
�� ������������ �����	�
������������� �������������������	������������ ���� ��	����	�����������������������
�� �����������	���������	���� ���	������������������������ �������������	������ ����
�������
�������� ���
���� ������
���

������������

�	�
������ ����������� ��������������������������������������� ��������
���������� ����������� ���������� ���������������
�� �������������������� ���������
����

���������
�������

� �!� � 

�"�����������������
�����

�� ���#�����$������%�����$���
������������ ��������
������

�&������
����

�&������
���������'���(��$���������)�&���(�*

������

10.1002/adfm.202202763

�(�
��������������������� �����

�+��� �!� � ����������� �������������,���� ���#�����$������%�����$���
������������ ��������
���������-�������
������������.���� �
����.���&�� �� ���� �� ���� �,�������
�����
��
���������-��������$�$��������������
�$������������������������������ �������'����������� ��������
�#����� ���� �� ���������� �������
�������
�������/ ������ ���� �� ����$�
����
�	�
�$�����������0���
�$�����-����� �
������������������
�������
�������
������������������-���������$���
�������
���������.���� ����
���� �����-�����#�
�������������������
���
������
�0�����1���
�����-�����-������.���$�
����������������
����������������������'�������$���� �� ����$�
�������-�����-��������,

�2���0����������������'������

http://hdl.handle.net/10072/417523

�� ���
�'�'�
�������(���������$�����3�����
���
https://research-repository.griffith.edu.au

http://dx.doi.org/10.1002/adfm.202202763
http://hdl.handle.net/10072/417523
https://research-repository.griffith.edu.au


www.afm-journal.de

������� (� of �) ©  ���� The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

First-Principles Exploration of �D Benzenehexathiolate 
Coordination Nanosheets for Broadband Electrochromic 
Devices

Meng Li, Zhenzhen Wu, Mengting Zheng, Hao Chen, Tim Gould,* and Shanqing Zhang*

Electrochromic materials can tune the illumination and heat exchange of a 
building with the environment and thereby save energy in lighting, heating, 
and air conditioning in a cost-e�ective way, which is vital in realizing carbon 
neutrality. �D frameworks such as coordination nanosheets (CONASHs) 
that are widely explored for a wide range of applications in energy storage 
and conversion can be a cluster of novel electrochromic materials. In this 
work, a series of transition metal benzenehexathiol (TM-BHT) CONASHs are 
theoretically investigated via �rst-principles simulations. During ion intercala-
tion and deintercalation in TM-BHTs, changes in lattice structures, lithium 
di�usion barriers, atomic charges, bond strength, and electronic properties 
are explored in-depth. The incurred changes are then correlated with critical 
electrochromic properties, including the transmittance adjustment ranges 
in the visible light, near-infrared, solar spectrum, and mid-infrared. Among 
the various TM-BHT systems, Cu-BHT and Ag-BHT are the most promising 
broadband electrochromic materials for optical and thermal management 
in the wavelength range from visible to mid-infrared. The theoretical guid-
ance from this work paves a new path toward electrochromic applications of 
CONASHs that exploit the versatility of these �D materials.
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Carbon neutrality refers to achieving a 
dynamic balance between carbon emis-
sions and carbon �xation. To address this 
concern, human society is not only pro-
moting the scale of arti�cial carbon sinks 
but also reducing carbon emissions. The 
latter has a vital position in achieving 
carbon neutrality, necessitating high-e�-
ciency energy consumption.

Among the key drivers of energy con-
sumption, buildings consume ���%, 
more energy than the industry and trans-
portation sectors, making them a key 
target for emissions reduction. Half of 
building energy is used in ventilation and 
temperature control (heating and cooling 
for buildings).[�,�]  The main reason is that 
traditional windows allow heat transfer in 
an undesirable direction that helps build-
ings gain heat in summer and release heat 
in winter. Moreover, the traditional day-
lighting control solutions, i.e., blinds, lead 
to the commonplace occurrence of closing 
blinds and lights on with poor daylight uti-

lization. World Resources Institute declares that the building 
sector has the largest unrealized potential for cost-e�ective 
emissions savings.[�]

Electrochromic (EC) windows are able to regulate illumina-
tion in buildings and heat exchange with the environment in an 
elegant and dynamic way via the inner EC materials switching 
between di�erent states in transmittance under applied volt-
ages. This is one of the most important applications of EC 
materials as it can reduce unwanted building heating at a low 
energy cost. Other applications under visible spectrum (VIS) 
include auto-dimming rear-view mirrors, paper-like electronic 
display devices,[�]  chameleonic fabric,[�]  electronic skin with tac-
tile sensing,[�]  and �ngerprint enhancement in authentication 
devices and forensics.[�]  Under the infrared, EC materials can 
be used in infrared arti�cial camou�age systems[�]  and pas-
sive infrared radiative cooling systems for building roofs, large 
storage tanks, and so on.[�]  Unless otherwise stated, the rest of 
this manuscript focuses on relevant properties from the per-
spective of EC windows.

Traditional EC materials include inorganic materials, 
organic small molecule materials, conducting polymers, and 
metal complexes.[�]  Inorganic materials usually have remark-
able cycling and long-term stability, dominating the area of 
EC windows for decades. The main disadvantages are slow 

RESEARCH AR TICLE

�. Introduction

The Paris agreement was signed by ��� countries to pledge 
carbon neutrality, including China ���� and United States (US) 
����, making carbon neutrality a historical global concern. 
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switching speed, low coloration e�ciency, and limited adjust-
ment range in color and optical properties. The commercially 
available SageGlass can achieve a visible transmittance range 
of �–��%. [��]  Although the laboratory record could reach the 
near-ideal optical modulation of ��.�% at ����nm, its long-term 
performance faces a serious challenge.[��]  Organic materials and 
metal complexes usually o�er various colors and fast responses. 
Due to their poor cycling life, they are considered promising 
materials for EC display devices rather than EC windows. Thus, 
there is an emerging scienti�c and technological interest in the 
exploration of new EC materials to combine durability and fast 
response together, especially capable of independent control of 
VIS and near-infrared (NIR) to modulate solar radiation to the 
largest extent.

Nanostructured �D materials are attracting increasing 
attention because of their large speci�c surface area, excel-
lent electrochemical properties, and unique electronic struc-
tures. Researchers have made progress on �D covalent organic 
frameworks (COFs) and metal-organic frameworks (MOFs) 
materials.[��,��]  As a new series of �D frameworks, coordina-
tion nanosheets (CONASHs) can be synthesized conveni-
ently via the bottom-up approach at a low cost. The prepared 
thin �lms are stable and free-standing, and more importantly, 
they are insoluble in any solvent.[��]  CONASHs have shown 
great diversities in physical and chemical properties and could 
form sensitive �–d conjugated systems that are worth further 
investigation.[��]  But screening out EC materials in CONASHs 
through experiments is time-consuming, laborious, and costly. 
The results may not come from the intrinsic properties of the 
materials but from the inevitable defects.

With this in mind, we adopt �rst-principles calculations 
to investigate the EC properties during ion intercalation of a 
series of transition metal benzenehexathiol (TM-BHT). Theo-
retical investigations have con�rmed the thermodynamic 
stability of these CONASHs,[��,��]  and Fe/Co/Ni/Cu/Ag-BHT 
have been synthesized in experiments[��–��]  with a wide range 
of applications: superconductivity, hydrogen evolution catalyst, 
chemical sensing, spintronic and thermoelectric devices.[��–��]  
And papers about applications in Li-S and Li-ion batteries[��,��]  
exhibit potentials in the EC areas. In this work, we explored 
the law of changes during ion intercalation/deintercalation in 
lattice structures, lithium di�usion barriers, atomic charges, 

bond strength, and electronic properties. In terms of the EC 
performance, we mainly focus on the adjustment ability in dif-
ferent wavelength ranges from an energetic perspective, espe-
cially in solar radiation. We thereby predict the corresponding 
possible applications of di�erent TM-BHTs.

�. Results and Discussion

�.�. Structure, Voltage, and Di�usion Barrier

TM-BHT has a hexagonal crystal structure with space group 
P�/mmm (No. ���) and all atoms in the same ab plane, as 
shown in Figure �. TM atoms located in the center of the planar 
square that are composed of S atoms and C atoms form the 
shape of a benzene ring. Sc/Mo-BHT and other TM-BHTs have 
shown good thermodynamic stability during ab initio molecular 
dynamics (AIMD) simulations at ����K in the previous paper[��]  
and Figure S�, (Supporting Information), respectively. Among 
all lithium intercalation sites, the Wycko� positions �h (�/�, 
�/�, z) (�/�, �/�, z) (�/�, �/�, � z) (�/�, �/�, � z) have the highest 
voltage reported in previous literature,[��]  which is also con-
�rmed in our calculations. As the lithium intercalation voltage 
of Zn-BHT (� �.����V and � �.����V, corresponding to the �rst 
and second intercalated lithium atoms per unit) is below zero, 
Zn-BHT is not included in further calculations. For other TM-
BHTs, in order to avoid the formation of lithium dendrites, we 
only consider �h positions on the same side as intercalation 
sites and up to one lithium atom for each position (two lithium 
atoms per unit in maximum) in our calculations. The interlayer 
distance is set to over ���Å to avoid periodic interactions.

During lithium intercalation, as shown in Figure � a (details 
in Table S�, Supporting Information), the a and b para-
meters remain equal except in Sc/Ni/Ru/Rh/Ag-BHT, which 
have slightly deformed hexagonal crystal structures. And the 
maximum change of the a parameter is no more than ��.�% 
except Sc-BHT (��.�%). For V/Cr/Mo/Ru/Rh-BHT, this change 
is less than ��% with only � �.�% for Cr-BHT. As considerable 
volume change and related stress are one of the major mecha-
nisms for electrochemical performance degradation, minor 
changes in lattice parameters would help stabilize structures 
and facilitate the long-term cycling performance of TM-BHTs. 
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Figure �. a) The structure of transition metal benzenehexathiol (TM-BHT, [(TM)� (C� S� )]n). The unit cell is shown in black solid lines and ion intercala-
tion sites �h in dotted circles. b) The transition metal (TM) elements within the TM-BHTs.
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From Figure��b (details in Table S�, Supporting Information), 
the average lithium intercalation voltage roughly increases 
with the atomic number of TM atoms from Sc to Cu and 
almost maintains from Ru to Ag. The lithium di�usion bar-
riers of all TM-BHTs are ��� eV as shown in Figure� �c, with 
relatively small values of ��.��eV for Cu/Ru/Rh-BHT. Ag-BHT 
achieves the lowest value of �.���eV, indicating excellent capa-
bilities of ion transportation and resulting in improvements 
in rate performance as batteries and switching speed as EC 
materials.

�.�. Mulliken Charge and Bond Strength

The Mulliken charge of C remains almost unchanged 
before and after lithium insertion in Figure S� and Table S�, 

(Supporting Information), so is the Mulliken charge of Li in 
lithiated TM-BHTs. This suggests that while maintaining elec-
trical neutrality, changes only exist in the Mulliken charges of 
TM and S, which have nearly perfect linear regression coe�-
cients of �.�� and �.�� as shown in Figures� �d,e, respectively. 
During lithium intercalation, extra electrons are provided by Li 
atoms to S atoms via Li-S bonds, which would be partly trans-
ferred to TM atoms via TM-S bonds. If d and p�  electrons from 
TM and S, respectively, could form �-d conjugated systems, 
these extra electrons are likely to be equally distributed among 
TM and S atoms to lower the overall energy, which means the 
changes in Mulliken charges of TM and S are largely equal 
and the values of [�(TM)�� � �(S)] are around zero as shown in 
Figure S�, (Supporting Information). For slightly deviated delo-
calization systems, a positive value of [�(TM)�� � �(S)] like �.�� 
of Ag-BHT might be acceptable, considering electrons o�ered 

Adv. Funct. Mater. ����, �������

Figure �. a) Change percentages of lattice parameter a after one and two lithium intercalation per unit compared with pristine TM-BHTs, corresponding 
to the two ends of each column, respectively. b) Intercalation voltage of the �rst and second lithium per unit, corresponding to the upper and lower 
ends of each column, respectively, with average intercalation voltages connected via a dashed line. c) Lithium di�usion barriers between nearby �h sites 
in Li�TM-BHT. Relationship between Mulliken charge of sulfur and that of TM atoms d) before and e) after lithium intercalation. Relationship between 
average intercalation voltage and Mulliken charge of f) TM and g) sulfur. Relationship between average intercalation voltage and negative integrated 
(up to the Fermi level) projected Crystal Orbital Hamilton Population (-IpCOHP) of h) Li-S bond and i) TM-S bond.
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by S. While a negative value like ��.�� of Fe-BHT means that 
more electrons obtained by Fe atoms than S atoms, indicating 
strong electron a�nity and localization of Fe atoms. Thus, Mn/
Co/Ni/Cu/Ag-BHTs ful�ll the above requirements of delocali-
zation. However, the high value (�.��) of Mulliken charge of 
Mn before intercalation indicates a higher degree of electron 
transfer between Mn and S atoms, stronger bond strength of 
Mn� S bonds, and more localized electrons along with bond 
directions. Thus, Co/Ni/Cu/Ag-BHTs are believed to exhibit 
better electron delocalization than others.

Figure� �f reveals that higher Mulliken charges of TM cor-
relate with lower intercalation voltages, except for Co/Ni/Ag/
Cu-BHT because of better electron delocalization. Due to the 
negative linear correlation between Mulliken charges of TM 
and S atoms, an exact opposite relationship exists between 
Mulliken charges of S and voltages in Figure� �g. The mech-
anism of these relationships is that under the condition of 
unchanged Mulliken charges of C and Li atoms, TM atoms 
with higher Mulliken charges are closely correlated with 
stronger metallicity and less electron a�nity, which can be 
con�rmed by the relationship between average intercalation 
voltages and Pauling electronegativity as shown in Figure S�, 
(Supporting Information). As a result, more energy is required 
or less energy is released in the process of TM atoms obtaining 
electrons from S atoms, corresponding to lower intercalation 
voltages.

By using Crystal Orbital Hamilton Population (COHP) anal-
ysis, similar trends in the relationship between voltage and the 
bond strength of Li� S and TM� S are shown in Figures� �h,i, 
respectively. The only di�erence is that Co in Figure� �f,g is 
replaced by Pd in Figure� �h,i. The exceptions above, namely 
Co/Ni/Cu/Pd/Ag-BHT, all have nearly full d electrons of TM, 

which may form a more delocalized electron cloud parallel to 
the xy plane, via high hybridization of d, s, and p orbits.

�.�. Electronic Properties

The DOS graphs of pristine and lithiated TM-BHTs are shown 
in Figure S�, (Supporting Information), among which �ve rep-
resentative ones are selected and displayed in Figure �. The 
Fermi levels are located in the conduction band in all TM-BHTs 
except in pristine Mn/Mo/Ru-BHT. The former is supposed to 
exhibit metallic properties, while the latter is narrow-gap semi-
conductors with bandgaps ��.�� eV, which could become con-
ductive under applied voltages or visible/infrared radiation. 
More importantly, after lithium intercalation, extra electrons 
o�ered by Li have �lled in the d orbits of TM, pushing Fermi 
levels to higher energies, and pristine Mn/Mo/Ru-BHT are 
lithiated to metals or half-metal materials, indicating improve-
ments in electron conductivity. Thus, the electron conductivity 
of all TM-BHTs is believed to satisfy requirements for EC 
materials.

For Cu/Ag-BHT, there is a strong hybridization between S-p 
and TM-d around Fermi energy, suggesting a larger extent of 
delocalization of d electrons and better electron conductivity. 
However, the Fermi levels are lifted to energies with few occu-
pied and unoccupied states nearby after lithium intercalation 
in Cu/Ag-BHT. The former reduces the number of excit-
able electrons near the Fermi level, while the latter makes it 
more di�cult to accommodate these excited electrons in the 
energy range between the Fermi level and ��� eV above. As a 
result, interband transitions would be negatively a�ected, low-
ering absorbance and increasing transmittance. These strong 

Adv. Funct. Mater. ����, �������

Figure �. The density of states (DOS) of pristine a) TM-BHT and b) Li� TM-BHT. The Fermi energy is set to zero in all cases. Note, that the S-p contri-
bution around Fermi levels is very di�cult to see, please see Figure S�, (Supporting Information) for details.
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contrasts in electronic structures induced by lithiation may 
extend the adjustment ranges in optical properties.

�.�. Electrochromic Properties

Normally electrochromic performance in the wavelength range 
of VIS, NIR, solar spectrum, and mid-infrared (MIR) attracts 
critical focus. In optical transmission devices, modulation in 
color and energy under the �rst three wavelength ranges is in 
the priority queue. The working performance in MIR is more 
important for infrared re�ective and infrared radiative applica-
tions. The following discussion proceeds in this order.

For TM-BHTs used in optical transmission devices under 
VIS, there should be large di�erences in the color and energy 
of transmitted light before and after lithiation. The calculated 
colors are shown in Table S� and Figure S�, (Supporting Infor-
mation), with the color di�erence illustrated in Figures �a,b. 
Cr/Cu/Ag-BHT achieve the largest color changes (over ���), 
while changes are under �� for Ti/Mn/Fe/Co/Mo/Pd-BHT. A 
moderate standard of color change happens in Sc/V/Ni/Ru/
Rh-BHT. The transmittance of Cr/Cu/Ag-BHT with the most 
obvious color changes is shown in Figure� �c. Cr-BHT has a 
high transmittance, which drops slightly and maintains in VIS 
during intercalation. While for NIR, there is a sharp decrease 
and recovery to the initial standard. Cu/Ag-BHT have a gradu-
ally increasing transmittance in VIS and NIR from TM-BHT 
to Li� TM-BHT, namely low transmittance before intercalation 
(dark mode) and high transmittance after intercalation (bright 
mode). The transmittance of the intermediate state Li�TM-BHT 
is close to that of Li� TM-BHT in VIS and TM-BHT in NIR, 

respectively. When used as EC windows, the intermediate state 
could o�er a cool mode, allowing daylight to get through while 
preventing solar heat.

The area enclosed by the curves of transmittance, which 
could be used to calculate the transmitted energy via 
Equation S��, Supporting Information, changes more signi�-
cantly in Cu/Ag-BHT. Detailed modulation ranges of energy in 
VIS are shown in Figure �a that Cu-BHT can tune the trans-
mitted energy of solar radiation among �–��%, followed by 
��–��% of Ag-BHT. The ranges for other TM-BHTs are below 
��%. For NIR in Figure� �b, Cu/Ag-BHT also achieve remark-
able adjusting abilities, ��–��% and �–��%, respectively, fol-
lowed by Sc/Ti-BHT of ��–��% and ��–��%, respectively. Most 
energy in solar radiation locates in VIS and NIR, and the adjust-
ment range in the whole solar spectrum is shown in Figure��c 
that Cu-BHT performs best with �–��%, followed by �–��% of 
Ag-BHT. These results clearly indicate that Cu/Ag-BHT pos-
sesses incredibly powerful adjusting abilities of transmitted 
solar radiation in color and energy. The energy distribution 
curves in VIS, NIR, and MIR of Cu-BHT and Li� Cu-BHT are 
shown in Figure� �d–f and �g–i, respectively, with those of Cr/
Ag-BHT in Figure S�, (Supporting Information).

Besides EC windows in the solar spectrum, TM-BHT has 
potential in MIR for infrared-re�ective applications like thermal 
camou�age in the military, which requires high re�ectivity in 
MIR that could re�ect more ambient radiation and hide the 
intrinsic emission. As a result, EC materials can help mirror 
the temperature of its cold environment and counter thermal 
imaging devices. A large optical adjustment range can adapt 
to various environments under di�erent temperatures. From 
Figure� �f,i, Cu-BHT can change its re�ectivity from ��% in 

Adv. Funct. Mater. ����, �������

Figure �. a) CIE ���� Color Di�erence between transmitted light of TM-BHT and that of Li� TM-BHT. b) Calculated color of transmitted light of Cr/Cu/
Ag-BHT. c) The transmittance of Cr/Cu/Ag-BHT in VIS (���–����nm) and NIR (�.��–�.��� �m). The VIS region is highlighted by vertical color lines.
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the delithiated state to �% in the lithiated state, while Ag-BHT 
gets second place with �–��% in Figure� �j. The energy distri-
bution of all TM-BHTs in MIR is shown in Figure S�, (Sup-
porting Information). In terms of infrared radiative cooling 
area, the most challenging task is to �nd materials simultane-
ously possessing high re�ectivity and low transmittance in the 
solar spectrum and high absorptivity in the infrared transpar-
ency windows (�–�� �m, �–��� �m), [�]  considering that emis-
sivity equals to absorptivity for materials in thermodynamic 

equilibrium according to Kirchho�’s law of thermal radia-
tion. It would be ideal if this passive cooling ability could be 
adjusted. These requirements could be realized in EC Cu/
Ag-BHT with large re�ectivity (Figure� �j), almost zero trans-
mittance (Figure� �k), and strong absorptivity (Figure� �l). The 
sharp contrast in colored areas in Figure� �f,i for Cu-BHT and 
Figure S�, (Supporting Information), for Ag-BHT, also indicates 
the amazing adjustment range in MIR, providing the choice to 
choose whether to open the “cool” mode or to what extent it is 

Adv. Funct. Mater. ����, �������

Figure �. The percentages of transmitted solar energy of TM-BHTs and Li� TM-BHTs in the wavelength ranges of a) VIS, b) NIR, and c) solar spectrum. 
The energy distribution of irradiated d–f) Cu-BHT and g–i) Li� Cu-BHT in the wavelength ranges of VIS, NIR, and MIR, respectively. The j) re�ectivity, 
k) transmittance, and l) absorptivity of TM-BHT and Li� TM-BHT in MIR. The results of TM-BHT and Li� TM-BHT determine the two ends of each 
column.
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turned on. More application scenarios are to be discovered by 
researchers.

It is worth noting that the excellent EC performance of 
Cu-BHT and Ag-BHT is based on large enough interlayer 
distances, i.e., is a monolayer behavior. Modulation ranges 
reduce with interlayer distances in all wavelengths as shown 
in Figure S�� (Supporting Information), which puts forward 
higher requirements for material synthesis.

Besides EC applications based on lithium ions, other ions of 
di�erent radii and charges (Na� , K� , Ca�� , Mg�� , and Al�� ) have 
also been investigated as shown in Figure S��–�� (Supporting 
Information). Cu-BHT is the only all-rounder in almost all 
wavelengths and intercalation types of ions, while some have 
signi�cantly improved performance in speci�c wavelengths, 
e.g., KxSc-BHT in NIR and solar spectrum, NaxCr-BHT, and 
CaxTi-BHT in MIR. The utilization of these ions could help 
reduce cost and broaden application areas of EC TM-BHTs.

�. Conclusion

Our work has systematically investigated the EC properties of 
a series of TM-BHTs and concluded the law of the changes 
during intercalation in structure, di�usion barriers, charge, 
bond strength, electronic and optical properties, as well as 
suitable applications for di�erent TM-BHTs. Our results show 
that during lithiation, TM-BHTs experience lattice change of 
no more than � �.�% except � �.�% for Sc-BHT, suggesting 
stabilized structures and minimal degradation under cycling. 
Further testing on long-term cycling performance by experi-
ments is required for a more comprehensive picture of sta-
bility. The average intercalation voltage roughly increases with 
the atomic number of TM atoms from Sc to Cu. All TM-BHTs 
have relatively small di�usion barriers with the lowest value 
of �.���eV for Ag-BHT, indicting rapid switching speed in EC 
applications. Nearly all the electrons o�ered by inserted Li 
atoms are shared by TM and S atoms, and an equal distribu-
tion suggests better electron delocalization in �-d conjugated 
systems. Among Mulliken charges of TM, S, and intercalation 
voltage, each pair has a good linear correlation (R� � � � �.��), 
except for Co/Ni/Cu/Ag-BHT, due to d-electron delocalization. 
The bond strength of Li-S and TM-S have an opposite rela-
tionship with the intercalation voltage, except for Pd/Ni/Cu/
Ag-BHT.

The Fermi levels are in the conduction band except for Mn/
Mo/Ru-BHT, in which the bandgap is ��.�� eV. Lithium inser -
tion brings more electrons �lling in the d orbits of TM, pushing 
Fermi levels to higher energies, increasing electron conduc-
tivity of Mn/Mo/Ru-BHT and resistance of Cu/Ag-BHT by 
sharply reducing occupied and unoccupied states around the 
Fermi levels.

In terms of EC properties for optical transmittance devices, 
Cr/Cu/Ag-BHT have the largest color changes. The adjustment 
range of transmittance for Cu/Ag-BHT is ��% and ��% in VIS, 
��% and ��% in NIR, respectively. Thus, the total adjustment 
range in the solar spectrum is ��% and ��% for Cu/Ag-BHT, 
respectively, with excellent results for EC windows. Beyond the 
solar spectrum, Cu/Ag-BHT also represents high re�ectivity and 
absorptivity in MIR, with the adjustment range of re�ectivity of 

��% and ��%, respectively. Considering the obvious contrast 
in absorptivity and transmittance in the infrared transparency 
windows, Cu/Ag-BHT are promising materials for thermal 
camou�age and infrared radiative cooling devices.

To conclude, Cu/Ag-BHT are promising materials for 
broadband EC devices with excellent optical and thermal 
management capabilities. We recommend a thorough experi-
mental study of the EC properties of Cu/Ag-BHT during 
lithium intercalation, as well as more extensive applications 
like integration with energy storage and other functionalities.

�. Experimental Section
All �rst-principles calculations were performed using spin-polarized 
density functional theory,[��,��]  as implemented in the Vienna ab 
initio Simulation Package (VASP).[��,��]  The generalized gradient 
approximation parameterized by Perdew-Burke-Ernzerhof (PBE)[��]  was 
applied to account for electron-electron interactions. The projector 
augmented wave (PAW)[��]  pseudopotentials were adopted to 
accelerate calculations with a plane-wave cuto� energy of ����eV. The 
zero-damping DFT-D� dispersion correction method was applied for 
describing van der Waals interactions.[��]  For structural optimization, 
the energy and force convergence criteria were set to ��� � � eV and 
�.��� eV� Å � � , respectively, with a � centered Monkhorst-Pack-type 
�� � � �� � � � k-mesh. For AIMD simulations, supercells consisting of 
�� � � �� � � � TM-BHT unit cells were adopted with Brillouin zones only 
sampled on the � point. Corresponding cuto� energy and energy 
convergence criteria were changed to ����eV and ��� � �eV, respectively. 
For electronic and optical properties calculations, the energy 
convergence criterion was set to ��� � �eV with a ��� ��� � �� k-mesh. Also, 
the number of bands was increased to ��� in optical calculations. 
The climbing image nudged elastic band (CINEB) method[��]  was 
used for calculating lithium di�usion barriers with force convergence 
criteria of �.���eV�Å � �  for all TM-BHTs except �.����eV�Å� �  for Mn-BHT. 
COHP analysis and Mulliken charge calculations were performed 
via the LOBSTER program,[��]  and VESTA was used for structure 
visualization.[��]  The Hubbard U values for all TM-BHTs were calculated 
to be zero via the linear response method,[��]  suggesting that PBE 
performs well in delocalized �-d systems. All unit cells were charged 
neutral and initially considered as ferromagnetic materials to reduce 
complexity. All parameters were carefully tested to achieve a reasonable 
balance between accuracy and numerical cost.

Optical properties were described by the frequency-dependent 
complex dielectric function �(�)��� � � (�)� �� i� � (�), where � � (�) and � � (�) 
are the real and imaginary parts, and � is the wavelength of photons. 
The real and imaginary parts can be calculated from the direct transition 
probability and Kramers-Kronig transformation, respectively. The 
absorptivity A(�), re�ectivity R(�), and transmittance T(�), as well as 
corresponding energies, are obtained according to Equation S�–��, 
Supporting Information. Due to structural symmetry, all variables 
were anisotropic in the directions of parallel and perpendicular to the 
xy plane. However, the perpendicular part of absorptivity A(�) and 
re�ectivity R(�) could be neglected under VIS and was almost zero in 
the infrared. In this manuscript, the optical properties only refer to the 
parallel part. Reference Air Mass �.� Spectrum from National Renewable 
Energy Laboratory (US) was used as a standard solar spectrum, and 
irradiation intensity was equally distributed by wavelength in MIR. 
Colors were calculated under the light source of CIE Illuminant D�� for 
the �� observer.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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