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Under “green architecture” principles, electrochromic smart windows are employed to adjust optical
transmittance and indoor temperature, yet their high costs limit the wide application. Here, an elec-
trochromic window is driven by a redox flow battery (RFB), where TOC and deposition layers are no
longer needed. The transmittance of the electrochromic window is modulated by the state of oxidation
(SOC) of aqueous posolyte Fe(phen);Cl,, which is coupled with BTMAP-Vi negolyte in RFB. Under opti-
mized conditions, average CE, VE, and EE reach 93.25%, 92.61%, and 86.35% for RFB with a capacity fading
rate of 1.57% per cycle. 88.66% optical modulation and 9.36 cm?/C coloration efficiency are achieved in
the electrochromic process, and 72.34% optical modulation is maintained after 12000 s. Essentially, the
indoor temperature declines 3°C for posolyte with 100% SOC when compared with the control experi-
ment using circulating water for a model house. This means minimum electricity of 0.0185 kWh is saved
when using an air conditioner to cool a 100 m*® house, which corresponds to declined CO, emission
(COE) of 0.0185 kg. This work provides a novel and cost-efficient strategy for modulating indoor comfort

via electrochromic windows driven by RFB.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Building energy consumption covers 30%~40% of global total
energy consumption, ca. 1/3 of which is used for maintaining in-
door comfort, such as heating, ventilation, and air-conditioning
(HVAC) [1-3]. Of such huge energy consumption, ca. 45% is re-
lated to windows (e.g, natural daylighting and solar heat) [4-
6]. Static controls (e.g., blinds or shades) are driven by mechan-
ical force, however, they inevitably meet inconvenience in trans-
portation, storage, and installation. Compared to these, the elec-
trochromic smart windows can modulate optical transmittance dy-
namically via reversible electrochromic reactions [7-10], aligning
with “green architecture” principles. Generally, electrochromic de-
vices possess a sandwich structure containing transparent sub-
strates, ion storage conductive layers, electrochromic conductive
layers, and electrolyte layer (Scheme 1) [10-12]. The brief produc-
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tion process, period, and price of electrochromic glass are provided
in Fig. S1 (Supporting information). Of course, manufacturing costs
and process simplification for large-area electrochromic windows
are challenging issues for wide applications [13,14]. The concept
of TOC-free electrochromic windows has been developed by Wang
et al. [15,16], based on redox-flow systems. In these works, elec-
trochromic materials are employed in fabricating the coating layer,
such as Prussian blue and TiO,.

The present work employs an electrochromic electrolyte to tune
light transmission in the smart window. It merits the advantage of
avoiding the deposition process for fabricating the electrochromic
layer. In this case, a seven-layered sandwich can be replaced by a
three-layered one, reaching the goal of cost-effectiveness (Scheme
1). The abundance of electrochromic electrolytes in RFB provides
a vast range of selection and possibilities [17-19]. A wide range
of color control can be achieved to meet different application sce-
narios via adjusting applied current and voltage, as well as elec-
trolyte concentration and composition. In contrast to traditional
electrochromic layers, this electrochromic electrolyte can be regen-
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Scheme 1. Representation and comparison of electrochromic windows as well as the advantages of present work.

erated by updating the electrolyte in the storage tank. As a proof of
concept, a phenanthroline-based metal complex (Fe(phen)s;Cl,) is
employed as the electrochromic electrolyte, and the transmittance
of the electrochromic window is modulated by an RFB system.

In RFB, considerable progress has been achieved in developing
posolytes containing iron (Fe) and its complexes, which merit the
advantages of low cost and environmental friendliness [20-22]. In-
spired by this, Fe(phen)sCl, is synthesized by a reaction between
phenanthroline and FeCl,-4H,0 in acetonitrile under reflux condi-
tions (Fig. 1a). Red solid is obtained after column chromatogra-
phy. Its chemical shifts (§ 8.80, 8.40, and 7.73ppm) in 'H NMR
spectrum (Fig. S2 in Supporting information) and m/z 298.0635 in
the high-resolution mass spectrum (Fig. S3 in Supporting informa-
tion) confirm the success of synthesis. The molecular coordination
is characterized by single-crystal X-ray diffraction, and its crystal-
lographic data is listed in Table S1 (Supporting information), to-
gether with details of data collection and refinement. Similar to
the literature [23], Fe(phen)sCl, crystallizes in the triclinic crystal
structure, and its ORTEP diagram is shown in Fig. 1a and Fig. S1.
In this distorted octahedral coordination, the average Fe—N bond
length, N—Fe—N bite angle, and trans angle for opposite N atoms
are 1.976~1.973 A, 82.83°~83.06°, and 174.8°~175.93° (Tables S2
and S3 in Supporting information), respectively.

In RFB (Fig. 1b), Fe(phen);Cl, acts as a posolyte compound.
Commercially available BTMAP-Vi is employed as a negolyte when
considering its robust nature [24]. As illustrated by cyclic voltam-
metry (CV, Fig. 1c and Fig. S5 in Supporting information), the redox
reaction for posolyte compound Fe(phen)s;Cl, involves one elec-
tron transfer with redox potential (E;j,) of 0.836V vs. SCE, while
BTMAP-Vi serves as negolyte active molecule with E;p= —0.592V
vs. SCE for first electron redox reaction. Both exhibit good re-
versibility (Fig. S6 in Supporting information). In detail, the anodic
peak current density decreases by 15% after 100 cycles when com-
pared with the second cycle for Fe(phen);Cl,, while the cathodic

one increases by 5%. For BTMAP-Vi, its current densities incline
by 9.7% for the anodic peak but decline by 14.4% for the cathodic
peak. The kinetics of redox couples are evaluated via CV at vari-
ous scan rates (Fig. S7 in Supporting information). Based on the
Randles-Sevcik equation, diffusion coefficients for oxidized state
(DO) and reduced state (DR) of [Fe(phen);]?*/[Fe(phen);]** are de-
termined to be 2.743 x 10=% and 1.457 x 10=6 cm?2/s (Fig. 1d),
respectively. They are in the same range of reported ferric com-
plexes (2.3~2.8x1076 ¢cm?/s) [21,25,26]. In the same way, the first
redox state D;© and D;® of [BTMAP-Vi]** and [BTMAP-Vi]** are
measured to be 4.836 x 106 and 2.736 x 10~6 cm?/s, respectively,
comparable to reported ones [27].

The performance of RFB is optimized and evaluated under var-
ious conditions. Initially, the impact of ion exchange membrane is
investigated, and the Nafion 117 cation membrane is selected to
separate posolyte and negolyte (Table S4, Figs. S8 and S9 in Sup-
porting information). As illustrated in Fig. le, the RFB delivers a
working voltage of 1.428 V. Its open circuit voltage (OCV) increases
from 1386V at 10% SOC to 1475V at 50% SOC, and further to
1.581V at 90% SOC. Across all SOC ranges, the high-frequency area-
specific resistance (ASR) of the battery is measured to be 4.9 Q/cm,
which comes from membrane resistance and is also affected by the
presence of acetonitrile residue (Fig. S10 in Supporting informa-
tion). The polarization resistance varies in the range of 6.56~6.61
2/cm. Namely, ca. 88% of total resistance derives from constant
membrane resistance, while the rest 12% is due to kinetic losses
in reducing ferric complex and its dimerization [21].

Galvanostatic charging and discharging (GCD) curves are dis-
played in Figs. S11a-c (Supporting information), at the applied cur-
rent density of 3~5mA/cm2. Two discernable discharge plateaus
are obtained at 1.5~11V and 0.3~0V, respectively. The pres-
ence of ferric dimer [Fe,O(phen),Cl,]** with low redox poten-
tial accounts for the presence of a second discharge plateau
(Scheme S1 in Supporting information) [21,22]. It derives from
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Fig. 1. (a) Synthesis and ORTEP diagram of Fe(phen);Cl,. (b) Schematic drawing of RFB. (c) CV and (d) diffusion coefficients of Fe(phen);Cl, posolyte and BTMAP-Vi negolyte.
(e) Plots of OCV, high frequency, and polarization ASR at various SOCs of RFB. (f, g) GCD curves and corresponding round-trip CE, VE, EE and utilization efficiency at different

current densities. (h, i) Stability performance under current density of 7 mA/cm?.

the dimerization of Fe(phen);Cl, with releasing of protonated lig-
and (H(phen)*). More dimers are generated at lower current den-
sity, owing to extended discharging reaction time. Nevertheless,
this trivially affects the volume capacity, since the reverse reac-
tion could happen between [Fe,O(phen),Cl,]*+ and H(phen)*t, and
affords [Fe(phen);]?* [21,22]. A trade-off effect is obtained be-
tween Coulombic efficiency (CE) and voltage efficiency (VE) at dif-
ferent discharge voltage cut-offs (Fig. S12 in Supporting informa-
tion). Under the current density of 5mA/cm?2, CE reaches 63% at
relatively low VE (88%) at 1.0V discharge voltage cut-off, whilst
98% CE and 46% VE are obtained at 0.001V discharge voltage cut-
off. The incomplete release of storage energy (utilization of capac-
ity) at high voltage cut-off accounts for relatively poor CE. Un-
der large current density, the first discharge plateau extended at
the expense of the second discharge plateau (Figs. S11d-i in Sup-
porting information). This means large current density is bene-
ficial to battery performance. To avoid dimmer formation during
the discharge process, the discharge voltage cut-off is set to be
1.0V, and battery performance is further evaluated at different cur-
rent densities (7~20mA/cm?) for the first discharge plateau (Fig.
1f). When increasing the current density, the charge plateau as-
cends, accompanied by a descent of the discharge plateau. The
declined capacity utilization efficiency is attributed to increased
ohmic resistance at large current density, as well as overpoten-
tial related to mass transport (polarization). Under optimized cur-
rent density (7mA/cm?2), the charge and discharge volume capaci-
ties are 131.73 and 127.70 mAh/L, which correspond to 98.31% and
95.36% of theoretic capacity. At the same time, the battery exhibits
96.45% CE, 92.75% VE, and 89.46% EE (Fig. 1g). The impact of elec-
trolytes on the electrochemical performance and recyclability of
Fe(phen)sCl, is investigated as well, and glycine-HCI buffer with a
pH of 2.5 turns out to be the optimal electrolyte (Fig. S13 in Sup-
porting information). Under optimized conditions (current density

7 mA/cm?, glycine-HCl buffer, pH 2.5), the battery is charged and
discharged between 1.8V and 0.001V (Fig. 1h). During 20 cycles,
the average CE, VE, and EE reach 93.25%, 92.61%, and 86.35% (Fig.
1i and Fig. S14 in Supporting information). The volume capacity
at the first cycle is 117.34 mAh/L (87.31% of theoretic value) and
declines to 80.48 mAh/L (60.10% of theoretic value). The capacity
fading rate is 1.57% per cycle, better than one without glycine-HCI
butter (Figs. S8 and S9 in Supporting information). Self-discharge
of [Fe,0(phen),Cl,]** and its precipitation may lead to capac-
ity decay (Scheme S1), together with the crossover of H(phen)*
[21,22]. Another possibility is the decomposition of Fe(phen);Z+
and Fe(phen)s;3* in aqueous electrolyte (Scheme S2 in Supporting
information), which, however, can be efficiently retarded by intro-
ducing glycine-HCl buffer.

The absorption spectra of [Fe(phen);]3t/[Fe(phen);]>* in the
UV-vis region are recorded at various SOCs (Fig. 2a). At SOC of
0%, the absorption maximum wavelength (Amax) of the posolyte
appears at 510nm (Fig. S15 in Supporting information). This is
ascribed to the excitation of [Fe(phen);]** from low spin singlet
state (A1) to metal-to-ligand charge transfer state (!MLCT) [28,29].
Its aqueous solution is featured in an orange-red color. After ox-
idation, Amax shifts to 610nm for [Fe(phen);]** (or Fe(Ill) com-
plexes, Fig. S16 in Supporting information) [30]. This absorption
derives from 7 —tp, ligand-to-metal charge transfer (LMCT) over
Fe(phen)3* [31]. During the galvanostatic charging process (Fig.
2b), the posolyte SOC increases and its color trajectory is depicted
in the International Commission on Illumination (CIE) 1931 color
space (Fig. 2c). In this curved segment (ABCDEFG), the red-to-blue
ratios (x) decline from 0.59 to 0.23, and the green-to-blue ratios (y)
decrease from 0.37 (A) to 0.26 (G). In the discharging process, how-
ever, its color trajectory (GF'E'D’C'BA) does not coincide with the A-
to-G curve. The main difference relies on x values. Taking 30% SOC
for instance (y=0.36), its x values are equal to 0.42 and 0.48 in
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Fig. 2. (a, b) Absorbance changes and color change of posolyte at different SOC. (c) CIE chromaticity coordinates charts and color trajectory. (d, e) Transmittance response
curves. (f) Coloration efficiency. (g) Transmittance stability curve in long-term GCD test.

charging and discharging processes, respectively. For [Fe(phen); |3+
and [Fe(phen);]%*, their stability constants (IgK,,,) are 14.1 and
21.3 [31-34], respectively. Compared to the reduced state, relatively
low stability constant and irreversible degradation of [Fe(phen); >+
at high oxidation state might account for the observed inconfor-
mity in color trajectories.

The optical modulation (AT) is defined as the transmittance dif-
ference of bleached (T, (X)) and colored state (Tc(A)). At A=510nm,
AT of posolyte firstly increases along the concentration and
reaches a maximum of 88.66% (0.5 mol/L), and thereafter declines
drastically. Then, the electrochromic behaviors of the posolyte are
characterized via in-situ recording of transient transmittance at
A =510nm. Under chronoamperometry, the continuous switches
between colored (100% SOC) and decolored states (0% SOC) are
carried out at current density of 2mA/cm? for 200s each (Fig.
2d). In accordance, the response time is estimated to be 101s in
the reduction process and increases to 110s in the oxidation pro-
cess (Fig. 2e). Namely, the coloration/decoloration switching can be
achieved within 2 min, slightly shorter than the redox system be-
tween redox shuttle anthraquinone-2,6-disulfonate (AQDS) and tar-
geting material K3Fe4[Fe(CN)g)]s [15]. The obtained response time
is lower than the theoretic value (120.5s), relating to incomplete
capacity utilization during the redox reactions. The difference in
response time in reduction and oxidation processes is again corre-
lated to low logK,;, and irreversible degradation of [Fe(phen);]3+.
The energy consumption in the electrochromic process is evalu-
ated via coloration efficiency (n) based on its definition Eq. 1 [35].
Here, AOD is the variation of optical density, defined as 1g(T/Tc).
Q and A represent the consumed charge and electrode surface
area. At A=510nm, n=9.36 C-! is obtained for posolyte (Fig. 2f).
Compared to solid (or condensed) electrochromic material, large

electrolyte volume in the electrochromic window and RFB system
mainly accounts for its low 7 value. At a given concentration (c),
Q increases linearly with electrolyte volume (V) according to Fara-
day’s law Q=2zFcV (z=1). In the presence system, n would be 46
cm?/C when V reduces to 1mL. The recycling stability is investi-
gated as well (Fig. 2g). This system can work stably over 12000s.
After 25 cycles, AT declines to 72.34%, which is related to the par-
tial degradation of [Fe(phen)s;]3+.

1
:@ g( b (1)

SO
>0

In real practice, an electrochromic window
(4.5cm x 5.5cm x 1.0cm) is equipped/installed on a model house
(Fig. 3a, Figs. S17 and S18 in Supporting information) to tune the
transmittance of simulated sunlight (300W Xe lamp). The indoor
temperature is monitored by a thermometer. In the absence of
electrolyte (blank), the temperature increases drastically from
22.0°C to 31.2°C within 35min and reaches 32.6°C after 180 min
(Fig. 3b). Under the same irradiation, different temperature trends
are obtained in the presence of posolyte. Under various SOC states,
the sequence of maximum temperature is 100% SOC < 10% SOC
< 0% SOC < 30% SOC < 90% SOC < 50% SOC < 70% SOC. For
posolyte at 100% SOC, the indoor temperature surges to 27.3°C
after 45min irradiation and inclines smoothly to its maximum
(29.3°C) thereafter. Considering the absorbed solar energy mainly
emits to the surroundings (indoor air and posolyte), water is
employed in the control experiment. Its temperature profile is
similar to the blank one, where the maximum indoor temperature
reaches 32.2°C. This means posolyte itself mainly contributes to
declined temperature under irradiation. Referring to water control,
the declined indoor temperature (ATjpq00r) iS calculated via Eq. 2.
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Fig. 3. (a) Schematic drawing and photographs of the electrochromic window, RFB system, and as-prepared house model. (b) Indoor temperature variations along irradiation
time at different SOCs. (c) Declined indoor temperature and COE when referring to water.

With redox-flow electrochromic window, the saved energy can be
reflected by heat difference (AQjuqoor) Which can be calculated
by Eq. 3 for a house (indoor space V=100 m3) with identical
glazing ratio to the model house (window-wall ratio of 0.0274).
The specific heat capacity (c) and density (o) of air are 103 ]/kg
and 1.29 kg/m?3, respectively.

ATindoor = indoor(water) - Tlndoor(p0501yte) (2)

AQinc]oor = CIOVATindoor (3)

Assuming this indoor temperature difference AT 400, iS mod-
ulated by an air conditioner, the consumed electric energy (We)
is estimated via Eq. 4 [36], where EER is the energy efficiency ra-
tio of the air conditioner. The calculation details and obtained re-
sults are summarized in Fig. 3¢ and Tables S4 and S5 (Support-
ing information). The minimum W, saved in a 100 m3 house is
66.72 k] (0.0185 kWh). Then, the COE amount is obtained according
to Eq. 5, where 0.998 kg/kWh is the standard coal emission fac-
tor for 1kWh of electricity [37]. At SOC of 100%, the reduced COE
reaches a maximum (0.0185kg). On the contrary, a posolyte with
70% SOC exhibits the lowest efficiency in modulating indoor tem-
perature. The electricity consumed by pumps for circulating elec-
trolytes in the double-layered window and RFB is estimated to be
3.38 and 1.13~1.69 Wh, respectively. To be noted, solar cells can be
employed to drive the pump. This would make our electrochromic
window and RFB system more sustainable in saving energy.

_ AQindoor
We = —fre™ ®
COE = W, x 0.998 (5)

To sum up, triclinic crystalline Fe(phen);Cl, is employed as a
posolyte in the electrochromic window and RFB system, and its
redox stability is improved in the glycine-HCl buffer. Coupled by
BTMAP-Vi negolyte, an OCV of 1475V at 50% SOC is achieved for
RFB. The absorption difference of [Fe(phen)s;]3*/[Fe(phen);]*t is
utilized to modulate the transmittance of the model house and in-
door temperature. Compared to circulating water, the indoor tem-
perature decreased by 0.7~3°C at various SOCs of posolyte. For
maximum ATjpgeor =3 °C, ca. 0.0185kWh electric energy is saved
in a 100 m3 house, corresponding to declined COE of 0.0185kg. It
can be operated stably for over 12000s with 72.34% optical mod-
ulation preservation and a capacity fading rate of 1.57% per cycle.

As a prototype of the electrochromic window, this work provides a
cost-efficient strategy to reduce its cost, however, more works are
still needed in developing electrochromic molecules with high sta-
bility and coloration efficiency concerning long-term operation and
fast response.
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