOs. CV curves of (f) NiO, (g) MnO,, (h)
physical mixture of NiO/MnO, with same Ni/Mn ratio to LDO400 and (i) galvanostatic charge—discharge curves of NiO, MnO,, physical mixture
of NiO/MnO, and LDO400 at 1 A g% Electrolyte: 1 M tetraethylammonium tetrafluoroborate (TEABF,) in acetonitrile, CV scan rate at 50 mV S,

using eqn (1), the specific capacitance of LDH is calculated to be
3.2 F g~ " while LDO400 can reach 44 F g~ ', which is at least 13
times higher than LDH. Both higher specific capacitance and
wider working potential in LDO400 will facilitate the develop-
ment of much higher energy density supercapacitors. Fig. 4(b)
shows a smooth charge/discharge curve without an obvious
battery-type plateau indicating nearly constant capacitance over
the potential range. This is consistent with the CV data. Nyquist
plots and the equivalent circuit model were shown in Fig. 4(c).
Series resistance (R;) can be obtained from the intersection of
curve with x axis indicates the lower series resistance in LDO400
possibly due to its better compatibility with the organic elec-
trolyte. On the other hand, it seems that the charge transfer
resistance (R) is lower in Ni,Mn-LDH although the semi-circle
is less obvious. Overall, the internal resistance (R; + R.) of
LDO400 is lower than that of Ni,Mn-LDH. Galvanostatic
charge-discharge curves in Fig. 4(d) show that LDOs have
similar charge-discharge behaviour but with significantly

27272 | RSC Adv, 2021, N, 27267-27275

different capacity. The calculated specific capacitances and
measured specific surface area were plotted versus the calcina-
tion temperature in Fig. 4(e). A similar trend is found for the
effect of calcination temperature on specific capacitance and
specific surface area. However, a high surface area does not
guarantee the best performance.* The calcination temperature
significantly affects the specific capacitance as it induces the
changes of chemical composition, crystallinity, phase fraction,
surface area and porous structure within the LDOs. A slow
calcination (low ramp rate) of the LDH results in better
performance while the effect of calcination holding time is
negligible (Fig. S4t). Overall, the optimised conditions are:
calcination at 400 °C with ramping rate of 5 °C min~" and hold
time of 3 h. Under the optimal conditions, LDO400 has the best
performance due to the intimate mixing of low crystallinity,
high surface area, active NiO/MnO, phases with a highly porous
structure. We also noted that spinel oxides have been reported
as supercapacitor electrodes with high performance in an

© 2021 The Author(s). Published by the Royal Society of Chemistry
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aqueous electrolyte,** however, a relative low specific capaci-
tance was found for the spinel containing LDO (900 °C) here
which could be due to the different storage mechanism in the
organic electrolyte.

To further illustrate the difference between the mixed metal
LDO and a simple mixture of metal oxides, control samples of
NiO, MnO, and a physical mixture (in the appropriate ratio)
were prepared, evaluated by CV and GCD, and compared with
LDO0400. The envelop shape of CV in Fig. 4(f) indicates that
storage mechanism of NiO is likely to be a fast surface redox
pseudocapacitance®'* which can be described by the eqn (2).

(Nio)surfacc + TEA+ te <« (NioiTEAJr)surfacc (2)

This involves fast and reversible redox reactions on the
surface of NiO involving the tetraethylammonium cation (TEA",
from the electrolyte salt TEA'BF, ). For MnO,, a pair of redox
events is observed with small voltage offset indicating that the
storage mechanism involves the intercalation pseudocapaci-
tance® which can be described by the eqn. (3).*®

MnO, +TEA" + ¢~ < (MnOO)TEA (3)

During the intercalation/deintercalation of TEA' in the
interlayers/tunnels of MnO,, there is reversible redox transition
between Mn** and Mn®", The linear dependence of potential on
the state of charge in Fig. 4(i) is another characteristic of
pseudocapacitive storage mechanism in NiO and MnO,. A
higher specific capacitance is found in the physical mixture

View Article Online
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compared to their parent materials indicating the synergetic
effect between NiO and MnO,. This could be due to the
combined contribution of fast redox pseudocapacitance of NiO
and intercalation pseudocapacitance of MnO,. For LDO400, the
specific capacitance is even higher due to the synergic effect
between two types of pseudocapacitive storage mechanism,
uniform porous structure and a better distribution of NiO/
MnO, than in the physical mixture of NiO/MnO,. From Fig. 4(i),
the specific capacitances of NiO, MnO, and physical mixture of
NiO and MnO, are calculated tobe 12 F g~ " (2.5V), 24 Fg " (2.0
V), 36 F g~ ! (2.5 V), respectively, all of which are lower than that
of LDO400 (44 F g~ ' at 2.5 V). These results clearly show the
advantage of LDO over the single component metal oxides as
well as the physical mixture of mixed metal oxides.

To illustrate the storage mechanism of LDO400, CV experi-
ments at different scan rates (1-100 mV S~ ') were collected and
shown in Fig. 5(a and b). According to the power law relation-
ship, eqn (4).***

i=a’ (4)

where 7 is the CV current and v is the CV sweep rate, the b-value
can be determined from the slope of a plot log(i) versus log(v).
The b-value at 0 V is 0.964 (Fig. 5(c)), which is very close to unity
indicating the dominant surface capacitive response. Mean-
while the b-value at 1 V is 0.743, which indicates that the
combination of surface capacitive response (b = 1) and bulk
faradaic process (b = 0.5). From Fig. 5(d), there is dominant
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a e | b s 100mv'S
— emye? / 6l ——50mV S
1{ —damvs' 7, —20mv s’ 3 FT ) :
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Fig. 5 (a) CV curves of LDO400 at the scan rate of 1-10 mV S%; (b) plot of current versus the CV scan rate in the electrolyte of 1 M tetrae-
thylammonium tetrafluoroborate (TEABF,) in acetonitrile indicating the dominant surface limited capacitance; (c) CV curves of LDO400 at the
scan rate of 10, 20, 50, 100 mV S~%; (d) specific capacitance versus the CV scan rate showing that up to 63 F g~ can be achieved at the scan rate
of 2 mV S7* though the rate capacitance can be improved further; (e) scheme showing the combined storage mechanism of surface redox
pseudocapacitance and intercalation pseudocapacitance from the NiMn-LDO400 in the organic electrolyte of tetraethylammonium tetra-
fluoroborate (TEABF,) in acetonitrile which leading to wider working potential and enhanced specific capacitance.
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Fig. 6 CV curves of symmetric two-electrode system using both
LDO400 as cathode and anode in the electrolyte of 1 M tetraethy-
lammonium tetrafluoroborate (TEABF,) in acetonitrile at the scan rate
of 50 mV S™%. A maximum working voltage of 2.5 V can be achieved
while a further higher voltage leads to non-reversible structure
change.

surface capacitance between —0.5 and 0.5 V (0.8 < b < 1) and
dominant bulk intercalation at the potential of < —0.5 V and >
0.5 V (0.5 < b < 0.8).* These results are consistent with previous
findings from Fig. 4. As shown in Fig. 5(e), the storage mecha-
nism for LDO400 in the organic electrolyte is the combination
of fast redox pseudocapacitance on the surface of NiO and the
intercalation pseudocapacitance in the bulk of MnO,, both
involving the cations of TEA'. As the result, a much higher
specific capacitance has been achieved in LDO400.

To demonstrate that LDO as the high-working voltage elec-
trode, a symmetric two-electrode system using both LDO400 as
cathode and anode was evaluated by CV at various voltage
windows. Fig. 6 shows quasi-rectangular shapes of CV curves up
to 2.5 V. At working voltage of 2.6 V, the discharge CV curve
starts to distort slightly at 2.25 V which becomes more signifi-
cant at the working voltage of 2.8 V indicating the non-
reversible structure change of LDO400. These results confirm
that LDO400 can operate at high working voltage up to 2.5 V
using a symmetric design.

Conclusions

A route to mixed metal oxide-based supercapacitor electrodes
using Ni,Mn-layered double hydroxide precursors has been
developed. The calcination temperature has a significant effect
on the chemical composition, crystallinity, surface area and
pore structure of Ni,Mn-LDOs, leading to varied electro-
chemical performances. Ni,Mn-LDO produced by calcination at
400 °C has the highest specific capacitance of 44 Fg ' (1A g™ ")
in the organic electrolyte which is 13 times higher than the

27274 | RSC Adv, 2021, 1, 27267-27275
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parent Ni,Mn-LDH. Ni,Mn-LDO performs better than NiO,
MnO, and their physical mixture. These could be ascribed to the
synergetic contribution of different storage mechanism in NiO
and MnO, as well as the homogeneously distribution of NiO
and MnO,. This study could pave the way for further develop-
ment of new routes to mixed metal oxide-based supercapacitors
to meet the high-energy density and high-power density
demand for the supercapacitor field.
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