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Compared with batteries, the advantages of capacitive energy storage include
high power, fast charging kinetics, and long cycling stability. Owing to their
layered structure and tunable transition metal charge, layered double hydroxides
(LDHs) have great potential to be applied as pseudocapacitor materials. Here, a
systematic experimental study is reported on the impact of the Ni/Al ratio on the
structure, morphology, ion transport kinetics, interlayer phenomena, and perfor-
mance of NiAl-LDH supercapacitor electrode materials, in which three NiAl-LDH
materials with Ni/Al ratios of 2, 3, and 4, are synthesized using a hydrothermal
method. The increase of the Ni/Al ratio results in more open interlayer space
resulting in faster ion diffusion kinetics. Although an increase in the Ni/Al ratio
introduces more redox active sites, it leads to degradation in crystallinity and
morphology, which has a significant negative impact on pseudocapacitance.
Electrochemical tests suggest that at Ni/Al = 3, the NiAl-LDH electrode exhibits
optimum specific capacitance of 2128 F g ' at 1 A g! with long cycle stability.
This work highlights the complex interplay among compositional and structural
factors on the kinetic and performance behaviors of NiAl-LDH materials. Subtle
compositional modification is an effective strategy to enhance the pseudocapaci-
tive charge storage property of NiAl-LDH pseduocapacitor materials.

1. Introduction

Electrochemical capacitors and recharge-
able batteries are two major types of elec-
trochemical energy storage devices, which
share promising futures in mitigating
the existing global scale energy crisis.l'”7]
Capacitive energy storage devices take
advantage of electrostatic storage of
charges at or near the surface of the elec-
trode material, which is not involved in any
phase transitions or solid-state reactions.
Compared with rechargeable batteries,
electrochemical capacitors feature advan-
tages such as higher power density, longer
cycle life, a much faster charge-discharge
process, and better reversibility. Typically,
electrochemical capacitors are classified
into two categories: electrical double-layer
capacitors (EDLCs) and pseudocapacitors.
EDLCs store electrical energy through
formation of an ionic double layer at and
near the electrode—electrolyte interfaces.
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Although they have higher power, longer cycle life, and faster
charge-discharge kinetics than Li-ion batteries, application of
EDLCs suffer from their intrinsically low energy density.[®-11l
Pseudocapacitive energy storage mechanism takes advantage of
fast and reversible Faradic redox reactions at or near the sur-
face of the electrochemically active material within an appro-
priate potential range.'>17) Compared with carbon-based EDLC
materials, pseudocapacitive materials, such as conducting poly-
mers (CPs) and transition metal oxides/hydroxides/sulfides,
feature significantly higher energy density and higher specific
capacitance.[18-28]

2D (Co and Ni)-based monometallic hydroxides were
reported to have high pseudocapacitance. However, they suffer
from severe thermodynamic metastability resulting in phase
degradation and transition, which negatively impact the pseu-
docapacitance. One strategy is to substitute these hydroxides
with their bimetallic counterparts, namely, transition metal
layered double hydroxides (LDHs), which contain Mn, Fe, Co,
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Ni, Cu, and/or Zn.?*-*2 These LDHs have greatly enhanced
structural stability, tunable transition metal charge, and high
pseudocapacitance, while maintaining the 2D open layered
structure.

As an inorganic anion conductor, LDH structure features
charged brucite-like metal hydroxide layers consisting of octa-
hedra centered with divalent (M) and trivalent (M3*) metal
ions (see Figure 1a). Substitution of M3* for M2* results in
positive layer-possessed charges and intercalation of negative
charge-balancing ions (A™), such as carbonate species, within
the accessible interlayer gallery. The interlayer confined guest
species include anions and molecules without charge, such
as water, which play crucial role in ion conduction.**3-3% The
integration of open 2D structure and anion exchange prop-
erty lead to high electron/ion transport efficiency and kinetics
during the charge—discharge process. In the Faradic redox reac-
tion, intercalation of electrolyte ions induces transition metal
oxidation state (valence) evolution within the LDH layers. Such
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Figure 1. a) Crystal structure of NiAl-LDH. b) XRD patterns of NiAl-LDHs with different Ni/Al ratios. The inset highlights left-shift and broadening
of (003) peaks as the Ni/Al ratio increases. SEM images of c) NiAl-LDH-2, d) NiAl-LDH-3, and e) NiAl-LDH-4. f) DRIFTS and g) Raman spectra of

NiAl-LDHs with different Ni/Al ratios.
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working mechanism highlights the compositional factors such
as the M?"/M3* ratio, which determines the number of layer-
possessed charge and LDH conductivity; and reaction kinetics,
such as the electrolyte ion diffusion, in which strong ion diffu-
sion resistance (low ion diffusion rate) in the LDH gallery leads
to poor utilization of the inner active surface and inferior rate
capability.'>3%37] Numerous studies have been carried out to
increase the specific capacity of LDH materials; however, sys-
tematic and fundamental studies on the impacts of the M?*/
M3* ratio on the structure, intercalated species—layer interac-
tions, charge—discharge kinetics, and electrochemical perfor-
mance of LDHs as pseudocapacitive charge storage materials
are very few.[12:36:37]

Here, we report a comprehensive study that elucidates the
impacts of the Ni/Al ratio on the structure, morphology, inter-
facial phenomena, cycle stability, and performance of NiAl-
LDH as a pseudocapacitive charge storage material. Variation
of the Ni/Al ratio from 2 to 4 significantly modifies the specific
capacity, and results in lower crystallinity and faster kinetics.
Integration of all the experimentally determined results using
a spectrum of analytical techniques reveals the composition—
structure—performance relationships of NiAl-LDHs. The fun-
damental understanding gained from this study may provide a
general guidance to rational design of LDH-based supercapaci-
tors with high charge—discharge capability and enhanced sta-
bility by tuning compositional factors.

2. Results

The inductively coupled plasma-mass spectrometry (ICP-MS)
results (see Table 1) suggest that the molar ratios of Ni/Al in
the as-synthesized LDHs are 2.08, 2.69, and 3.52 for NiAl-
LDH-2, 3, and 4, respectively. This is in good agreement with
the reactant contents used during material synthesis.

Table 1. Compositional and structural parameters of all NiAl-LDH
samples studied.

Molar formula of hkl= 003 hkl=110
NiAl-LDH?

Sample Lattice parameters

[Ni2, AP+ d[A] 26[°] d[A] a[A]P c[A]? Basal
(OH),J(COs™), spacing
(H20), A9
[Ni?*5.08 AP*
(OH )43
(COs™ )17
(H20)o0.46
[Ni?*69 AP
(OHY)s.77]
(COs™ 130
(H20)0.91
[Ni?*3 5, AP
(OH6.5]
(COs™ )10
(H20)1.01

260[7

NiAl-LDH-2 11.60 7.62 61.13 1.51 3.02 22.86 7.62

NiAl-LDH-3 11.54 7.66 60.89 1.52 3.04 2298 7.66

NiAl-LDH-4 11.20 7.90 60.53 1.53 3.06 23.70 7.90

AFrom coupled ICP-MS and TG-DSC-MS analyses; ®)From the (110) reflection of
XRD patterns, a = 2dy1; 9From the (003) reflections of XRD patterns, ¢ = 3dgg3;
9Basal spacing = dgo3.
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The powder X-ray diffraction (XRD) patterns of NiAl-LDHs
are presented in Figure 1b. The positions of diffraction peaks
suggest that all samples share a hexagonal structure (PDF#
15-0087) without other impurity phases. The a-parameter,
which is related to the average cation—cation distance within
each layer, can be calculated according to a = 2 X dyjo. The
c-parameter can be derived from the (003) reflection using
equation ¢ = 3 X dgyg3, which provides the thickness of the layer
and interlayer distance. In addition, the basal spacing of =7.6 A
obtained is characteristic of brucite-type phases with carbonate
anions intercalated (Table 1).°® The scanning electron micro-
scope (SEM) images presented in Figure 1c—e reveal the NiAl-
LDH morphologies. Specifically, NiAl-LDH-2 shows hexagonal
platelet layer morphology with a mean lateral size of =250 nm
and a thickness of =50 nm. In contrast, NiAl-LDH-3 and 4 are
in the form of layers without clearly defined asymmetric shape.
In addition, elemental mapping analyses clearly reveal that Ni,
Al, and O elements distribute uniformly within these NiAl-
LDH samples (see Figures S1-S3, Supporting Information).

Figure 1f presents the diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) spectra of NiAl-LDH sam-
ples. The broad absorption peak at =3500 cm™ corresponds to
the O—H stretching vibration of hydroxyl groups of the brucite-
layer and the surface-sorbed water molecules. The absorption
at =3070 cm™ is attributed to the hydrogen bonds between
interlayer water molecules and carbonate ions, which becomes
weaker as the Ni/Al ratio increases. The band at =1650 cm™ is
ascribed to the bending vibration of adsorbed water molecules.
The peaks at =1365 and =1000 cm™ reflect the asymmetric
stretching of interlayer carbonate ions. The bands between
900 and 600 cm™! are related to the lattice vibration of M-O,
M-0-M, and O-M-0.2%-#

Raman spectroscopy data are shown in Figure 1g to eluci-
date the low-frequency modes in the NiAl-LDHs. The strongest
peaks at =150 cm™! are associated with the O-M-O bending
modes. The bands between 200 and 300 cm™' are relatively
weak, owing to the hydrogen bond formation between hydroxyl
groups of the brucite-like layers and the interlayer anions.[*2*3l
The bands at about 480 cm™ are due to the symmetric
stretching of bonds in the M(11)-O-M(I1I) structure,***! which
exhibit lower Raman shift as the Ni/Al ratio increases. The
peaks at =550 cm™ correspond to stretching of OH-O bands
between the carbonate ions and interlayer water molecules. The
vibration at about 1050 cm™ is related to the CO;%~ symmetric
stretching mode.[*%]

To further determine the surface compositions and metal
oxidation states of NiAl-LDHs, X-ray photoelectron spectros-
copy (XPS) measurements were performed. The survey spectra
in Figure 2a suggest that all NiAl-LDH samples are composed
of Ni, Al, C, and O. The Ni 2p spectra show two typical Ni**
2ps), and 2py, peaks centered at 856.2 and 873.8 eV, respec-
tively. The spin energy separation observed (17.6 eV) is charac-
teristic of Ni?* in Ni(OH),. Additionally, the other two signals at
lower binding energy correspond to the satellite peaks of Ni**
2ps3), and 2p; ,*1#748] (Figure 2b). For the Cls spectra, the peaks
at 284.8 and 288.8 eV are assigned to C—C and C-O bands,
respectively. The sharp peaks at =288.8 eV strongly suggest the
existence of functional groups containing C-O bonds in the
NiAl-LDH samples studied(3¢4%3% (Figure 2c). There is merely
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Figure 2. a) XPS survey, b) Ni 2p, c) Cls, and d) O 1s spectra of NiAl-LDH-2, 3, and 4.

a single peak at about 531.6 eV observed in the O 1s spectrum
of each sample, which corresponds to the lattice oxygen spe-
ciesP?U (Figure 2d). Moreover, as the Ni/Al ratio increases, the
binding energies of Ni 2p, O 1s, and C 1s shift to lower values.
Such binding energy shifts are related to the dispersion states
of Ni?* and AI** species and the oxidation states of these ele-
ments.’1%?2 As expected, the intensity of Ni 2p peak increases
as the Ni/Al ratio increases, while the C 1s intensity decreases,
which indicates a decrease in interlayer carbonate ion popu-
lation. Such phenomenon is in excellent accordance with the
peak intensity decreases observed from DRIFTS (=3070 cm™)
and Raman spectroscopy (1050 cm™') data (see Figure 1f,g).
The thermogravimetric-differential scanning calorimetry-
mass spectrometer (TG-DSC-MS) data are presented in Figure 3.
Two-stage TG curve is observed for each sample, which is in
excellent agreement with the multievent DSC (endothermic)
and MS profiles. According to the MS data, the relatively
broad DSC peaks at lower temperatures, centered at 265.3 °C
for NiAl-LDH-2, 240.1 °C for NiAl-LDH-3, and 169.0 °C for
NiAl-LDH-4, correspond to dehydration of interlayer confined
H,0 (m/z = 18). In addition, the DSC signals at higher tem-
peratures, centered at 375.3 °C for NiAl-LDH-2, 360.1 °C for
NiAl-LDH-3, and 345.0 °C for NiAl-LDH-4, are associated with
simultaneous evolution of H,0 and CO, (m/z = 18 and 44).
The shape and width of MS peaks mirror corresponding DSC
signals (see Figure 3). The simultaneous coevolution of H,0
and CO, probably suggests that either the charge-balancing car-
bonate species interact strongly with water or hydroxyls, or the
carbonate species are in the form of bicarbonate ions. As the
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Ni/Al increases, both the low and high temperature peaks shift
to lower temperatures. On the other hand, this set of TG-DSC-
MS results provides the compositional basis to quantify the
content of H,O and carbonate species, and suggests a complex
chemical environment for the interlayer confined (intercalated)
H,0 and carbonate species. Coupled with results from ICP-MS
analysis, we are able to determine the stoichiometries (molar
formula) of all three NiAl-LDH samples (see Table 1).

The electrochemical properties for NiAl-LDH samples were
thoroughly evaluated. Chemically, during the pseudocapaci-
tance redox reactions, the OH™ ions in the KOH electrolyte
intercalate in to the interlayer space of NiAl-LDH and interact
with the interlayer-confined H,0 and CO;*" to induce the
valence evolution of Ni*" in the host layer, when a cathodic
potential is applied.

NiAl-LDH+OH™ — LDH - NiOOH+H,0+¢” (1)

Disinsertion of OH™ ions takes place once an anodic potential
is placed, in which oxidation reaction occurs.

LDH—-NiOOH+H,0+¢” — NiAl-LDH+OH" (2)

The cyclic voltammograms (CV curves) with potential ranging
from 0.0 to 0.6 V demonstrate that all three NiAl-LDH samples
have two pairs of redox peaks. These peaks are clearly observed
even at a high scan rate of 100 mV s71. This is strong evidence
suggesting pseudocapacitive nature with fast response. Mean-
while, the peak current increases gradually and the anodic
peaks shift to more positive potential, while the cathodic
peaks shift to more negative potential. Such phenomena are

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. TG-DSC-MS curves of NiAl-LDHs with different Ni/Al ratios: a) NiAl-LDH-2,

b) NiAl-LDH-3, and c) NiAl-LDH-4.

ascribed to the increase of internal diffusion resistance of the
electrodes.’”) Moreover, the cathodic peak current density is
a linear function of the square root of the applied scan rate
(V%) (see Figure 4), which suggests that the Faradic reaction
is mainly determined by the intercalation—deintercalation of
ions and the redox surface reactions taking place in the charge
storage process.”’l The CV curve of NiAl-LDH-3 encircles the
largest area among all three electrode materials, suggesting
the highest specific capacitance.

Figure 5a—c presents the galvanostatic charge—discharge
(GCD) profiles (0.0-0.4 V) of the NiAl-LDH electrodes at a
series of current densities. The nonlinear sections of the dis-
charge curves demonstrate typical pseudocapacitance behavior,
which is due to quasi-reversible redox at the electrode sur-
face. These nearly symmetric curves suggest highly reversible
charge—discharge process and electrochemical capacitive
behavior. In addition, all electrode materials studied pre-
sent two discharge plateaus, which is consistent with the
CV analysis results. In Figure 5d, the specific capacitances
(F g!) of all NiAl-LDH electrode materials are plotted
against current density. Notably, NiAl-LDH-3 presents
the highest specific capacitance observed throughout the
whole current density range, which suggests high capacity
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the NiAl-LDH-3 electrode shows the lowest
R, value (see the inset of Figure 6a). On the
other hand, in the low-frequency region
(15-0.01 Hz), the slope of the linear line
corresponds to Warburg impedance (W),
which is related to the electrolyte ion diffusion in the electrode.
NiAl-LDH-4 presents the steepest slope among all the three
electrodes, indicating the lowest diffusion resistance. The cou-
lombic efficiency (1) of the charge storage process was derived to
evaluate the quality of charge/ion transfer during the elec-
trochemical reaction (see Figure 6b). All three NiAl-LDH
electrodes exhibit high coulombic efficiency, above 80% during
1000 cycles.

3. Discussions

Typical layered double hydroxide is composed of neutral
brucite-like host layers, M(OH),. These layers become posi-
tively charged when divalent cations (M?*) are replaced by triva-
lent cations (M3*), which are charge-balanced by anionic guest
species intercalated within the interlayer space. Other than the
embedded hydroxyl groups on the LDH layers, the guest spe-
cies confined in the interlamellar region include carbonate spe-
cies, water molecules, and OH™ of the electrolyte. Increase in
Ni/Al ratio leads to significant modifications in the structural
and chemical properties and the electrochemical performance
of NiAl-LDH as a pseudocapacitance electrode material. The

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Cyclic voltammograms (CV curves) of NiAl-LDHs with different Ni/Al ratios at different scan rates: a) NiAl-LDH-2, b) NiAl-LDH-3, and
¢) NiAl-LDH-4; and d) the cathodic peak current (I.,) as a function of the square root of scan rate (v'/?).

structural and chemical evolutions and their impacts in the ion
transport kinetics and storage capacity of NiAl-LDH electrodes

are discussed below.

Generally, for layered pseudocapacitive materials, struc-
tural modifications are reflected by their electrochemical

a

performance. During the redox reactions of the charge-dis-
charge process, intercalation of OH™ ions of the KOH elec-

trolyte into the NiAl-LDH interlayer space induces valence

b

changes among Ni in the layer. First of all, increase in the
vdW gap of NiAl-LDH is observed as the Ni/Al ratio increases,
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Figure 5. Galvanostatic charge—discharge (GCD) curves of NiAl-LDHs with different Ni/Al ratios at different scan rates: a) NiAl-LDH-2, b) NiAl-LDH-3,
and c) NiAl-LDH-4; and d) specific capacitances of NiAl-LDH samples as current density varies.
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Table 2. A Summary of Pseudocapacitive Performance of NiAl-LDH-
based Materials.

Material Capacitance [F g7'] Reference
NiAl-LDH, petal-shaped nanosheets =750 [54]
NiAl-LDH, hollow microsphere 1578 [55]
NiAl-LDH, petal-like 1740.5 [56]
NiAl-LDH, GNS 781.5 [57]
NiAl-LDH-2 788 This work
NiAl-LDH-3 2128 This work
NiAl-LDH-4 383 This work

which leads to enhanced charge storage kinetics. The inset
of Figure 1 highlights the left-shift of the XRD peak at about
11.5°, which corresponds to the (003) reflection. Accordingly,
the basal spacing, dyo3, increases from 7.62 A for NiAl-LDH-2 to
7.90 A for NiAl-LDH-4. Moreover, Ni/Al ratio increase leads
to less layer-possessed positive charge, consequently, reducing
the population of anionic carbonate species confined within the
interlayer space, and leading to weaker layer—OH™ electrostatic
interactions supported by the XRD, DRIFTS, Raman, and

a X
. o [
254 o NiAI-LDH-4
T 20- ‘
¥ =
O 154
TR
54 |
! Z'(oh":n) 3
0- 1 1 L]
0 5 10 15 20
Z' (ohm)
b
§ 1204
7 10020008 T Bla 0000
= ®@ 00 &%O
S 8040 0 0%
£ 60
L2
g : R
S 20- o NiAl-LDH-4
o]
0 o-l T ] ! L L 1
0 200 400 600 800 1000

Cycle number (n)

Figure 6. a) Electrochemical impedance spectra of NiAl-LDHs with dif-
ferent Ni/Al ratios under the influence of an AC voltage of 5 mV. The inset
highlights data in the high-frequency range. b) Coulombic efficiency (1)
derived from the charge—discharge cycles for NiAl-LDHs with different
Ni/Al ratios (5 A g™).
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TG-DSC-MS data.P!l The vibration modes of water molecules,
carbonate anion species, and layer-possessed hydroxyls are elu-
cidated by DRIFTS and Raman spectroscopy. The Raman peaks
at lower wavenumber (1000, 1015 cm™) are assigned to the
“free” carbonate species, which are bonded to neither brucite-
like layers nor interlayer water. Peaks at higher wavenumber
(1050 cm™!) represent carbonate species forming strong
hydrogen bonds with water molecules.*>*%1 We found that as
the Ni/Al ratio increases, the NiAl-LDH bands shift to lower
wavenumbers suggesting the presence of carbonate ions with
enhanced mobility. Consequently, for NiAl-LDH-4, the DRIFTS
signal at about 3070 cm™, which is attributed to the hydrogen
bonding between intercalated water and carbonate ions, nearly
disappears.””! This suggests very weak carbonate-water inter-
actions due to low concentration of layer-possessed positive
charges. In addition, the Raman band at =480 cm™}, related to
the M(II)-O-M(I1I) bond within the LDH host layers, shifts to
lower wavenumbers as the Ni/Al ratio increases, suggesting
the presence of hydroxyl groups with longer O-H bond on the
NiAl-LDH layers compared with the hydroxyls on the neutral
brucite-like layer of Ni(OH),. Such O-H bond length increase
is primarily due to decreased electrostatic attraction generated
by the introduction of trivalent cations (M3*) into the host layer.
According to the TG-DSC-MS results, although we suspect
that the interlayer charge-balancing carbonate species exist in
the form of bicarbonate ions (see Figure 3), the absence of a
sharp bicarbonate OH bending absorbance at =1220 cm™ in
the DRIFTS spectra suggests that it is very likely there is no
interlayer confined bicarbonate ion. Further evidences from
spectroscopic and computational studies are needed to test this
hypothesis.

To ensure better OH™ ion transport kinetics, i) more open
interlayer space, and ii) lower interlayer diffusion resistance
from other intercalated species, such as water and carbonate
ions, are necessary. With larger interlayer spacing (vdW gap)
for OH™ ion diffusion and lower diffusion resistance owing to
less charge-balancing cation population, here, we demonstrate
that NiAl-LDH-4 has faster ion transport kinetics compared
with the other two samples (see Table 1). This is confirmed by
the EIS data, in which NiAl-LDH-4 presents the steepest slope
within the lower frequency region (Figure 5).

On the other hand, the specific capacity of NiAl-LDH is
dictated by the interplay between redox site concentration
and material crystallinity. Although increase in Ni/Al intro-
duces more Ni redox reaction sites, it results in significant
NiAl-LDH structural and morphological degradations, directly
evidenced by the broadening of (003) peaks in the XRD pat-
terns (Figure 1b) and the less uniform particle shape and size
observed in the SEM images (Figure 1c—e). The highest specific
capacity of 2128 F g™! observed in this study on NiAl-LDH-3
highlights the subtle interplay between redox site concentra-
tion and surface crystallinity. Moreover, decreased layer order-
liness is also revealed by the TG-DSC-MS data. Specifically,
the DSC and MS signals spanning from 30 to 300 °C corre-
spond to the desorption of interlayer confined water molecules.
Typically, dehydration of highly ordered material with crystal-
line surface leads to sharp and narrow DSC and MS peaks. In
sharp contrast, desorption of water on less ordered, amorphous
surfaces causes significant DSC and MS peak broadening
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(see Figure 3b,c). Such dehydration-reflected surface-orderness-
decrease phenomena were also observed for mesoporous silica,
large pore zeolites, and other 2D materials. One other example
is Mo0O;,[% which also demonstrates promising performance
serving as pseudocapacitive charge storage materials. It has
been reported that the amorphous mesoporous MoO; shows
significantly lower specific capacity compared with its crystal-
line form. This strongly suggests that the near-surface ion
intercalation mechanisms significantly contribute to the pseu-
docapacitive charge storage for crystalline samples, but not to
amorphous materials. Therefore, we argue that for 2D layered
pseudocapacitive materials relying on intercalation mecha-
nisms for charge storage, the near-surface crystallinity is critical
to ensure high specific capacity.

Further calorimetric and computational studies are being
conducted by our group to investigate the formation energetics,
identification of carbonate species, and atomic-scale guest-host
interaction model for the NiAl-LDH system. We will report
those in subsequent publications emphasizing the physical
chemistry of these NiAl-LDH materials.

4, Conclusions

In this study, we have demonstrated that the increase in the Ni/
Al ratio in NiAl-LDH results in significant modification of its
structural, interfacial, and electrochemical properties as a pseu-
docapacitive charge storage material. The increase of the Ni/
Al ratio leads to a larger van der Waals gap, which enables fast
ion transport and storage kinetics. Meanwhile, incorporation of
more Ni atoms into the LDH layers increases the concentra-
tion of Ni redox active sites, yet sacrifices the layer crystallinity,
which leads to significantly decreased pseudocapacitive charge
storage capability. The high specific capacity observed when the
Ni/Al ratio = 3 benefits from a balanced redox site concentra-
tion and surface crystallinity. Thus, this work demonstrates
that tuning compositional factors such as the Ni/Al ratio can
improve the pseudocapacitive property of transition metal lay-
ered double hydroxide materials. We anticipate that such strat-
egies could be implemented on other transition metal-based
redox active 2D structures to tune pseudocapacitive charge
storage materials for better performance.

5. Experimental Section

Material Synthesis: All chemicals used were ACS reagent grade and
purchased from Sigma-Aldrich. Nanopure water (18.2 MQ cm) was
used in all material synthesis experiments. NiAl-LDH samples with
various Ni/Al ratios were synthesized using a hydrothermal method.
The samples were denoted as NiAl-LDH-n, in which n represented Ni/Al
molar ratio. In a typical synthesis, Ni(NO3), - 6H,0 and Al(NO;); - 9H,0
([Ni] + [Al] = 1.875 mmol) with different Ni/Al ratios were mixed and
dissolved in water (25 mL). The specific amount of Ni(NOs),-6H,0
and AI(NOj3); - 9H,0 added were 1.25 and 0.625 mmol for NiAl-LDH-2,
1.460 and 0.456 mmol for NiAl-LDH-3, and 1.25 and 0.365 mmol
for NiAl-LDH-4. For NiAl-LDH-2, hexamethylenetetramine (HMT,
2.20 mmol) was used as the precipitant, while urea (4.13 mmol) was
employed as the precipitate for NiAl-LDH-3 and NiAl-LDH-4. After
15 min reaction under stirring, the mixture was transferred into a
Teflon-lined stainless-steel autoclave (50 mL) and heated at 180 °C for
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72 h. The solid products were then collected by filtration, washed with
nanopure water, and dried overnight in a vacuum oven maintained at
room temperature.

Material Characterizations: The Ni/Al ratios of all NiAl-LDH samples
were determined by inductively coupled plasma-mass spectrometry on
an Agilent 7700 ICP-MS instrument. Powder X-ray diffraction patterns of
all samples were collected at room temperature using a Rigaku Miniflex
600 X-ray diffractometer operated at 40 kV, 15 mA with Cu K radiation
(A = 0.15418 nm). Data were acquired from 5 to 80° at 1° min~' and
corrected by standard material (Si). Field emission scanning electron
microscope (FE-SEM) images were recorded using a field emission
JEM-1400 (JEOL) electron microscope operated at 300 kV, which was
equipped with a Gatan-666 electron energy loss spectrometer and an
energy dispersive X-ray spectrometer. Diffuse reflectance infrared Fourier
transform spectroscopy analyses were performed using a Bruker Tensor
27 IR spectrometer equipped with a Praying Mantis diffuse reflection
accessory (Harrick Scientific Products). Prior to DRIFTS analysis,
each sample and the background material (KBr) were subjected to
pretreatment under He flow at 40 mL min~' for 30 min to maximize
adsorbate removal. The spectra were recorded from 4000 to 500 cm™ at
a resolution of 4 cm™. Raman spectroscopy analyses were also carried
out on a Horiba LabRAM HR 800 spectrometer at A = 532 nm (Ventus
LP 532) equipped with a Synapse CCD (charge coupled device) detector
and a Linkam CCR1000 in situ cell. X-ray photoelectron spectroscopy
experiments were conducted using an ESCALAB 250Xi (Thermo Fisher)
electron spectrometer with Al Ka X-ray source (1486.6 eV).

Thermogravimetric-Differential Scanning Calorimetry-Mass Spectrometer
(TG-DSC-MS) Thermal Analysis: The TG-DSC-MS analysis was performed
using a Netzsch Instrument STA 449 F3 Jupiter coupled to a QMS 403
D Aeolos quadrupole mass spectrometer to quantify the H,O and CO,
content for each sample. The sample pellet (=20 mg) was placed in
a platinum crucible and heated from 30 to 1000 °C at 10 °C min~' in
nitrogen flow (20 cc min™'). The evolved gas phase species was
introduced from the STA to the MS. The TGA, DSC, and MS (m/z =18
for H,O and 44 for CO,) data were recorded simultaneously as a
function of temperature in a single experiment.

Electrochemical ~Measurements: The electrochemical behaviors
of all samples were examined on a CHI 760E electrochemical
workstation using a standard three-electrode system. An Ag/AgCl
with 1.0 m KCI electrode and a platinum wire were used as reference
and counterelectrode, respectively. The working electrode material
contained a mixture of the as-made LDHs, acetylene black, and
polytetrafluoroethylene (PTFE) with a mass ratio of 8:1:1. After
overnight drying at 80 °C, the obtained electrode material slurry was
coated onto a nickel grid (1 x 1 cm?). Subsequently, it was subjected
to mechanical press at 20 MPa followed by oven-drying overnight at
150 °C. The total mass of active material loaded onto each working
electrode was 1-2 mg.

The cyclic voltammetry curves were recorded within the potential
range of 0.0-0.6 V (vs Ag/AgCl) at various scan rates, from 5 to
100 mV s, Galvanostatic charge/discharge measurements were carried
out within the voltage range of 0.0-0.4 V with the current density
ranging from 1 to 20 A g™'. Electrochemical impedance spectroscopy
measurements at open-circuit voltage (OCV) were performed at a series
of frequency ranging from 0.01 to 100 kHz with an alternate current
amplitude of 5 mV.

Gravimetric specific capacitances (C,) of the NiAl-LDH electrodes at
various scan rates were calculated by integrating the area under the CV
curve of the reduction scan branch and dividing the product of sweep
rate v (V s71), mass of the active material m (g), and potential window
V (V).

_jldv

mWy

@)

s

The specific capacitance (C,,, F g”') was determined according to the
measured galvanostatic charge/discharge plots using the equation listed
below, where | (A) is the current loaded; m (g) is the total mass of the
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active material; At (s) is the discharge time; and AV (V) is the potential
window applied on the electrodes.

1At
= — 4
M mAV )
The coulombic efficiency 1 of the charge storage process was calculated
by the following equation, where t. and t4 are the charge and discharge
time, respectively.

n="14x100 )

c
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