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hermal growth of porous nickel
manganese layered double hydroxide nanosheet
film towards efficient visible-light modulation†

Xingzhe Feng, Xinyi Wan, Ting Yang, Jiahui Huang, Jinmin Wang
and Dongyun Ma *

Electrochromic smart windows have attracted great attention due to their dynamic regulation of the solar

spectrum. NiO and MnO2 are typical anodic coloration materials and widely investigated as complementary

electrodes with WO3. However, NiO and MnO2 films often cannot be bleached to complete transparency,

resulting in low transmittances and low optical modulations in the short-wavelength visible region. Herein,

we report a porous nickel manganese layered double hydroxide (NiMn-LDH) nanosheet film directly grown

on fluorine-doped tin oxide (FTO) glass using a one-step hydrothermal method, which demonstrates a high

transmittance of 80.1% at 550 nm (without deduction of FTO glass). Induced by the double-redox couples

of Ni2+/Ni3+ and Mn3+/Mn4+ associated synergistic electrochromic effect, the as-grown NiMn-LDH film

electrode exhibits a large optical modulation of 68.5% at 550 nm, and a large solar irradiation

modulation of 59.0% in the visible region of 400–800 nm. After annealing at 450 °C for 2 h, the NiMn-

LDH film can be transformed into Ni6MnO8 film with a reduced optical modulation of 30.0% at 550 nm.

Furthermore, the NiMn-LDH film electrode delivers an areal capacitance of 30.8 mF cm−2 at a current

density of 0.1 mA cm−2. These results suggest that the as-prepared NiMn-LDH film electrode is

a promising candidate for both electrochromic and energy storage applications.
1 Introduction

Electrochromic (EC) devices have attracted great attention due
to their dynamic regulation of the solar spectrum, and are
promising for applications such as optical shutters, displays,
optical lters, and smart windows.1–3 Recently, energy-storage
EC devices integrating EC and energy-storage functions in
a single platform, such as EC batteries and EC supercapacitors,
have developed rapidly for both energy-saving and energy-
storage applications.4–6 As the most important component, EC
materials have been widely investigated as some of the prom-
ising smart materials, including transition metal oxides
(WO3,7–9 V2O5,10 NiO,11 MoO3,12,13 etc.), conducting polymers,14

small organic molecules,15–17 Prussian blue (PB),18–20 and so on.
Due to the advantages of high color contrast, good cycling

stability, strong adhesion to conductive substrates and good
thermal stability, transition metal oxides have been extensive
studied for visible electrochromism. Among them, WO3 was the
earliest discovered cathodic coloration material, and can switch
colors between colorless and blue states, resulting in a large
optical modulation in the long-wavelength visible region.21 In
y of Shanghai for Science and Technology,
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comparison, NiO and MnO2, as typical anodic coloration
materials, show reversible color change between light-yellow
and brown states, and the optical modulation is mainly in
short-wavelength visible region, which is the most comfortable
neutral shade for human eyes and can be more easily recog-
nized by the naked eye.22 Hence, NiO or MnO2 is oen used as
a counter electrode for WO3 to construct complementary EC
devices. However, NiO and MnO2 lms usually display a light-
yellow color in the bleached state, and cannot be bleached to
complete transparency, resulting in low transmittance and low
optical modulation in the short-wavelength visible region.
Therefore, it is imperative to seek new anodic coloration
materials to achieve high transmittance (in their bleached
states) and large optical modulations in the short-wavelength
visible region, maximizing energy-saving.

Layered double hydroxides (LDHs) are favorable for redox
reaction due to the special layered structure and abundant
hydroxyl groups covalently bonded within interlayers, making
them some of the most promising electrode materials for
energy storage.23–26 Guo et al.27 have constructed hierarchical
NiMn-LDH nanosheets on Ni foam by a one-step wet-chemical
method, and the NiMn-LDH@Ni foam electrode was opti-
mized by ne tuning the mole ratio of Ni to Mn, where
a maximum specic capacitance of 1511 F g−1 was obtained at
2.5 A g−1. Chen et al.28 reported a hierarchical 3D carbon-coated
NiMn-LDH grown on Ni foam through a two-step hydrothermal
© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
method. The resulting composite displayed a high specic
capacitance of 1916 F g−1 at 0.5 A g−1 and an excellent cycling
stability. The above results indicate that NiMn-LDH is a superb
candidate for energy storage. In addition to the applications in
supercapacitors,29 LDHs have many other applications such as
water splitting, carbon dioxide reduction, and batteries/full
cells.30,31 In recent years, some LDHs were investigated for EC
applications, such as ZnO@Ni/Co-LDH32 and PEDOT:PSS/
LDH.33 However, their optical modulation is oen lower than
60%. Moreover, NiMn-LDH has rarely been reported for EC
applications.

Herein, we demonstrate a porous NiMn-LDH nanosheets
lm for visible electrochromism, which can be directly grown
on uorine-doped tin oxide (FTO) glass by a one-step hydro-
thermal process. The as-grown NiMn-LDH lm exhibits a high
transmittance of 80.1% at 550 nm (without deduction of FTO
glass). Compared to single NiO or MnO2, the reversible double-
redox couples of Ni2+/Ni3+ and Mn3+/Mn4+ enable a synergistic
EC effect, and thus a large optical modulation of 68.5% at
550 nm is achieved for the NiMn-LDH lm electrode. Further-
more, the obtained NiMn-LDH lm electrode delivers an areal
capacitance of 30.8 mF cm−2 at a current density of 0.1 mA
cm−2. Although our results conrm that NiMn-LDH is prom-
ising for both energy-saving and energy-storage applications,
there is still room for improvement in the cycling stability of the
NiMn-LDH lm electrode.

2 Experimental section
2.1 Materials

Materials and reagents used for the preparation of NiMn-LDH
lm including Nickel chloride hexahydrate (NiCl2$6H2O,
99%), manganese(II) sulfate monohydrate (MnSO4$H2O, 99%),
Urea (NH2CONH2, 99%), ammonium uoride (NH4F, 98%). All
chemicals were used without further modications.

2.2 Preparation of precursor solution

All chemicals were purchased from Shanghai Titan Scientic
Co. Ltd, and used without further purication. The NiMn-LDH
lm was successfully grown on uorine-doped tin oxide (FTO)
transparent conductive glasses through a one-step hydro-
thermal method. The precursor solution for hydrothermal use
was made by dissolving 0.04 g MnSO4, 0.18 g NiCl2$6H2O, 0.19 g
NH4F and 0.20 g urea in 50 mL of deionized water under
magnetic stirring at room temperature.

2.3 Growth of NiMn-LDH and Ni6MnO8 lms

FTO glasses purchased from Zhuhai Kaivo Optoelectronic
Technology Co., Ltd (China) were used as the substrates, which
were rst ultrasonically cleaned with deionized water and
ethanol in turn, and then dried in an oven before use. For
growth of NiMn-LDH lm, 32 mL of the above precursor solu-
tion was transferred into a Teon-lined stainless-steel auto-
clave. A piece of cleaned FTO glass with one end wrapped with
polytetrauoroethylene tape was placed into the autoclave and
leaned on the wall with the conductive side facing down.34 The
© 2024 The Author(s). Published by the Royal Society of Chemistry
autoclave was subsequently sealed andmaintained at 160 °C for
4 h. Aer cooling to room temperature, the NiMn-LDH lm
coated FTO glass was taken out, rinsed with deionized water
and dried naturally. Finally, the as-grown NiMn-LDH lms were
annealed at 450 °C for 2 h, and then Ni6MnO8 lms were ob-
tained. The hydrothermal growth process of the NiMn-LDH lm
and subsequent annealing process is summarized in Fig. S1.†

2.4 Material characterization

The morphology, structure, and chemical composition of the
as-prepared NiMn-LDH lms were investigated using X-ray
diffraction (XRD, D8 ADVANCE, Bruker, Germany) with a step
size of 6° min−1 over the 2q range of 10–80°, scanning electron
microscopy (SEM, JEOL, JSM-IT500HR, Hitachi, Japan) operated
at 20 kV and 40 mA, laser confocal micro-Raman spectroscopy
(Raman, LabRAM HR Evolution, HORIBA Scientic, Japan)
using a 532 nm laser excitation with a resolution of 1 cm−1 and
X-ray photoelectron spectrometry (XPS, ESCA-LAB 250Xi,
Thermo Fisher Scientic, USA). The XPS data was analysed by
a soware of Avantage. The thermal stabilization of the as-
prepared NiMn-LDH lms was characterized using a thermal
analyzer (TG/DTA, 7300, Hitachi, Japan) from room temperature
to 800 °C at a heating rate of 10 °C min−1, where the NiMn-LDH
powders were scraped from the FTO glasses.

2.5 Electrochemical and electrochromic performances

Electrochemical measurements such as cyclic voltammetry (CV)
curves, electrochemical impedance spectroscopy (EIS),
charging/discharging curves at different current densities were
recorded by an electrochemical workstation (CHI760E,
Shanghai Chenhua Instruments Co., Ltd, China) in a three-
electrode system, which consisted of the NiMn-LDH working
electrode, a Pt sheet counter electrode and Hg/HgO reference
electrode. 1 mol L−1 of KOH aqueous solution was used as
electrolyte. Spectroscopy testing was conducted using a UV/
visible/near infrared (NIR) spectrometer (UV5700, Hitachi,
Japan) in the range of 400–800 nm with a resolution of 1 nm.
The in situ transmittance spectra of the lms before and aer
switching were recorded over a wavelength range from 400 to
800 nm. The switching responses of the NiMn-LDH lm were
measured at 550 nm. The switching times (coloration time tc
and bleaching time tb) are dened as the times required for 90%
of change in the full optical modulation at the specied
wavelength.

3 Results and discussion
3.1 Structural and morphological characterization

The NiMn-LDH lm was grown directly on FTO glass using
a one-step hydrothermal method, and the crystalline phase was
examined by XRD, as depicted in Fig. 1a. Excluding the
diffraction peaks of bare FTO glass (JCPDS no. 41-1445), the
diffraction peaks of the hydrothermally grown NiMn-LDH lm
can be ascribed to (006), (012), (110) and (113) planes of NiMn-
LDH, which is consistent with those of the previous litera-
ture.35,36 This indicates that the NiMn-LDH lm is successfully
RSC Adv., 2024, 14, 10290–10297 | 10291
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Fig. 1 Structure characterization. (a) XRD patterns of the as-grown NiMn-LDH film (black line) and the film annealed at 450 °C (red line). (b)
Raman spectra of NiMn-LDH and Ni6MnO8 films.
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View Article Online
coated onto FTO glass. Raman spectrum of the NiMn-LDH lm
is presented in Fig. 1b, where the peaks centered at 311, 474,
535 cm−1 (M–O–M bond) further validate the effective synthesis
of NiMn-LDH.37–39 The thermal stability of the NiMn-LDH lm
was characterized by thermogravimetric (TG) analyzer, and the
result is shown in Fig. S2.† According to the TG curve, the
weight loss from room temperature to 450 °C is approximately
15%, which mainly due to the removal of adsorbed water and
crystalline water from NiMn-LDH. The main characteristic
peaks at 2q = 35.8, 43.5 and 63.3° observed in the XRD pattern
(Fig. 1a) of the lm annealed at 450 °C correspond to cubic
Ni6MnO8 phase (JCPDS no. 42-0479).40 The Raman peaks
located at 575 and 1090 cm−1 (Fig. 1b) are consistent with the
Raman diffraction peaks of Ni6MnO8 reported in the previous
literature.41,42 Therefore, the hydrothermally grown NiMn-LDH
lm can be transformed into Ni6MnO8 aer annealing at
450 °C for 2 h.

According to the previous literatures,43–45 various micro-
structural parameters were calculated from the XRD data and 2q
values of the diffraction peaks, as described in ESI.† The
calculated results (Table S1†) show that the average crystallite
size (D) of the NiMn-LDH (22.6 nm) is bigger than that of
Ni6MnO8 (9.9 nm). While Ni6MnO8 exhibit larger lattice strain
(3) and dislocation density (d) than those of NiMn-LDH. The
bigger value of D and smaller 3 and d indicate a higher crystal-
linity of NiMn-LDH, which also can be observed from the
diffraction peaks in Fig. 1a.

XPS was employed to analyze the chemical compositions and
valence states of elements in the bleached and colored NiMn-
LDH lms. The survey spectrum conrms the existence of Ni,
Mn, and O elements in the bleached NiMn-LDH lm (Fig. S3†).
The peaks at 855.3 and 873.1 eV, depicted in the XPS spectrum
of Ni 2p (Fig. 2a), correspond to the binding energies of Ni2+ 2p3/
2 and 2p1/2 species, which reveals that the valence state of Ni in
the bleached NiMn-LDH lm is +2. As observed from XPS
spectrum of Mn 2p (Fig. 2b), the Mn 2p3/2 peak can be decon-
voluted into three subpeaks at 637.2, 642.0 and 646.8 eV, which
indicate the presence of Mn2+, Mn3+ and Mn4+, respectively.46

The peak at 653.3 eV is attributed to Mn 2p1/2. Fig. 2c reveals the
10292 | RSC Adv., 2024, 14, 10290–10297
tted O 1s spectrum, where two peaks at 530.6 and 531.2 eV can
be attributed to M–O–M and M–O–H (M: Ni or Mn) bonds, and
the peak at 532.2 eV is derived fromH–O–H bond, which further
demonstrates the formation of NiMn-LDH.47 We further inves-
tigated the XPS spectra of the NiMn-LDH lm in its coloration
state. Fig. 2d presents XPS spectrum of Ni 2p, where the relative
content of Ni3+ is increased, indicating that Ni2+ is partially
oxidized to Ni3+ during the coloration process. The ratio of Mn4+

to Mn3+ is simultaneously increased (Fig. 2e), which indicates
that partial Mn3+ ions are also oxidized to Mn4+ ions. As
observed in Fig. 2f, the M–O–H/M–O–M ratio is also dramati-
cally increased, which is attributed to the intercalation of OH−

ions during the coloration process. The above results conrm
that the reversible redox reactions of Ni2+/Ni3+ and Mn3+/Mn4+

during the bleaching/coloration process are associated with the
intercalation and deintercalation of OH− ions.

SEM images, depicted in Fig. 3a and b, reveal that the FTO
glass is uniformly coated by the NiMn-LDH lm with a thick-
ness of about 654 nm aer hydrothermal growth. The as-
prepared NiMn-LDH lm is composed of extremely thin nano-
sheets (∼26.2 nm), forming a porous surface. Moreover, the
NiMn-LDH nanosheets are almost perpendicular to the FTO
glass (inset of Fig. 3b). This porous structure not only provides
good contact between electrolyte solution and the NiMn-LDH
lms, but also provides large channels for the intercalation/
deintercalation of OH− ions.48,49 The formation mechanism of
NiMn-LDH nanosheets is similar to that of the previous re-
ported NiCo-LDH nanosheets.50 Firstly, Ni2+ and Mn2+ reacted
with OH− to form Ni and Mn hydroxide monomers during the
hydrothermal condition, which precipitated as nuclei and
quickly grew into host nanoparticles. Then, these primary
particles aggregated into chains and deposited on the FTO
substrate, forming the aggregation cores. As the primary parti-
cles continued to aggregate through olation reactions with each
other, they began to crystallize and grow along the c-axis with
the assistance of NH4F, and nally forming the NiMn-LDH
nanosheets. The uniform distributions of Mn, Ni and O are
observed in the corresponding elemental distribution mapping
(Fig. 3c), which further conrms the successful formation of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Chemical composition. XPS spectra of (a) Ni 2p, (b) Mn 2p and (c) O 1s for the bleached NiMn-LDH film. XPS spectra of (d) Ni 2p, (e) Mn 2p
and (f) O 1s for the colored NiMn-LDH film.

Fig. 3 Morphology characterization. (a and b) SEM images and (c)
corresponding EDS elemental mapping of the NiMn-LDH film. (d and
e) SEM images of the annealed Ni6MnO8 film. Insets of (b) and (e) are
the cross-sectional views of the NiMn-LDH and Ni6MnO8 films,
respectively.
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pure NiMn-LDH lm. Aer annealing at 450 °C, the morphology
of the Ni6MnO8 lm remains almost unchanged (Fig. 3d and e),
while the thicknesses of the lm and nanosheets are decreased
to 455 nm and 15.8 nm, respectively. The decrease in thickness
may be related to the removal of adsorbed water and crystalline
© 2024 The Author(s). Published by the Royal Society of Chemistry
water occurred conjointly with the dehydroxylation of NiMn-
LDH during the annealing process.
3.2 Electrochromic and electrochemical performances

Fig. 4a presents the colors of the NiMn-LDH lm in its colored
and bleached states. The as-grown NiMn-LDH lm displays
a reversible color change between almost colorless (bleached at
−1.2 V) and brownish-black (colored at 1.0 V) states. This
neutral color is more comfortable to human eyes, and can be
more easily recognized by our naked eyes. Furthermore, the
NiMn-LDH lm (with deduction of FTO glass) exhibits a high
transmittance of 92.0% at 550 nm (Fig. 4b), while a high
transmittance of 80.1% is also achieved for the NiMn-LDH
electrode (without deduction of FTO glass). Thus, the NiMn-
LDH lm electrode shows a high optical modulation of 68.5%
at 550 nm (Fig. 4c), which is much larger than those of the
previously reported NiO (46.0%),51 MnO2 (42.3%)52 and
PEDOT:PSS/LDH (32.0%)33 lms. In comparison, the annealed
Ni6MnO8 lm electrode cannot be bleached to complete trans-
parency, resulting in a low transmittance in the bleached state.
Therefore, a much lower optical modulation of 30.0% at 550 nm
is obtained for the Ni6MnO8 lm electrode. For evaluation of the
actual solar irradiation modulation, the solar irradiance trans-
mittance of the NiMn-LDH and Ni6MnO8 lm electrodes in
different states are calculated and presented in Fig. 4d and e.
The calculations are based on the following formula:53

T0 =
Ð
4(l)T(l)dl/

Ð
4(l)dl (1)

where T(l) is the transmittance at a wavelength of l and 4(l) is
the solar irradiance at 1.5 air mass. The colored NiMn-LDH lm
electrode could effectively block 87.3% of solar irradiance in the
visible region of 400–800 nm, which is much higher than that of
RSC Adv., 2024, 14, 10290–10297 | 10293
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Fig. 4 Electrochromic performance. (a) Digital photos of the NiMn-LDH film electrode in the colored and bleached states. (b) Transmittance
spectrum of the as-grown NiMn-LDH film with deduction of FTO glass. (c) Transmittance spectra of the NiMn-LDH and Ni6MnO8 film electrodes
in their colored and bleached states. Solar irradiance spectra of (d) the NiMn-LDH and (e) Ni6MnO8 film electrodes. Real-time transmittance
changes of (f) the NiMn-LDH and (g) Ni6MnO8 film electrodes recorded at 550 nm. Optical density variation with respect to the charge density of
(h) the NiMn-LDH and (i) Ni6MnO8 film electrodes measured at 550 nm.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 9

:1
0:

15
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the Ni6MnO8 lm electrode (68.7%). Therefore, the NiMn-LDH
lm electrode exhibits a larger solar irradiation modulation
(59.0%) than the Ni6MnO8 lm electrode (25.5%) in the visible
region of 400–800 nm.

The response times of the NiMn-LDH and Ni6MnO8 lms are
calculated from real-time transmittance spectra measured under
periodic potentials of 1.0 V (coloration) and −1.2 V (bleaching).
The corresponding time–current curves of the two lm elec-
trodes are recorded in Fig. S4 and S5.† The response times of the
NiMn-LDH lm electrode are calculated to be 14.2 s for colora-
tion and 26.1 s for bleaching (Fig. 4f), which are faster than those
of the reported pure NiO lm electrode (9.0 s for coloration and
38.9 s for bleaching).54 The response time is related to many
factors, such as the test conditions, the size and thickness of the
lm, microstructure and intrinsic property of the EC materials.42

Due to the thinner thickness and lower optical modulation,
shorter response times (10.8 s for coloration and 12.6 s for
bleaching, respectively) are achieved for the Ni6MnO8 lm elec-
trode (Fig. 4g). Coloration efficiency (CE) is one of the most
important parameters for evaluating the EC performance, which
can be calculated from the following formulae:29
10294 | RSC Adv., 2024, 14, 10290–10297
CE = DOD/(Q/A) (2)

DOD = log(Tb/Tc) (3)

where Q/A is the injected charge Q per unit electrode area A. Tb
and Tc are the transmittances in the bleached and colored states
at 550 nm, respectively. A calculated CE value of 56.2 cm2 C−1 is
obtained for the NiMn-LDH lm electrode (Fig. 4h), which is
higher than 33.5 cm2 C−1 of the Ni6MnO8 lm electrode (Fig. 4i)
and those of the single NiO (16.95 cm2 C−1)53 and MnO2 (28 cm

2

C−1)55 lms. By applying periodic potentials of 1.0 V for 35 s and
−1.2 V for 45 s, the optical modulation of the NiMn-LDH lm
electrode still maintains 79.8% of its initial value aer 8000 s
(Fig. S6†). While the Ni6MnO8 lm electrode exhibits a better
cycle stability, retaining 95.3% of its optical modulation aer
16 000 s (Fig. S7†). This may due to the structural stability, the
smaller optical modulation of the Ni6MnO8 lm and better
adhesion between the Ni6MnO8 lm and FTO glass. Addition-
ally, several key EC performances are summarized in Table S2†
to compare the present work with some other LDHs lms. The
results indicate that our NiMn-LDH lm provides larger optical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Electrochemical performance. (a) CV curve of the NiMn-LDH film electrode scanned at 5 mV s−1. GCD curves for (b) NiMn-LDH and (c)
Ni6MnO8 film electrodes measured at different current densities. (d) Cycling performance of the NiMn-LDH film electrode at a current density of
0.1 mA cm−2.
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modulation than the ZnO@Ni/Co-LDH and PEDOT:PSS/LDH
lms, faster switching times than NiAl-LDH lm.

The electrochemical performance of the as-prepared lm
electrodes was investigated by cyclic voltammetry (CV) and
galvanostatic charging/discharging (GCD) in 1.0 mol L−1 KOH
solution. Fig. 5a shows the CV curve of NiMn-LDH lm elec-
trode in a potential range of 0–0.8 V at a scan rate of 50 mV s−1,
where a couple of wide oxidation and reduction peaks is
observed. The distinct redox peaks indicate a typical pseudo-
capacitive behaviour due to the reversible Faraday redox reac-
tion.24,30 According to the XPS results, the reversible redox
process is originated from the reversible redox reactions
between Ni2+/Ni3+ and Mn3+/Mn4+, and accompanied by the
intercalation and deintercalation of OH− ions.43 Additionally,
the current response increases accordingly with the increasing
scan rates for both the NiMn-LDH (Fig. S8†) and Ni6MnO8

(Fig. S9†) lm electrodes, indicating good rate capability.24,56

Fig. 5b and c present GCD curves of the NiMn-LDH and
Ni6MnO8 lm electrodes at different current densities. The
discharge specic capacitance can be calculated by the
following formula:57

Cs = IDt/SDV (4)

where Cs denotes the specic capacitance, I and S are the
discharge current and the area of the as-prepared lm, respec-
tively. Dt and DV denote the discharge time and the working
© 2024 The Author(s). Published by the Royal Society of Chemistry
potential window, respectively. As shown in Fig. 5b and c, the
charging and discharging processes of the NiMn-LDH and
Ni6MnO8 lm electrodes will take longer time upon reducing
the current density, implying a typical redox pseudo-
capacitance mechanism.46 Therefore, the NiMn-LDH lm elec-
trode delivers a high specic capacitance value of 30.8 mF cm−2

at a current density of 0.1 mA cm−2, which is much higher than
that of the Ni6MnO8 lm electrode (10.2 mF cm−2 at 0.1 mA
cm−2). The better capacitive behavior of the NiMn-LDH lm
electrode might be related to its lower resistance and better
electric conductivity, which is estimated by electrochemical
impedance spectroscopy (Fig. S10†), where the NiMn-LDH lm
electrode demonstrates a smaller charge transfer resistance
(19.8 U) than the Ni6MnO8 lm electrode (49.1 U). The specic
capacitance value of the NiMn-LDH lm electrode is also higher
than those of other LDHs, such as ZnO@Ni/Co-LDH (49.7 mC
cm−2),32 NiMn-LDHs (3.0 mF cm−2) and NiCoLDHs (4.9 mF
cm−2).58 Furthermore, the NiMn-LDH lm electrode exhibits
a good charge/discharge cycling stability at 0.1 mA cm−2,
maintaining 90% of the specic capacitance aer 350 cycles
(Fig. 5d).

4 Conclusions

In summary, we have successfully demonstrated a porous
NiMn-LDH lm hydrothermally grown on FTO glass for visible
electrochromism and energy-storage applications. The obtained
RSC Adv., 2024, 14, 10290–10297 | 10295

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00209a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 9

:1
0:

15
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
lm is composed of extremely thin NiMn-LDH nanosheets,
which are almost perpendicular to the FTO glass. Aer
annealing at 450 °C for 2 h, the NiMn-LDH lm can be trans-
formed into Ni6MnO8 lm. In comparison, the porous NiMn-
LDH lm electrode can be bleached to almost colorless,
resulting in a high transmittance of 80.1% at 550 nm.
Furthermore, the double redox couples of Ni2+/Ni3+ and Mn3+/
Mn4+ enable the NiMn-LDH lm electrode a large optical
modulation of 68.5% at 550 nm, and a large solar irradiation
modulation of 59.0% in the visible region of 400–800 nm. The
NiMn-LDH lm electrode also delivers an areal capacitance of
30.8 mF cm−2 at a current density of 0.1 mA cm−2. The good EC
and electrochemical performances of the NiMn-LDH lm elec-
trode provide a new strategy for developing high-performance
EC devices based on layered double hydroxide.
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