e-ISSN 2150-5551

Nano-Micr© Letters CN 31-2103/TB

ARTICLE https:/doi.org/10.1007/540820-022-01002-4

() An Electrochromic Nickel Phosphate Film

Check for

updates for Large-Area Smart Window with Ultra-Large
Cite as Optical Modulation

Nano-Micro Lett.
(2023) 15:34

Received: 17 September 2022 Pengyang Lei', Jinhui Wang', Yi Gao', Chengyu Hu', Siyu Zhang', Xingrui Tong',
Accepted: 25 October 2022 : 1 204 -1 4

© The Author(s) 2023 Zhuanpei Wang', Yuanhao Gao” =, Guofa Cai

HIGHLIGHTS

e Transition metal phosphates were first developed for the electrochromic application.

e The obtained NiHPO,-3H,0 film achieves an ultra-large optical modulation of 90.8%, and the electrochromic mechanism is system-

atically elucidated using in situ and ex situ techniques.

o A large-area electrochromic smart window with 100 cm? is constructed, which displays superior performances in regulating natural

lighting and storing electrical charges.

ABSTRACT Exploring materials with high electrochemical activity is of keen interest for electrochemistry-controlled optical and energy

storage devices. However, it remains a great challenge for transition X
. . . . Electrochromism
metal oxides to meet this feature due to their low electron conductivity

and insufficient reaction sites. Here, we propose a type of transition
metal phosphate (NiHPO,-3H,0O, NHP) by a facile and scalable elec-
trodeposition method, which can achieve the capability of efficient ion
accommodation and injection/extraction for electrochromic energy stor-
age applications. Specifically, the NHP film with an ultra-high transmit-
tance (approach to 100%) achieves a large optical modulation (90.8%
at 500 nm), high coloration efficiency (75.4 cm? C! at 500 nm), and

a high specific capacity of 47.8 mAh g~' at 0.4 A g~'. Furthermore,
the transformation mechanism of NHP upon electrochemical reaction
is systematically elucidated using in situ and ex situ techniques. Ulti-
mately, a large-area electrochromic smart window with 100 cm? is constructed based on the NHP electrode, displaying superior electro-
chromic energy storage performance in regulating natural light and storing electrical charges. Our findings may open up new strategies

for developing advanced electrochromic energy storage materials and smart windows.
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1 Introduction

Electrochromic (EC) technology is a vital component of
energy-efficient utilization and socially sustainable devel-
opment. The EC smart window can save about 20-40%
energy consumption in lighting and temperature control
of buildings [1-3]. In addition, the dynamic regulation
characteristics of the EC smart window can provide the
occupants with controlled natural lighting while protecting
their privacy [4—6]. Transition metal oxides such as nickel
oxide [7], tungsten oxide [8], and titanium oxide [9] are
considered promising EC materials as the core configura-
tion of EC smart windows. Among them, nickel (Ni)-based
EC materials have received broad research due to their low
cost and neutral coloring feature [10—12]. Nevertheless,
the optical modulation of most Ni-based materials is still
limited due to their low electron conductivity and insuf-
ficient reaction sites.

To overcome this issue, many efforts have been devoted
to designing Ni-based EC materials to improve their elec-
trochemical activity. For instance, Zeng et al. reported a
nitrogen—carbon co-doped NiO electrode with enhanced
electrical conductivity through the one-step pyrolysis of
Ni-MOF film, showing an optical modulation of 68% at
580 nm and a 71.6% of transmittance in the bleached state
[13]. Cai et al. synthesized the 1D n-d conjugated coordi-
nation polymer (Ni-BTA) film with high conductivity by
introducing conjugated structures, which exhibit 61.3%
of optical contrast at 500 nm and about 90% of transmit-
tance in the bleached film [14]. Besides, the preheating
treatment method was presented to avoid the transforma-
tion from a-Ni(OH), film with high electrochemical activ-
ity to f-Ni(OH),, which exhibits a large optical modula-
tion of 78.6% at 550 nm with 89% of transmittance in
the bleached state [15]. Although these strategies aim to
enhance the EC performances of Ni-based materials, the
optical modulation is still unsatisfactory as their low trans-
mittance in the bleached state and the restricted electro-
chemical activity. In addition, the high cost and complex
preparation technology are limiting the practical applica-
tion of uniform EC films over a large area, such as solvo-
thermal and hydrothermal methods [16—18]. Therefore,
exploring appropriate Ni-based EC materials and synthesis
technologies are highly desirable to develop high-perfor-
mance large-area EC smart windows.

© The authors

From the perspective of rational component design,
exploring electrochromic materials with high electro-
chemical activity is a judicious and powerful approach for
dramatically improving their performance. In this regard,
transition metal phosphates (TMPs) with layers of con-
nected metal-oxygen hexahedron and phospho-oxygen
tetrahedron are promising candidates [19-21]. Origi-
nated from the properties of Lewis acid, the coordinated
HPO,>~ anions in TMPs can be used as trapping points to
enhance the adsorption capacity of OH™, resulting in the
improved electron conductivity and electrochemical activ-
ity of TMPs in alkaline electrolytes, compared to that of
transition metal oxides [22, 23]. Recent studies on TMPs
have confirmed the broad applications in various fields
such as electrochemical energy storage and electrocataly-
sis [24, 25]. Nevertheless, there has been little discussion
about TMPs-based materials in the EC field so far, espe-
cially the EC mechanism of TMPs which is not clear yet.

In this work, we proposed and demonstrated a large-
area nickel phosphate (NiHPO,-3H,0, NHP) EC film with
homogeneous nanoparticles by a facile and scalable elec-
trodeposition method. As a bifunctional film with elec-
trochromism and energy storage, the NHP film showed
large optical modulation with nearly 100% transmittance
in the bleached state, high coloration efficiency, and com-
parable gravimetric capacity. The reaction mechanism of
NHP film was revealed by in situ and ex situ techniques,
which indicate that the Ni>* is reversibly converted to Ni**
during the electrochemical process. Besides, we further
integrated a prototype of the EC smart window composed
of the NHP-based EC layer and TiO,-based ion storage
layer. The EC smart window with 10 x 10 cm? not only
controlled the transmittance intensity of natural light into
the building, but also recovered electric energy to accom-
plish the energy reutilization. Overall, our work provides
an opportunity for the TMPs to implement large-area high-
performance EC smart windows.

2 Experimental Section
2.1 Materials

Nickel nitrate hexahydrate (Ni(NO;),-6H,0, >98%) was
purchased from Sinopharm Chemical Reagent. Sodium
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hypophosphite monohydrate (NaH,PO,-H,0,>99%)
and titanium oxide (TiO,, >99.8%) were purchased from
Aladdin Industrial Corporation. Poly(vinyl alcohol)
(PVA, Mw = 89,000-98,000, > 99%) was purchased from
Sigma-Aldrich. Potassium hydroxide (KOH, > 85%) was
purchased from Kermel Chemical Reagent. All chemicals
were not further purified, and the deionized water was pre-
pared in a water purifier (Milli-Q 18 MQ, Millipore Corp).

2.2 Fabrication of NiHPO,3H,0 Nanoparticle Films

The electrodeposition electrolyte solution was obtained by
dissolving Ni(NO;),-6H,0 (0.2385 g) and NaH,PO,-H,0O
(0.1053 g) in 100 mL of the mixture of deionized water and
ethanol (v/v=1:1). The glass coated with fluorine-doped tin
oxide (FTO) and polyethylene terephthalate (PET) coated with
indium tin oxide (ITO) were used as transparent conductive
electrodes and successively ultrasonic cleaned with acetone,
deionized water and ethanol for 15 min. In the three-electrode
system, the FTO (2x 5 cm?), platinum (Pt) foil and Ag/AgCl
were used as the working electrode, counter electrode, and
reference electrode, respectively. The electrodeposition pro-
cess was performed by cyclic voltammetry within a potential
window of — 1.2 to 0.2 V at a scan rate of 20 mV s~! for 4
cycles. The samples were rinsed with deionized water and then
dried at 60 °C for 12 h in an oven. Finally, the NiHPO,-3H,0
nanoparticle films were successfully prepared.

2.3 Fabrication of TiO, Nanoparticle Films

The ion storage layer of TiO, film on the FTO substrate was
prepared by electrostatic spray deposition (ESD) technol-
ogy. In order to obtain the homogeneous ESD solution, the
purchased TiO, nanoparticles were diluted to 1 mg mL™!
with ethanol and deionized water, and then, the suspension
was treated with ultrasonic for 1 h. Finally, the as-prepared
ESD precursor solution was transferred to a syringe with a
metal nozzle. The TiO, nanoparticle film on FTO conductive
glass was obtained by spraying 0.5 mL solution at 18 kV
high voltage using the ESD technology.

2.4 Fabrication of the 1 M KOH/PVA Gel

Firstly, a solution was prepared by dissolving 1.5 g polyvinyl
alcohol (PVA) in 20 mL deionized water at 85 °C in an oil
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bath. Then, 1.4 g potassium hydroxide (KOH) was dissolved
in the cooled PVA solution under stirring. Ultimately, the
KOH/PVA gel-type electrolyte was successfully obtained.

2.5 Assembly of Semi-Solid-State Device

The semi-solid-state device was assembled using
NiHPO,-3H,0 nanoparticle film as an electrochromic layer,
TiO, nanoparticle film as an ion storage layer, and 1 M
KOH/PVA gel as an electrolyte. The mounting tape (VHB
4010, 3 M) with a thickness of 1.5 mm was applied to con-
nect NiHPO,-3H,O0 layer and TiO, layer to create a space for
holding the gel electrolyte. Finally, the semi-solid-state elec-
trochromic device was sealed with an epoxy resin adhesive.

2.6 Materials Characterization

The crystal structure and material composition were char-
acterized by X-ray diffraction (XRD, D§-ADVANCE). The
microstructure and elemental mapping of the samples were
characterized using a field emission scanning electron micro-
scope (FESEM, Nova NanoSEM 450) and a transmission
electron microscope (TEM, JEM-2100). The in situ Raman
spectra of the material at different states were obtained on
Laser microscopic Raman spectroscopy (Raman, Renishaw
inVia) with a laser wavelength of 532 nm. The FTIR spec-
trum was conducted by a Frontier IR/FIR STA 8000 spec-
trometer (PerkinElmer, USA) in the range of 400-2000 cm™!
with an attenuated total reflection detector. The X-ray pho-
toelectron spectroscopy (XPS) was performed by an AXIS
ULTRA X-ray photoelectron spectrometer to determine the
element’s composition and valence of the sample.

2.7 Electrochemical and Electrochromic
Characterization

Electrochemical and electrochromic measurements
were implemented in the three-electrode system. The
NiHPO,-3H,0 film was used as the working electrode, Ag
wire served as the reference electrode, Pt wire worked as
the counter electrode, and 1 M KOH aqueous solution as
the electrolyte. The in situ spectrum response accompanied
by cyclic voltammetry (CV), chronoamperometry (CA),
and galvanostatic charge—discharge tests was carried out at

@ Springer
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500 nm via the integration of the Autolab electrochemical
workstation (PGSTAT302N) and a Shimadzu UV-3600 Plus
spectrophotometer. CV curves were measured at 10 mV s~!
with the potential range from 0 to 0.7 V (vs. Ag*/Ag), and
galvanostatic discharge—charge measurements with different
current densities were performed in the potential window
of 0t0 0.5 V (vs. Ag*/Ag). The transmittance spectra of the
colored and bleached states of NiHPO,-3H,0 and TiO, films
were evaluated by the aforesaid spectrophotometer in the
wavelength range of 300—-800 nm. Furthermore, the trans-
mittance of FTO and air was selected as the baselines when
conducting the spectral tests on film and device, respectively.

3 Results and Discussion
3.1 Preparation and Characterization of NHP Film

The NiHPO,-3H,0 (NHP) film was prepared by a facile
and scalable electrodeposition method. Detailly, the cyclic
voltammetry (CV) technique was utilized to control the
deposition process (Fig. S1). The NO;™ is reduced on the
surface of FTO to produce OH™, and OH™ further reacts with
H,PO,>" to generate HPO,*>~ (Fig. 1a). In the meantime,
the positively charged Ni** in the electrolyte migrates to
the negatively charged FTO surface, forming an NHP film
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Fig. 1 a Schematic illustration of the NHP film obtained by cyclic voltammetric electrodeposition from — 1.2 to 0.2 V (vs. Ag*/Ag) at
20 mV s7! in a three-electrode system. b Transmission spectra of three different points selected from a 10x 10 cm? NHP film as shown in the
inset. ¢ SEM images of NHP film prepared by electrodeposition on FTO substrates, d TEM image and the corresponding SAED pattern (inset)
of the NHP nanomaterial, and e represents the cross-sectional SEM of NHP film. f XPS spectrum of the NHP film. g Ni 2p, h P 2p andi O 1s
spectrum of the NHP film
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directly on the FTO surface with HPO42_ [19, 26]. There-
fore, the deposition mechanism can be summarized in the
following formula:

NOj +2e” + H,0 - NO; +20H"
H,PO; + OH™ — HPO?™ + H,0

Ni** + HPO?™ + 3H,0 — NiHPO, - 3H,0

A transparent NHP film on FTO glass with a large area of
10x 10 cm? was obtained by setting four CV deposition
cycles. The transmittance at three different sites was inves-
tigated and identically reached up to~99.5% at 500 nm,
manifesting the spatially homogeneous fabrication of the
electrodeposition method (Fig. 1b). Scanning electron
microscopy (SEM) image further demonstrates that the
highly identical transmittance originates from the forma-
tion of uniform nanoparticles in NHP film (Fig. 1c). The
diameter of NHP nanoparticles is around 100—120 nm con-
firmed by TEM (Fig. 1d), which is in good agreement with
SEM results. The thickness of NHP film was controlled by
only ~ 122 nm (Fig. le), far smaller than that of reported
Ni-based EC materials (> 500 nm) [10, 16, 27]. This can be
attributed to the high ionic conductivity (o) of the electro-
deposition electrolyte due to the introduction of phosphates
(Oyith ,=0.99 mS cm™"), compared with that without phos-
phates (6yihou ,=0.62 mS cm™) as shown in Fig. S2. The
selected area electron diffraction (SAED) pattern presents
the halo rings without any identifiable diffraction spots,
demonstrating the amorphous nature of the NHP film (inset
of Fig. 1d). Furthermore, the diffraction peaks except for the
FTO were hardly observed in XRD measurement (Fig. S3),
further confirming this viewpoint. The amorphous structure
generally endows the material with enhanced charge transfer
properties and improved electrochemical reaction kinetics
[28]. The presence and elemental distribution of Ni, P, and
O in NHP film were additionally identified by energy-dis-
persive X-ray spectroscopy (EDS, Fig. S4). To elucidate the
chemical composition and oxidation state of NHP film, XPS
analysis was performed. The survey spectrum of as-prepared
NHP film illustrates the existence of Ni, P, O, and C ele-
ments (Fig. 1f). The Ni 2p spectrum in Fig. 1g is well fitted
into two spin—orbit doublets of Ni%* (at 854.8 and 872.5 eV)
and Ni** (at 856.2 and 873.9 eV) accompanied by two satel-
lite peaks (at 860.8 and 879.1 eV) [29]. According to the P
2p spectrum (Fig. 1h), two peaks at 132.9 and 133.7 eV cor-
respond to the 2p;;, and 2p,,, in phosphorous species [30].
Besides, oxygen-contained bonds are measured and the O
1s spectrum is divided into O1 (530.2 eV), 02 (530.7 eV),

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

and O3 (531.5 eV) species, which are assigned to Ni-O-P,
P-O-H, and H,O0, respectively (Fig. 1i) [22]. Overall, these
results indicate that large-area NHP nanoparticles film is
successfully fabricated by the one-step electrodeposition
method.

3.2 Electrochromic Performance of NHP Film

Electrochemical and electrochromic performances of the
as-prepared NHP film were evaluated in a 1 M KOH elec-
trolyte by the spectroelectrochemical three-electrode system.
The CV measurement was performed on the NHP film in a
potential window of 0 to 0.7 V (vs. Ag™/Ag) at 10 mV s~!
(Fig. 2a). One pair of apparent redox peaks at around 0.58
and 0.21 V (vs. Ag*/Ag) is observed, which can be assigned
to the transition between Ni2* and Ni**, indicating a stand-
ard battery-like behavior [31-33]. Meanwhile, the in situ
spectral response at 500 nm was recorded along with the CV
measurement. The transmittance of the NHP film gradually
decreases in the OH™ injecting process from 0.3 t0 0.7 V (vs.
Ag*/Ag) and then dynamically restores to the initial state
with the OH™ extracting when the potential returns to 0 V
(vs. Agt/Ag), showing superior electrochemical and optical
reversibility. As a crucial parameter for electrochromic mate-
rials, optical modulation (AT) is the difference between the
transmittance of colored state (7,) and bleached state (77,)
at a single wavelength [34]. It can be seen that the bleached
NHP film always maintains close to 100% transmittance
in the wavelength range of 300-800 nm (Fig. 2b), while
the colored film possesses a transmittance of only 8.7% at
500 nm. Hence, an impressive optical modulation of up to
90.8% can be achieved, benefiting from the ultra-thin thick-
ness and high electrochemical activity of the NHP film,
whereas only 69.5% can be reached for the phosphorus-free
film (Fig. S5a). In particular, the NHP film also shows more
than 90% of optical modulation at the ultraviolet (UV) band
from 300 to 400 nm, enabling controllable utilization of
UV light. As shown in the inset of Fig. 2b, the ultra-large
optical modulation is also reflected by the digital photo-
graphs in which the bleached NHP film delivers high vis-
ible transparency and a neutral characteristic in the colored
state. Compared with the CV curve of Ni-based film with-
out phosphorus source, it can be observed that the excellent
modulation ability can be achieved by NHP film, resulting
in the increase of the electrochemically active sites and the

@ Springer
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Fig. 2 Electrochemical and electrochromic performance of the NHP film. a CV curve and in situ response spectrum at 500 nm measured at
10 mV s~!in 1 M KOH electrolyte. b Optical transmittance spectra of the NHP film in 300-800 nm at colored (0.7 V vs. Ag*/Ag) and bleached
(0 V vs. Ag*/Ag) states. Insets display digital photographs of the colored and bleached NHP film. ¢ The profiles of current density and corre-
sponding in situ response spectrum in 500 nm recorded by applying alternating potentials of 0 and 0.7 V (vs. Ag*/Ag) each for 30 s. d Optical
density as a function of the charge density at 500 nm for the NHP film. e Histogram of optical modulation, coloration efficiency (CE) and trans-
mittance of bleached state (TBS) of NHP film compared with other nickel-based EC materials

sufficient electrochromic reaction (Fig. S5b). To verify the
feasibility of fabrication on different substrates, NHP film
was electrodeposited on a flexible ITO/PET substrate with
an optical modulation of 76.7% at 500 nm (Fig. S6a). The
digital photographs of curved NHP film present stable elec-
trochromism in both colored and bleached states (Fig. S6b).

The switching characteristic of the NHP film was further
investigated by alternately applying the potentials of 0.7 and
0V (vs. Agt/Ag) with a duration of 30 s. The electrochromic
kinetics and reversibility are reflected by the repeating cur-
rent and transmittance responses at 500 nm (Fig. 2c). Col-
oring time (f,) and bleaching time (#,) of the NHP film are
determined according to the time taken for 90% of the maxi-
mum optical modulation during the switching process [35].
The calculated result from the in situ spectrum shows that ,
and #, are 7.1 and 9.6 s, respectively, which are shorter than
the reported NiO film with 63.6% optical modulation (11.5
and 9.5 s) [17]. The rapid response behavior of the NHP
film may ascribe to the reduced charge transfer resistance
(R.) owing to the introduced phosphorus source and the
short electron transport path in the film with low thickness

© The authors

(Fig. S7, R =335Q, R =38.6 Q). Besides,
the effects of the electrodeposition cycles on the electro-

ct with p ct without p

chromic properties of NHP films were further investigated
(Table S1). It is worth noting that the NHP film prepared by
four electrodeposition cycles exhibits an optical modulation
of 90.8%. However, the performances of optical modula-
tion and switching time were decayed when further increas-
ing electrodeposition cycles. It is mainly attributed to the
increase in the thickness of NHP film, resulting in the reduc-
tion of transmittance at the bleached state and the extended
ion and electron transport path. Coloration efficiency (CE)
is closely related to AT and current density, which is defined
as the change in optical density (AOD) with respect to the
unit charge density (AQ) during the color-switching process.
The calculation formula is as follows:

AOD _ Ty
A—Q—l"g(n)/AQ

where T, and T, refer to the transmittance of colored and
bleached states, respectively. In general, a high CE means
that a large optical modulation could be realized by only a

CE(}) =
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small amount of charge. The CE of the NHP film calculated
from the slope of the linear fit region in OD versus Q/A
plots is 75.4 cm? C~! at 500 nm (Fig. 2d), which is relatively
higher than that of previously reported Ni-based EC materi-
als (most of them are less than 60 cm?> C™', Fig. 2e) [10-13,
15-17, 27, 36-45]. Moreover, the optical modulation and
transmittance of the bleached state in this NHP film are
superior to the previous literature on Ni-based EC materials
(AT is generally less than 80%, Fig. 2e). The optical memory
represents sustainable management of solar light, which is
crucial to the energy-saving of smart windows. To this point,
it is worth noting that the NHP film can maintain optical
stability in colored and bleached states over 5000 s with a
transmittance decay of ~ 12.6% and 1.2% (Fig. S8). Addi-
tionally, the NHP film achieves robust cycling stability and
retains 76.1% of optical modulation over 300 electrochemi-
cal cycles, while the coloration and bleaching response times
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are changed to 4.4 and 12.6 s (Fig. S9). The reduced optical
modulation is mainly caused by the structural deformation
in process of ions intercalation/deintercalation.

In order to assess the electrochemical reaction kinetics
of the NHP electrode, the charge storage mechanism was
investigated using CV measurements at a different scan rate
from 5 to 15 mV s~! (Fig. 3a). The current density of redox
peaks increases synchronously with the increasing scan rate.
The redox peaks are still maintained well at a higher scan
rate of 15 mV s~!, manifesting rapid ion transport and low
internal resistance in the electrode material [46]. Meanwhile,
the superior reversibility of the NHP film can be concluded
by the symmetry of redox peaks. Furthermore, the elec-
trochemical contributions of the surface-capacitive and
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Fig. 3 a CV curves of NHP film at different scan rates from 5 to 15 mV s~! between 0 and 0.7 V (vs. Ag*/Ag). b Calculation of b value accord-
ing to the relationship between log(v) and log(A) in the CV measurements of NHP film. ¢ Galvanostatic charge—discharge profile at 0.4 A g~
and corresponding in situ response spectrum at 500 nm of the NHP film. d Optical modulation and specific capacity of the NHP film as a func-

tion of current density
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diffusion-controlled process can be qualitatively calculated
according to the following formula:

i=a

Here, i and v are the peak current and scan rate, respectively,
and a and b represent the constants. The electrochemical
process is controlled by the surface faradic reaction when
i has a linear relationship with the v (b=1), indicating the
pseudocapacitance behavior of the material. When i is pro-
portional to the square root of the v (b=0.5), the electro-
chemical process is dominated by the standard diffusion
behavior [29]. The b value of the NHP electrode calculated
by fitting log(i) and log(v) curves are 0.513 (b,) and 0.502
(b,), respectively, corresponding to anodic and cathodic
current peaks (Fig. 3b). It indicates that the electrochemi-
cal reaction of the NHP electrode is mainly dominated by
the diffusion process. The high consistency of the b; and b,
further corroborates the excellent reversibility of the elec-
trochemical process [46].

Considering the good battery-like energy storage behav-
iors of the NHP film, we further quantitatively evaluated
its energy storage performance by galvanostatic charge—dis-
charge (GCD) measurement from 0 to 0.5 V (vs. Ag*/Ag)
(Fig. S10). The GCD curves with different current densi-
ties have a pair of obvious platforms at 0.36-0.42 and
0.34-0.29 V (vs. Ag*/Ag), which correspond to the charg-
ing (oxidation) and discharging (reduction) processes of
the NHP film. The specific capacities of the NHP film were
47.8,44.6,42.4,37.4, and 35.2 mAh g_1 at current densities
of 0.4,0.6,0.8,1.2,and 1.6 A g‘l, respectively, which are
higher than the Ni-based materials used as energy storage
(33.6 mAh g_l at 0.25 A g_l) [12]. Even when the current
density is expanded to 2.4 A g~!, 60% of the specific capac-
ity (28.3 mAh g~!) can still be remained in comparison to the
capacity at 0.4 A g~!, showing satisfactory rate capability of
the NHP film. Furthermore, the NHP film presents changed
Coulomb efficiency from 67.1 to 97.9% at different current
densities, manifesting its good electrochemical reversibility
(Fig. S11). The energy density of NHP film was calculated
to be 15.3 Wh kg™' at a power density of 127.5 W kg™! and
a maximum power density of 777.8 W kg~! at an energy
density of 9.1 Wh kg~! as shown in Ragone plots in Fig.
S12. Besides, the durability of the NHP film was provided
by comparing the capacity change before and after cycling
(Fig. S13). It demonstrates that 79.8% of capacity can be
maintained, which is in agreement with the change in optical
modulation (76.1%) of the NHP film. These results indicate

© The authors

that the NHP film can efficiently store energy, which is
extremely promising for applications as energy storage and
conversion electrodes.

As the electrochemical redox occurs simultaneously dur-
ing the electrochromic and energy storage processes, it is
fascinating to integrate both electrochromic and energy stor-
age functions into a single electrode to develop an energy
storage indicator, which can indicate the level of energy
storage based on color changes. To prove this promis-
ing concept, we recorded the in situ response spectrum at
500 nm while performing the GCD measurement at 0.4 A
g~! (Fig. 3¢). In the charging process, the transmittance of
the NHP film gradually decreases with the color change.
When charged to 0.5 V (vs. Ag*/Ag), the NHP film appears
a brown-black color. In the reverse process, the color of the
NHP film gradually fades away until the restoration of high
transmittance at O V (vs. Agt/Ag). These results confirm that
developing a dual-functional energy storage indicator by the
NHP film is feasible. Notably, even when the current density
is as high as 2.4 A g~!, 40% of the optical modulation still
can be reached, further validating the superior rate capability
of the NHP film (Fig. 3d). The exceptional electrochromic
and energy storage properties of NHP electrodes are attrib-
uted to the high electrochemical activity [19]. Additionally,
the amorphous NHP film prepared by the electrodeposition
method facilitates ion transport and increases accessible
active sites due to the loose internal structure [47].

3.3 Mechanism Analysis of NHP Film
in Electrochromism

In order to understand the electrochromic mechanism of the
NHP material, in situ Raman and optical transmittance spec-
tra were conducted by applying real-time CV measurement
at 10 mV s™! (Fig. 4a, b). There is almost no electrochemi-
cal reaction until the potential is close to 0.4 V (vs. Ag*/
Ag). At the same time, the in situ response spectrum always
maintains a high transmittance, while the Raman peak of the
electrode material remains unchanged, indicating that NHP
film can maintain the structural integrity in KOH electrolyte.
As the applied potential is higher than 0.4 V (vs. Ag*/Ag),
the Raman peak of Ni'—O stretching vibration gradually dis-
appears at 570 cm™!. Two new peaks observed at 475 and
557 cm™! correspond to the Ni'"=0 and Ni'-O stretching
vibrations, respectively, thus proving the conversion process

https://doi.org/10.1007/s40820-022-01002-4
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from Ni?* to Ni** [48-51]. Furthermore, the transmittance
of the NHP film decreases synchronously due to the for-
mation of Ni** species. Additionally, the intensity of the
two peaks gradually increases with the continuing oxidation
reaction from 0.4 to 0.7 V (vs. Ag*/Ag). In contrast, the
Raman peaks at 475 and 557 cm™! gradually weaken until
they disappear when the applied potential decreases from
0.7 to 0.2 V (vs. Ag*/Ag). Ultimately, the broad peak at
576 cm™! appears once again and the transmittance returns
to the initial state from 0.2 to 0 V (vs. Ag*/Ag), demonstrat-
ing the excellent reversibility of this electrochromic NHP
film. The strength and position of the Raman peak were
summarized in the chromaticity diagram, which intuitively
reflects component transformation and reversibility of the
electrochromic process. (Fig. 4c). We further performed
an ex situ FTIR analysis of the NHP film at colored and
bleached states (Fig. 4d, e). Both the colored and bleached
NHP films exhibit the characteristic peaks at 1630 cm™"

SHANGHAI JIAO TONG UNIVERSITY PRESS

(stretching vibration of O-H in hydroxyl group), 1368
(stretching vibration of P=0), 1045 (asymmetric stretch-
ing vibration of P-O-Ni), 742 (bending vibration of P-O-H
group), 503 and 473 (doubly degenerate bending mode of
PO,’") cm™, indicating that HPO,>~ does not participate in
the electrochromic reaction [22, 52-54]. Besides, the peaks
at 450 and 462 cm™! are related to the Ni-O stretching vibra-
tion, while the peak at 436 cm™! is the transverse optical
vibrational mode of Ni—O [50]. In particular, the stretch-
ing vibration mode belonging to higher valence (Ni**—0)
at 600 cm™! is relatively enhanced for the colored NHP film
[17, 55]. This result verifies the transition from Ni2* to Ni**
during the coloring process again, which is consistent with
the in situ Raman spectra.

@ Springer
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3.4 Construction and Evaluation of NHP-Based Smart
Windows

We further constructed a semi-solid electrochromic energy
storage device (EESD) by assembling the NHP film and
TiO, film with 1 M KOH/PVA gel-type electrolyte (Fig. 5a).
The TiO, film is an ideal counter electrode with superior
charge balance ability in the KOH/PVA electrolyte and can
maintain a high transmittance even if different voltages are
applied (Fig. S14a, b). The CV curve and in situ optical
response at 500 nm of the assembled EESD were carried
out under a voltage window from — 1t0 2.2V at 10 mV s~/
revealing the high reversibility of this electrochromic reac-
tion (Fig. S15a). Additionally, the EESD delivers a large
optical modulation of 73.5% at 500 nm (Fig. 5b), which is
superior to reported electrochromic energy storage devices
[12, 16, 40]. Moreover, the neutral coloring, fast switch-
ing time (21.6/26.6 s, Fig. S15b) and high CE (66.5 cm?
C~!, Fig. 5c) are simultaneously achieved in this EESD. It
is well known that large-area EESDs are highly desirable

- (b)

in practical applications, especially for EC smart windows.
Nevertheless, there are still tremendous challenges to be
tackled in device construction. Considering the excellent
electrochemical and electrochromic properties of the NHP
material, we constructed a large-area EESD with a scale of
100 cm?. A high transmittance is observed for the device in
the initial state, enabling an excellent visualization effect
when served as the EC smart window (Fig. 5d). The visual
field of the large-area EESD under the colored state is sig-
nificantly weakened, which realizes the dynamic modula-
tion of the incident natural light and privacy protection. The
bleached state with high transmittance in Fig. 5d indicates
that the EESD achieves superior reversibility, laying the
foundation for its application in energy-efficient buildings.
To demonstrate the energy storage properties, a single EESD
with 100 cm? supplies sufficient energy to drive the digital
watch for nearly 40 s, illustrating its excellent charge storage
performance (Fig. 5e). Moreover, the charge storage level
can be predicted in real time based on the color change of
the EESD, which provides many conveniences compared
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Fig. 5 Electrochromic and energy storage performance of electrochromic energy storage device (EESD). a Configuration of the semi-solid
device assembled by NHP film as the electrochromic layer, TiO, film as the ion storage layer, and KOH/PVA gel as the semi-solid electrolyte.
b Optical transmittance spectra of the colored (2.2 V) and bleached (— 1.5 V) EESD in the wavelength range of 300—800 nm. ¢ Coloration effi-
ciency of the as-assembled EESD. Photographs of a 100 cm? EC smart window in d the initial, e colored and f bleached states. g The demo of a
digital watch driven by the full charged EC smart window (Inset is the uncharged EC smart window)
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with traditional power sources. Thereby, the energy for driv-
ing the EC smart window can be recycled and reutilized,
which is an effective approach to implementing the energy
conservation. What’s more, sustainable energy conversion
and storage in energy-efficient buildings can be achieved by
further integrating EC smart windows with solar cells, tri-
boelectric nanogenerators, and other self-powered systems.

4 Conclusions

In summary, we have developed a novel type of transition
metal phosphate (NiHPO,-3H,0) for high-performance
electrochromic energy storage applications. Benefiting from
the high electrochemical activity, the NiHPO,-3H,0 film
exhibits superior electrochromic and energy storage perfor-
mances, such as large optical modulation (90.8% on rigid
FTO, 76.7% on flexible ITO/PET at 500 nm), high colora-
tion efficiency (75.4 cm? C~! at 500 nm), rapid switching
time (< 10 s) and a high specific capacity of 47.8 mAh g™!
at 0.4 A g~'. Meanwhile, the transformation mechanism of
NHP film during the electrochemical process has been inves-
tigated by in situ and ex situ techniques. In addition, a large-
area EC smart window of 100 cm? was constructed based on
the NiHPO,-3H,0 electrode, which satisfied the function of
effectively regulating solar radiation and protecting privacy
while serving as a power source for electronic devices. We
believe that the study on transition metal phosphates nano-
materials would be further extended for the applications in
EC smart windows, intelligent power sources and optoelec-
tronic devices.
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