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ABSTRACT: Developing materials for efficient solar thermal energy conversion (STEC)
is currently a promising field in energy research. Traditional STEC materials such as
carbon and plasmonic nanomaterials have limited efficiency of solar heat utilization,
despite their high photothermal conversion efficiency. This paper describes a film
composed of hybrid nanofibers of a metal−organic framework layered on cellulose (MC
film), resulting in both high photothermal conversion and heat utilization efficiency. The
mechanically strong and flexible film can be designed as a solar-driven actuator, enabling
large-angle actuation and high contractile power up to 2.5 times greater than that of
human muscle. Furthermore, the gathered heat by a MC film-based apparatus can be
manipulated to drive solar steam generation for highly efficient seawater desalination,
generating clean water at rate of 2.25 kg m−2 h−1 under one-sun irradiation without surface
salt accumulation. This work may provide a design rule for developing high-performance
STEC systems.

Harvesting energy from our ubiquitous, inexhaustible
source of solar irradiation is a significant goal for
meeting future sustainable green energy demands.1

Compared to other solar harvesting strategies under develop-
ment, such as photovoltaic2 or photochemical technologies,3

solar thermal energy conversion (STEC) has relatively high
conversion efficiency that has attracted tremendous interest in
research communities recently.4 However, unlike electrical and
chemical energy, it is difficult to store the harvested thermal
energy. Generally, solar-sourced heat requires direct utilization
via secondary conversion into other forms of energy such as
internal or mechanical energy.5,6 Hence, the overall STEC
efficiency is actually dependent on the efficiencies of both the
initial photothermal conversion and the subsequent utilization
of the obtained heat. In fact, the efficiency of current STEC
materials is limited by the latter procedure, although the efficient
photothermal conversion is often achieved. The main restriction
of the effective utilization of the heat by the materials lies in the
excessive thermal loss or exchange. Therefore, it is usually
imperative that STECmaterials have good thermal management
ability with low thermal conductivity and low thermal expansion
coefficient, to decrease heat loss in an ambient environment. In
addition, STEC materials should be easily processed, mechan-
ically stable, and flexible, so that they can be adapted to different
applications, such as thermal-to-mechanical conversion.7,8

Materials with these integrated features have been rare up to
now.

Metal−organic frameworks (MOFs) are an emerging group
of coordination polymers with abundant nanopores and a highly
ordered crystalline texture.9,10 MOFs are poor heat conductors,
because of their microporosity (which reduces the mean free
path of gases) and organic−inorganic hybrid structure (which
improves the scattering of phonons).11−14 The high crystallinity
of MOFs also results in good thermal stability.15 In addition,
recent work has demonstrated that some electrically conductive
MOFs with a narrow bandgap show strong absorption
throughout the solar spectrum.16−18 These properties suggest
that MOFs could have huge potential as STEC materials.
However, MOFs are usually synthesized in the form of brittle
and insoluble crystals, which suffer from significant drawbacks of
poor processability and shapeability.19,20 It is also difficult to
control the microstructure of MOFs for optimizing the
corresponding physicochemical properties.19 All of these factors
have limited the further study of MOFs, in terms of STEC
properties and practical applications.
We have recently proposed a methodology to synthesize

MOF on the surface of nanocellulose. On this basis, freestanding
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and nanoporous films composed of a two-dimensional electri-
cally conductive Ni3(2,3,6,7,10,11-hexaiminotriphenylene)2
(Ni-HITP) MOF layered on Cladophora nanocellulose (CC)
fibers were developed for applications in energy conversion and
storage.20−23 Herein, we report the high STEC efficiency of the
MOF-cellulose (MC) film and its excellent thermal manage-
ment ability with both low thermal conductivity (<0.05 W m−1

K−1) and low thermal expansion coefficient (3.5 × 10−6 K−1). In
addition to its high mechanical strength, good flexibility and
hierarchical porosity, two proof-of-concept applications of the
MC film have been demonstrated:

(i) The MC film can be designed as a solar-driven artificial
muscle enabling photothermal−mechanical conversion
with fast response rates and impressive contractile power.

(ii) The MC film can also be used for solar-driven seawater
distillation with a high clean-water generation rate of 2.25
kg m−2 h−1, which surpasses that of the most common
STEC materials.

The MC films were prepared by vacuum filtration of hybrid
core−shell nanofibers made from the interfacial synthesis of a
two-dimensional Ni-HITP MOF shell on the surface of the CC
nanofiber core. The detailed fabrication procedure for the MC
film is provided in Figure S1 in the Supporting Information, as
well as in previous studies.21,23 The obtained freestanding MC
film contains abundant micropores and mesopores, and it has a
high specific surface area of ∼215 m2 g−1 (see Figure S2 in the
Supporting Information). In addition, the MC film has good
mechanical strength, with a tensile strength of up to 300 MPa
and a Young’s modulus of up to 9.7 GPa (Figure S3 in the
Supporting Information). These values are comparable with
those of the samples reported in our previous study.21 In
addition, the film exhibits excellent flexibility, enabling random
folding like normal printing paper (see Figure S3).
The two-dimensional structure of Ni-HITP with extended

conjugation would contribute to the narrow bandgap and broad
spectrum absorption.18,24 As expected, the deep black MC film
displaying strong and broad absorption (>90%) throughout the
entire solar spectrum (Figure 1a). The absorption could induce
the generation of electron−hole pairs in Ni-HITP and the
excited electrons will eventually return to the ground states with
energy release in the form of heat (phonons) through
nonradiative relaxation.25 As a result, the MC film showed an
excellent thermal response under one sun illumination, with the
temperature of the film repeatedly reaching 80 °C from a base of
∼20 °C (Figure 1b).
It is important for STEC materials to be able to manage the

gained heat efficiently. Low thermal conductivity and coefficient
of thermal expansion (CTE) values enable decreases in heat loss
and heat exchange while improving the heat utilization efficiency
of the STEC material in an ambient environment. Unfortu-
nately, the thermal management ability of most currently used
STEC materials has rarely been studied. We compared the
thermal conduction properties of MC film with those of
standard A4 printing paper, which usually has a low thermal
conductivity of ∼0.05 W m−1 K−1.26 According to Fourier’s law,
the heat-transfer rate through the material is proportional to the
negative gradient of the temperature:27,28

= −k
x
T

q
d
d
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where k is the thermal conductivity, q the heat flux, and dx/dT
the negative thermal gradient. On this basis, we designed an

apparatus in which one end of the film was heated by a heat
source (to 50 °C). Meanwhile, an infrared radiation camera
recorded the temperature distribution on the film under
isothermal conditions, and the thermal gradient plot was
obtained from this (Figure 1c). The resultant slope for the
MC film was less than that for the A4 paper, indicating that the
thermal conductivity of the MC film was slightly less than 0.05
W m−1 K−1. This thermal conductivity value is much lower than
that of other reported STEC materials, such as carbon (>1 W
m−1 K−1),28 plasmonic metal particles (>10 W m−1 K−1),29 and
conducting polymers (>0.1 W m−1 K−1).30,31 The low thermal
conductivity of the MC film can be attributed to the strong
phonon scattering enabled by abundant organic−inorganic
grain boundaries in the film which reduced solid-state heat
conduction.11,12,23 In addition, the nanoporous structure
(Figure S2) would have decreased gaseous heat conduction in
the MC film by reducing the free path of air.12,32 Furthermore,
the CTE of the MC film was as low as 3.5 × 10−6 K−1, according
to thermomechanical analysis (Figure 1d). This value is similar
to that of pristine CC (4.7× 10−6 K−1; see Figure 1d), but below
that of commodity polymers such as polyamide (97 × 10−6 K−1;
see Figure 1d) and other STECmaterials, such as carbon (>10×
10−6 K−1), metals (>10 × 10−6 K−1), and conducting polymers
(>50 × 10−6 K−1).33

The high STEC efficiency and low CTE of the MC film
inspired us to exploit its application in photoresponsive
actuators. The formation of a bilayer structure is a general
method for the design of various actuators.6−8 The response
differences of the two layers to external stimuli (e.g., temper-
ature, light, humidity) could trigger mechanical motions such as

Figure 1. (a) Ultraviolet/visible/near-infrared absorption spectra
for the metal−organic framework (MOF)/Cladophora cellulose
nanofiber (MC) film and Cladophora cellulose film; the inset shows
photographs of the transparent CC film and black MC film. (b) The
time-dependent temperature of theMC film in light-on and light-off
states under one sun illumination. (c) Comparison of the surface
temperature distribution on MC film and A4 paper; the inset shows
their infrared images. (d) Thermal expansion of MC, CC, and
polyamide (PA) films.
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bending, curling, and twisting. In this context, we designed a
photoresponsive actuator composed of a flexible MC/
polyamide bilayer composite (Figure 2a), which was prepared

by vacuum filtration of the MC aqueous suspension on a
polyamide film. The working mechanism of the actuator was
based on the dynamic expansion and contraction of the bilayer
caused by differences in the thermal expansion of the MC layer
and the polyamide layer under light illumination. In this process,
the solar heat harvested by the MC layer was conducted to the
polyamide layer, which had a tendency to expand, actuating the
deformation (stretch or curl) of the bilayer. It is noteworthy that
the good processability of the MC nanofibers enabled the
formation of the highly compact MC/polyamide composite
(Figure 2a) for efficient heat conduction at the interface
between the MC layer and the polyamide layer, and thus
achieving a high heat utilization efficiency. The full stretch of the
device reached 180° within 4 s under one sun illumination; and
curl-back occurred rapidly, in another 4 s, when the light was
turned off (see Figure S4 and Video S1 in the Supporting
Information). Furthermore, a proof-of-concept solar-driven
artificial muscle (SDAM) based on the actuator was illustrated
in Figure 2b, as well as Video S2 in the Supporting Information.
The actuator was able to lift a metal object easily with a stretch of
90° under the light illumination (Figure 2c). There was a linear
relationship between the specific loading (m/m0, external
loading/ownweight) of the SDAMdevice and the response time
(Figure 2d). The specific power of the SDAM device was thus
calculated as ∼0.125 W g−1. This value is 2.5 times higher than
that of human muscle (0.049 W g−1).34 The output power can
probably be further improved by optimizing the composition
and the thickness of the MC film. The SDAM device not only
enables the light-driven wireless and remote control, but also

offers the advantages of the strong and fast actuation ability,
which could have huge potential in the fields of mechanical
automation, biomedical engineering, etc.
On the other hand, the promising STEC property of the film

enables its application development in solar-driven seawater
distillation. The nanoporous structure and large specific surface
area of the MC film play significant role in solar-driven water
evaporation since the micropores and mesopores provide
plentiful contact sites with water for effective solar steam
generation. Therefore, we designed an MC film-based seawater
desalination system, based on the STEC mechanism, where the
MC film was shaped to cover a hydrophilic sponge that floated
on water. In this system, the nanocellulose served as the pathway
for water transport while the MOF acted as the interfacial solar
light absorber (Figure 3a). The wettability of the STEC

materials in water is a critical aspect in the process of solar
steam generation because the interaction of water with the
materials is the premise for efficient interfacial evaporation. The
contact angle of water with the MC film was ∼9.1°, which
demonstrates the hydrophilicity of the system (Figure 3b). This
could be attributed to the incorporation of hydrophilic

Figure 2. (a) Scanning electron microscopy (SEM) image of the
MC/polyamide (PA) bilayer. (b) Schematic of the working principle
of solar-driven artificial muscle. (c) Photographs of a metal object
lifted up by a solar-driven artificial muscle based on an MC film. (d)
The response time of the artificial muscle with different specific
loadings.

Figure 3. (a) Schematic illustration of the metal−organic frame-
work/Cladophora cellulose nanofiber (MC) film-based solar-driven
desalination and self-cleaning system. (b)Water contact angle of the
MC film and photographs showing the diffusion of a water drop on
the MC film. (c) Time-dependent surface temperature on the MC
film floating on water under one sun illumination; data for saline
water are provided for comparison. (d) Top-view and side-view
infrared images of the floating MC film apparatus on water under
one sun illumination. (e) Temperature distribution derived from
panel (d) (marked with dotted lines).
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nanocellulose in the MC film; the highly porous structure of the
film could contribute to the wettability through a capillary effect.
A drop of water was able to spread out rapidly on the surface of
the MC film within a very short time (Figure 3b). This indicates
that the hydrophilicity and porous structure of the MC film will
play an important role in facilitating water transport within the
film. When the system (Figure 3a) was placed under one sun
illumination, the surface temperature of the MC film increased
to ∼50 °C in 5 min, much higher than that of the bulk seawater
(∼30 °C, control sample) under the same condition (Figure 3c).
The infrared radiation images in Figure 3d show the temperature
distribution of the MC film-based system. Figure 3e shows the
typical heat-localization effect of the MC film; the temperature
of the film (∼50 °C) was much higher than that of the
surrounding environment (∼20 °C). This strong heat-local-
ization effect of the MC film on the water surface is the result of
the low thermal conductivity of the film, which enabled effective
suppression of heat loss.
Figure 4a shows a plot of the time-dependent change in water

mass when the system is placed under one sun of illumination;
data for bulk saline water are provided for comparison. The solar
steam generation rate with theMC film reached 2.25 kgm−2 h−1,
and steam is easily observed in Figure 4b. The steam generation

rate of MC film was much higher than that of bulk saline water
(0.47 kg m−2 h−1) and other STEC materials (Figure S5 in the
Supporting Information) under one sun illumination.35

Theoretically, the thermal water evaporation rate (m) can be
predicted by the following equation:36

δε
=

− − −
× ×

m
q h q

A t h
s w

l

where qs is the resource energy, ε the emittance of the surface, δ
the Stefan−Boltzmann constant, h the heat loss by convection,
qw the energy loss by heat conduction and radiation in water, A
the area of the material exposed to light, t the time, and hl the
evaporation latent heat. Under natural conditions, the maximum
vapor generation rate is calculated to be ∼1.4 kg m−2 h−1 at ∼50
°C, according to the relationship for latent heat of water
evaporation:37

= × ×
−

h
T

T
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This indicates that the water evaporation processes (2.25 kg
m−2 h−1) in the MC film are not completely consistent with the
theoretically natural state. We used Fourier transform infrared
spectroscopy (Figures 4c and 4d) to investigate the molecular
behavior of the pristine water by comparing the spectrum for
free water with that for water in theMC film during evaporation.
There was no significant shift of the spectra for free water during
the evaporation. In contrast, the evaporation of the water
adsorbed in the MC film resulted in a red shift of the IR spectra
of water from 1621 cm−1 to 1594 cm−1, corresponding to H−
O−H scissor vibrations, and a blue shift from 3233 cm−1 to 3299
cm−1, corresponding to free OH stretching vibrations. These
results indicate that the water molecules had a tendency to
evaporate in clusters rather than in monomolecular mode, when
confined in the MC film.38 This phenomenon was further
studied using thermogravimetric analysis (TGA) to simulate the
thermal evaporation process and differential scanning calorim-
etry (DSC) to monitor the enthalpy of evaporation (see Figure
S5 in the Supporting Information). Water evaporation in the
MC film needed less enthalpy, but peaked at a higher
temperature than that in the free water evaporation process
(Figure S5), indicating that the decreased latent heat of
evaporation in the MC film might be the result of a confinement
effect by the nanopores in the MC film.39,40 Consistently, the
evaporation experiments indicated a reduced evaporation
enthalpy of water in the MC film, compared with that of bulk
water (see Figure S6 in the Supporting Information). This result
is similar to recent reports on the decreased enthalpy of water
evaporation in a confined space.23,39 Based on the above analysis
of the water evaporation in the MC film, it can be indicated that
the value of hl was reduced by the nanoporous confinement,
which caused a remarkable increase in the water evaporation rate
(m) in the MC film.
It is generally customary to calculate the efficiency of water

evaporation (η) according to the equation28

η =
×
×

m h
C P

l

0

where m is the water mass loss, C the optical concentration, and
P0 the sunlight intensity (1 kW m−2). However, as discussed
above, the value of hl would be changed in a confined
environment, which means it would be inaccurate to directly

Figure 4. (a) Time-dependent weight loss of pure water and of the
water covered by theMC film; the inset shows the rate of weight loss
of pure water and of the water covered by the MC film under
different light intensities. (b) Photograph of the steam generated by
the MC film under one sun illumination. Time-dependent Fourier
transform infrared spectroscopy spectrum of water molecules
during the evaporation process in (c) free space and (d) the
nanoporous MC film. Photographs of salt accumulation on (e) the
MC film and (f) a reference sponge (control) at various operating
times during the solar steam generation process.
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use the value of η to quantify the efficiency of the steam
generation.41 Therefore, we are proposing a formula obtained
from normalizing the above equation:

∝ ×m s C

where the slope (s, given in units of kg J−1) reflects the absolute
conversion efficiency of the steam generation, i.e., the mass of
water produced by sunlight with specific energy. In this way, the
value of s with the MC film was calculated to ∼1.95 from the
plots ofm vs C (see Figure 4a). This value surpasses that of most
of the recently reported STEC materials used for solar steam
generation (Figure S5), demonstrating the high efficiency ofMC
film for solar steam generation.
In addition, we have prepared three MC films (MC-1, MC-2,

and MC-3) with different compositions and studied the
influence of the composition on the solar steam generation
performances (see Figure S7 in the Supporting Information).
TheMOF content was determined to be∼18, 35, and 55 wt % in
MC-1, MC-2, and MC-3, respectively. Theoretically, the film
with a higher MOF content should display a higher STEC
efficiency and thus a higher steam generation rate. However, the
solar steam generation experiments indicated that MC-1 and
MC-2 displayed a similar water evaporation rate (2.25 kg m−2

h−1 for MC-1, 2.27 kg m−2 h−1 for MC-2), although MC-2 had a
much higher MOF content than that of MC-1. Surprisingly,
further increasing the MOF content in the film resulted in a
significantly reduced steam generation rate of 1.51 kg m−2 h−1

for MC-3. This result can be attributed to the fact that, as the
MOF content increased (decreasing the cellulose content) in
the films, the reduced total pore volume (Figure S7) and the
decreased hydrophilicity hampered water transport and thus
decreased the steam generation rate. Therefore, the overall
properties including STEC efficiency, nanoporous structure and
hydrophilicity should be properly taken into account in the
design of materials for highly efficient solar steam generation.
The solar-driven desalination capacity of the MC film-based

systemwas further evaluated using seawater (salinity = 3.5%, pH
8). A homemade apparatus collected the condensed clean water
after the solar steam process. The resistance of the condensed
water measured by a multimeter was 2 orders of magnitude
lower than the value of the seawater, indicating that the salt
concentration was significantly reduced after the desalination
(see Figure S8 in the Supporting Information). On the other
hand, the durability of the system is also important for solar-
driven desalination systems. Conventional solar steam devices
suffer from the drawback of gradual decline in the water
evaporation rate because the salt crystals formed during the
vapor generation could block the surface and the porous
channels of the STEC materials. This problem has not been
solved to date for most STEC materials used in solar-driven
water desalination systems.42,43 Interestingly, we found that
there was almost no salt accumulation on the surface of the MC
film, even after it had been working for 10 h (Figure 4e). For
comparison study, a reference sponge (without the MC film)
was also implemented for the same solar-driven water
desalination test. Obviously, the salt crystals covered almost
the entire surface of the sponge after 10 h (Figure 4f). This self-
cleaning effect indicates that MC-based solar-driven desalina-
tion systems would be durable and stable.
We speculate that this self-cleaning behavior can be mainly

attributed to the asymmetrical distribution of salt ions in the
charged nanoporous channels of the MC film during the solar
steam generation.44 The charged surface was confirmed by

measuring the zeta potential of the MC hybrid nanofibers in the
seawater (salinity = 3.5%, pH 8), as shown in Figure S9 in the
Supporting Information. The negatively charged nanochannels
could attract cations (Na+) to form electrical double layers,
which resulted in the selective transport of electrolyte ions in the
MC film. In another words, the movement of cations (Na+) in
the channels is faster than that of anions (Cl−). In addition, a
typical nanofluidic behavior was observed in the MC, indicating
that the ions were indeed confined and transported in the
nanoporous channels, instead of merely on the bulk sur-
face.45−47 The abundant nanochannels with surface charges in
the MC film could greatly facilitate the separation of salt ions
across the film. An open-circuit voltage of∼0.25 V was detected
between the center and the edge of the MC film (Figure S9),
which suggested the heterogeneous distribution of cations and
anions in the MC film. As a result, the cations and anions in the
seawater were separated by the charged nanoporous channels
during the water evaporation, which made it difficult for the salt
forming stable nuclei for crystallization on the film. In addition,
the fast water flux within the porous and hydrophilic MC film
could continuously dissolve the surface salt that might also
contribute to the efficient salt-rejection by referencing recent
works, as shown in Table S1 in the Supporting Information.
These results demonstrate the positive role of the hydrophilic
and charged nanochannels for salt rejection, which could
provide inspiration for the design of self-cleaning STEC
materials for durable solar-driven water desalination.
In conclusion, this work describes a porous, flexible MC film

that can serve as a high-performance STEC material with
extensive broadband absorption of solar light. We have
highlighted the unprecedented thermal management ability of
the MC film, including low thermal conductivity and thermal
expansion that have been rarely reported in other work. Based
on the high mechanical strength and flexibility of the MC film, a
solar-driven artificial muscle was designed to demonstrate a
highly efficient pathway of solar thermal to mechanical work
conversion. Furthermore, the efficient utilization of solar heat
was exhibited by an MC film-based solar-driven water
desalination system, taking advantage of the high porosity and
hydrophilicity of theMC film, which possessed both a fast rate of
clean water generation and good durability as a result of the
unique nanopores with surface charges. These results not only
demonstrate the crucial role of the thermal management ability
of the MC materials in the process of STEC and the energy
utilization, but also show the various structural advantages
(mechanical flexibility, porosity, hydrophilicity, etc.) of the
materials, which could improve our fundamental understanding
of STEC materials and offer practical guidance for related
research in the field of solar energy harvesting.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialslett.2c00190.

Experimental section; preparation of MC film; SEM
image and nitrogen adsorption diagram of MC film;
mechanical properties of MC film; photographs and IR
images of MC film under light illumination; TGA-DSC
data of pure water evaporation in free space and MC film;
steam generation efficiency of different materials;
estimation of water evaporation enthalpy; solar steam
generation rate by MC film with different MOF mass

ACS Materials Letters www.acsmaterialsletters.org Letter

https://doi.org/10.1021/acsmaterialslett.2c00190
ACS Materials Lett. 2022, 4, 1058−1064

1062

https://pubs.acs.org/doi/10.1021/acsmaterialslett.2c00190?goto=supporting-info
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.2c00190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


loading; salinity of the seawater before and after
desalination; investigation on the possible mechanism of
self-cleaning phenomenon (PDF)
Light-driven actuation of MC-based artificial muscle
(MP4)
Light-driven mechanical work of MC-based artificial
muscle (MP4)

■ AUTHOR INFORMATION
Corresponding Authors
Shengyang Zhou − Nanotechnology and Functional Materials,
Department of Materials Science and Engineering, The
Ångström Laboratory, Uppsala University, 751 03 Uppsala,
Sweden; orcid.org/0000-0003-1032-6314;
Email: shengyang.zhou@angstrom.uu.se

Maria Strømme − Nanotechnology and Functional Materials,
Department of Materials Science and Engineering, The
Ångström Laboratory, Uppsala University, 751 03 Uppsala,
Sweden; orcid.org/0000-0002-5496-9664;
Email: maria.stromme@angstrom.uu.se

Chao Xu − Nanotechnology and Functional Materials,
Department of Materials Science and Engineering, The
Ångström Laboratory, Uppsala University, 751 03 Uppsala,
Sweden; orcid.org/0000-0002-5342-3686;
Email: chao.xu@angstrom.uu.se

Author
Xueying Kong − Nanotechnology and Functional Materials,
Department of Materials Science and Engineering, The
Ångström Laboratory, Uppsala University, 751 03 Uppsala,
Sweden

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsmaterialslett.2c00190

Author Contributions
S.Z. conceived the ideas, designed and conducted experiments,
analyzed data, discussed results and wrote the manuscript; X.K.
contributed to the part of materials synthesis and spectral
characterization. C.X. and M.S. were involved in project
supervision, data analysis, results discussion, and writing the
manuscript. All of the authors agreed to the final publication.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors gratefully acknowledge Dr. Zhen Qiu for help with
collection of the UV-vis-NIR absorption spectra, Dr. Uwe
Zimmermann for help with operation of the solar simulator.
This project was support by an Åforsk grant (No. 19-493).

■ REFERENCES
(1) Lewis, N. S. Research opportunities to advance solar energy
utilization. Science 2016, 351, aad1920.
(2) Nayak, P. K.; Mahesh, S.; Snaith, H. J.; Cahen, D. Photovoltaic
solar cell technologies: analysing the state of the art. Nat. Rev. Mater.
2019, 4, 269−285.
(3) Balzani, V.; Credi, A.; Venturi, M. Photochemical conversion of
solar energy. ChemSusChem: Chem. Sustain. Energy Mater. 2008, 1, 26−
58.
(4) Weinstein, L. A.; Loomis, J.; Bhatia, B.; Bierman, D. M.; Wang, E.
N.; Chen, G. Concentrating solar power.Chem. Rev. 2015, 115, 12797−
12838.

(5) Tao, P.; Ni, G.; Song, C.; Shang, W.; Wu, J.; Zhu, J.; Chen, G.;
Deng, T. Solar-driven interfacial evaporation. Nat. Energy 2018, 3,
1031−1041.
(6) Zhang, X.; Yu, Z.; Wang, C.; Zarrouk, D.; Seo, J.-W. T.; Cheng, J.
C.; Buchan, A. D.; Takei, K.; Zhao, Y.; Ager, J. W.; et al. Photoactuators
and motors based on carbon nanotubes with selective chirality
distributions. Nat. Commun. 2014, 5, 2983.
(7) Wang, X.; Liu, Q.; Wu, S.; Xu, B.; Xu, H. Multilayer polypyrrole
nanosheets with self-organized surface structures for flexible and
efficient solar-thermal energy conversion. Adv. Mater. 2019, 31,
1807716.
(8) Deng, J.; Li, J.; Chen, P.; Fang, X.; Sun, X.; Jiang, Y.; Weng, W.;
Wang, B.; Peng, H. Tunable photothermal actuators based on a pre-
programmed aligned nanostructure. J. Am. Chem. Soc. 2016, 138, 225−
230.
(9) Furukawa, H.; Cordova, K. E.; O’Keeffe, M.; Yaghi, O. M. The
chemistry and applications of metal-organic frameworks. Science 2013,
341, 1230444.
(10) O’Keeffe, M.; Yaghi, O. M. Deconstructing the crystal structures
of metal−organic frameworks and related materials into their
underlying nets. Chem. Rev. 2012, 112, 675−702.
(11) Sun, L.; Liao, B.; Sheberla, D.; Kraemer, D.; Zhou, J.; Stach, E. A.;
Zakharov, D.; Stavila, V.; Talin, A. A.; Ge, Y.; et al. A microporous and
naturally nanostructured thermoelectric metal-organic framework with
ultralow thermal conductivity. Joule 2017, 1, 168−177.
(12) Zhou, S.; Apostolopoulou-Kalkavoura, V.; Tavares da Costa, M.
V.; Bergström, L.; Strømme, M.; Xu, C. Elastic Aerogels of Cellulose
Nanofibers@ Metal-Organic Frameworks for Thermal Insulation and
Fire Retardancy. Nano-Micro Lett. 2020, 12, 9.
(13) Babaei, H.; McGaughey, A. J.; Wilmer, C. E. Effect of pore size
and shape on the thermal conductivity of metal-organic frameworks.
Chem. Sci. 2017, 8, 583−589.
(14) Babaei, H.; DeCoster,M. E.; Jeong,M.; Hassan, Z.M.; Islamoglu,
T.; Baumgart, H.; McGaughey, A. J.; Redel, E.; Farha, O. K.; Hopkins,
P. E.; et al. Observation of reduced thermal conductivity in a metal-
organic framework due to the presence of adsorbates. Nat. Commun.
2020, 11, 4010.
(15) Healy, C.; Patil, K. M.; Wilson, B. H.; Hermanspahn, L.; Harvey-
Reid, N. C.; Howard, B. I.; Kleinjan, C.; Kolien, J.; Payet, F.; Telfer, S.
G.; et al. The thermal stability of metal-organic frameworks. Coord.
Chem. Rev. 2020, 419, 213388.
(16) Xie, L. S.; Skorupskii, G.; Dinca,̌ M. Electrically Conductive
Metal-Organic Frameworks. Chem. Rev. 2020, 120, 8536−8580.
(17)Ma, Q.; Yin, P.; Zhao, M.; Luo, Z.; Huang, Y.; He, Q.; Yu, Y.; Liu,
Z.; Hu, Z.; Chen, B.; Zhang, H. MOF-Based Hierarchical Structures for
Solar-Thermal Clean Water Production. Adv. Mater. 2019, 31,
1808249.
(18) Chen, T.; Dou, J.-H.; Yang, L.; Sun, C.; Libretto, N. J.;
Skorupskii, G.; Miller, J. T.; Dinca ̆, M. Continuous electrical
conductivity variation in M3(Hexaiminotriphenylene)2 (M= Co, Ni,
Cu) MOF alloys. J. Am. Chem. Soc. 2020, 142, 12367−12373.
(19) Van Vleet, M. J.; Weng, T.; Li, X.; Schmidt, J. In situ, time-
resolved, and mechanistic studies of metal−organic framework
nucleation and growth. Chem. Rev. 2018, 118, 3681−3721.
(20) Zhou, S.; Strømme, M.; Xu, C. Highly transparent, flexible, and
mechanically strong nanopapers of cellulose nanofibers@ metal−
organic frameworks. Chem.Eur. J. 2019, 25, 3515−3520.
(21) Zhou, S.; Kong, X.; Zheng, B.; Huo, F.; Strømme, M.; Xu, C.
Cellulose nanofiber@ conductive metal−organic frameworks for high-
performance flexible supercapacitors. ACS Nano 2019, 13, 9578−9586.
(22) Zhou, S.; Nyholm, L.; Strømme, M.; Wang, Z. Cladophora
cellulose: unique biopolymer nanofibrils for emerging energy, environ-
mental, and life science applications. Acc. Chem. Res. 2019, 52, 2232−
2243.
(23) Zhou, S.; Qiu, Z.; Strømme, M.; Xu, C. Solar-driven ionic power
generation via a film of nanocellulose@ conductive metal−organic
framework. Energy Environ. Sci. 2021, 14, 900−905.
(24) Sheberla, D.; Sun, L.; Blood-Forsythe, M. A.; Er, S. l.; Wade, C.
R.; Brozek, C. K.; Aspuru-Guzik, A. n.; Dinca,̆ M. High electrical

ACS Materials Letters www.acsmaterialsletters.org Letter

https://doi.org/10.1021/acsmaterialslett.2c00190
ACS Materials Lett. 2022, 4, 1058−1064

1063

https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.2c00190/suppl_file/tz2c00190_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.2c00190/suppl_file/tz2c00190_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.2c00190/suppl_file/tz2c00190_si_003.mp4
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shengyang+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1032-6314
mailto:shengyang.zhou@angstrom.uu.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Str%C3%B8mme"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5496-9664
mailto:maria.stromme@angstrom.uu.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chao+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5342-3686
mailto:chao.xu@angstrom.uu.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xueying+Kong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.2c00190?ref=pdf
https://doi.org/10.1126/science.aad1920
https://doi.org/10.1126/science.aad1920
https://doi.org/10.1038/s41578-019-0097-0
https://doi.org/10.1038/s41578-019-0097-0
https://doi.org/10.1002/cssc.200700087
https://doi.org/10.1002/cssc.200700087
https://doi.org/10.1021/acs.chemrev.5b00397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41560-018-0260-7
https://doi.org/10.1038/ncomms3983
https://doi.org/10.1038/ncomms3983
https://doi.org/10.1038/ncomms3983
https://doi.org/10.1002/adma.201807716
https://doi.org/10.1002/adma.201807716
https://doi.org/10.1002/adma.201807716
https://doi.org/10.1021/jacs.5b10131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b10131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1230444
https://doi.org/10.1126/science.1230444
https://doi.org/10.1021/cr200205j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr200205j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr200205j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.joule.2017.07.018
https://doi.org/10.1016/j.joule.2017.07.018
https://doi.org/10.1016/j.joule.2017.07.018
https://doi.org/10.1007/s40820-019-0343-4
https://doi.org/10.1007/s40820-019-0343-4
https://doi.org/10.1007/s40820-019-0343-4
https://doi.org/10.1039/C6SC03704F
https://doi.org/10.1039/C6SC03704F
https://doi.org/10.1038/s41467-020-17822-0
https://doi.org/10.1038/s41467-020-17822-0
https://doi.org/10.1016/j.ccr.2020.213388
https://doi.org/10.1021/acs.chemrev.9b00766?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00766?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201808249
https://doi.org/10.1002/adma.201808249
https://doi.org/10.1021/jacs.0c04458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c04458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c04458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201806417
https://doi.org/10.1002/chem.201806417
https://doi.org/10.1002/chem.201806417
https://doi.org/10.1021/acsnano.9b04670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b04670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0EE02730H
https://doi.org/10.1039/D0EE02730H
https://doi.org/10.1039/D0EE02730H
https://doi.org/10.1021/ja502765n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.2c00190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


conductivity in Ni3(2,3,6,7,10,11-hexaiminotriphenylene)2, a semi-
conducting metal−organic graphene analogue. J. Am. Chem. Soc. 2014,
136, 8859−8862.
(25) Gao, M.; Zhu, L.; Peh, C. K.; Ho, G. W. Solar absorber material
and system designs for photothermal water vaporization towards clean
water and energy production. Energy Environ. Sci. 2019, 12, 841−864.
(26) Apostolopoulou-Kalkavoura, V.; Munier, P.; Bergström, L.
Thermally insulating nanocellulose-based materials. Adv. Mater. 2021,
33, 2001839.
(27) Fourier, J. The Analytical Theory of Heat; University Press, 1878.
(28) Ghasemi, H.; Ni, G.; Marconnet, A. M.; Loomis, J.; Yerci, S.;
Miljkovic, N.; Chen, G. Solar steam generation by heat localization.
Nat. Commun. 2014, 5, 4449.
(29) Johansen, O. Thermal Conductivity of Soils; Cold Regions
Research and Engineering Laboratory: Hanover, NH, 1977.
(30) Bubnova, O.; Khan, Z. U.; Malti, A.; Braun, S.; Fahlman, M.;
Berggren, M.; Crispin, X. Optimization of the thermoelectric figure of
merit in the conducting polymer poly (3, 4-ethylenedioxythiophene).
Nat. Mater. 2011, 10, 429−433.
(31) Zhou, S.; Qiu, Z.; Strømme, M.; Wang, Z. Highly Crystalline
PEDOT Nanofiber Templated by Highly Crystalline Nanocellulose.
Adv. Funct. Mater. 2020, 30, 2005757.
(32) Wicklein, B.; Kocjan, A.; Salazar-Alvarez, G.; Carosio, F.;
Camino, G.; Antonietti, M.; Bergström, L. Thermally insulating and
fire-retardant lightweight anisotropic foams based on nanocellulose and
graphene oxide. Nat. Nanotechnol. 2015, 10, 277−283.
(33) Novikova, S. I. Thermal Expansion of Solids; Izdatel Nauka:
Moscow, 1974.
(34) Kanik, M.; Orguc, S.; Varnavides, G.; Kim, J.; Benavides, T.;
Gonzalez, D.; Akintilo, T.; Tasan, C. C.; Chandrakasan, A. P.; Fink, Y.;
Anikeeva, P. Strain-programmable fiber-based artificial muscle. Science
2019, 365, 145−150.
(35) Zhao, F.; Guo, Y.; Zhou, X.; Shi, W.; Yu, G. Materials for solar-
powered water evaporation. Nat. Rev. Mater. 2020, 5, 388−401.
(36) Ni, G.; Li, G.; Boriskina, S. V.; Li, H.; Yang, W.; Zhang, T.; Chen,
G. Steam generation under one sun enabled by a floating structure with
thermal concentration. Nat. Energy 2016, 1, 16126.
(37) Shi, Y.; Li, R.; Jin, Y.; Zhuo, S.; Shi, L.; Chang, J.; Hong, S.; Ng,
K.-C.; Wang, P. A 3D photothermal structure toward improved energy
efficiency in solar steam generation. Joule 2018, 2, 1171−1186.
(38) Nijem, N.; Canepa, P.; Kaipa, U.; Tan, K.; Roodenko, K.; Tekarli,
S.; Halbert, J.; Oswald, I. W.; Arvapally, R. K.; Yang, C.; et al. Water
cluster confinement and methane adsorption in the hydrophobic
cavities of a fluorinated metal−organic framework. J. Am. Chem. Soc.
2013, 135, 12615−12626.
(39) Zhao, F.; Zhou, X.; Shi, Y.; Qian, X.; Alexander, M.; Zhao, X.;
Mendez, S.; Yang, R.; Qu, L.; Yu, G. Highly efficient solar vapour
generation via hierarchically nanostructured gels. Nat. Nanotechnol.
2018, 13, 489−495.
(40) Lu, Q.; Shi, W.; Yang, H.; Wang, X. Nanoconfined Water-
Molecule Channels for High-Yield Solar Vapor Generation under
Weaker Sunlight. Adv. Mater. 2020, 32, 2001544.
(41) Singh, S. C.; ElKabbash,M.; Li, Z.; Li, X.; Regmi, B.; Madsen,M.;
Jalil, S. A.; Zhan, Z.; Zhang, J.; Guo, C. Solar-trackable super-wicking
blackmetal panel for photothermal water sanitation.Nat. Sustain. 2020,
3, 938−946.
(42) Chen, C.; Kuang, Y.; Hu, L. Challenges and opportunities for
solar evaporation. Joule 2019, 3, 683−718.
(43) Zhou, X.; Zhao, F.; Zhang, P.; Yu, G. Solar water evaporation
toward water purification and beyond. ACSMater. Lett. 2021, 3, 1112−
1129.
(44) Li, C.; Zhu, B.; Liu, Z.; Zhao, J.; Meng, R.; Zhang, L.; Chen, Z.
Polyelectrolyte-based photothermal hydrogel with low evaporation
enthalpy for solar-driven salt-tolerant desalination. Chem. Eng. J. 2022,
431, 134224.
(45) Raidongia, K.; Huang, J. Nanofluidic ion transport through
reconstructed layered materials. J. Am. Chem. Soc. 2012, 134, 16528−
16531.

(46) Li, T.; Zhang, X.; Lacey, S. D.; Mi, R.; Zhao, X.; Jiang, F.; Song, J.;
Liu, Z.; Chen, G.; Dai, J.; et al. Cellulose ionic conductors with high
differential thermal voltage for low-grade heat harvesting. Nat. Mater.
2019, 18, 608−613.
(47) Qin, S.; Liu, D.; Wang, G.; Portehault, D.; Garvey, C. J.; Gogotsi,
Y.; Lei, W.; Chen, Y. High and stable ionic conductivity in 2D
nanofluidic ion channels between boron nitride layers. J. Am. Chem. Soc.
2017, 139, 6314−6320.

ACS Materials Letters www.acsmaterialsletters.org Letter

https://doi.org/10.1021/acsmaterialslett.2c00190
ACS Materials Lett. 2022, 4, 1058−1064

1064

 Recommended by ACS

Solar Evaporation-Based Energy Harvesting Using a
Leaf-Inspired Energy-Harvesting Foam
Jun Hong Park, Sang Joon Lee, et al.
APRIL 01, 2021
ACS SUSTAINABLE CHEMISTRY & ENGINEERING READ 

Thermal Management of Photovoltaics Using Porous
Nanochannels
Sajag Poudel, Shalabh C. Maroo, et al.
APRIL 07, 2022
ENERGY & FUELS READ 

Mechanically Robust, Responsive Composite
Membrane for a Thermoregulating Textile
Md Anwar Jahid, Suman Thakur, et al.
FEBRUARY 17, 2020
ACS OMEGA READ 

High-Performance Flexible Piezoelectric-Assisted
Triboelectric Hybrid Nanogenerator via
Polydimethylsiloxane-Encapsulated Nanoflower-lik...
Dong Hyun Kim, Jae Su Yu, et al.
JUNE 05, 2018
ACS SUSTAINABLE CHEMISTRY & ENGINEERING READ 

Get More Suggestions >

https://doi.org/10.1021/ja502765n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja502765n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8EE01146J
https://doi.org/10.1039/C8EE01146J
https://doi.org/10.1039/C8EE01146J
https://doi.org/10.1002/adma.202001839
https://doi.org/10.1038/ncomms5449
https://doi.org/10.1038/nmat3012
https://doi.org/10.1038/nmat3012
https://doi.org/10.1002/adfm.202005757
https://doi.org/10.1002/adfm.202005757
https://doi.org/10.1038/nnano.2014.248
https://doi.org/10.1038/nnano.2014.248
https://doi.org/10.1038/nnano.2014.248
https://doi.org/10.1126/science.aaw2502
https://doi.org/10.1038/s41578-020-0182-4
https://doi.org/10.1038/s41578-020-0182-4
https://doi.org/10.1038/nenergy.2016.126
https://doi.org/10.1038/nenergy.2016.126
https://doi.org/10.1016/j.joule.2018.03.013
https://doi.org/10.1016/j.joule.2018.03.013
https://doi.org/10.1021/ja400754p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja400754p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja400754p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41565-018-0097-z
https://doi.org/10.1038/s41565-018-0097-z
https://doi.org/10.1002/adma.202001544
https://doi.org/10.1002/adma.202001544
https://doi.org/10.1002/adma.202001544
https://doi.org/10.1038/s41893-020-0566-x
https://doi.org/10.1038/s41893-020-0566-x
https://doi.org/10.1016/j.joule.2018.12.023
https://doi.org/10.1016/j.joule.2018.12.023
https://doi.org/10.1021/acsmaterialslett.1c00304?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmaterialslett.1c00304?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2021.134224
https://doi.org/10.1016/j.cej.2021.134224
https://doi.org/10.1021/ja308167f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja308167f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41563-019-0315-6
https://doi.org/10.1038/s41563-019-0315-6
https://doi.org/10.1021/jacs.6b11100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b11100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.2c00190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acssuschemeng.0c08521?utm_campaign=RRCC_amlcef&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656477364&referrer_DOI=10.1021%2Facsmaterialslett.2c00190
http://pubs.acs.org/doi/10.1021/acssuschemeng.0c08521?utm_campaign=RRCC_amlcef&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656477364&referrer_DOI=10.1021%2Facsmaterialslett.2c00190
http://pubs.acs.org/doi/10.1021/acssuschemeng.0c08521?utm_campaign=RRCC_amlcef&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656477364&referrer_DOI=10.1021%2Facsmaterialslett.2c00190
http://pubs.acs.org/doi/10.1021/acssuschemeng.0c08521?utm_campaign=RRCC_amlcef&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656477364&referrer_DOI=10.1021%2Facsmaterialslett.2c00190
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00305?utm_campaign=RRCC_amlcef&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656477364&referrer_DOI=10.1021%2Facsmaterialslett.2c00190
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00305?utm_campaign=RRCC_amlcef&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656477364&referrer_DOI=10.1021%2Facsmaterialslett.2c00190
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00305?utm_campaign=RRCC_amlcef&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656477364&referrer_DOI=10.1021%2Facsmaterialslett.2c00190
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00305?utm_campaign=RRCC_amlcef&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656477364&referrer_DOI=10.1021%2Facsmaterialslett.2c00190
http://pubs.acs.org/doi/10.1021/acsomega.9b03268?utm_campaign=RRCC_amlcef&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656477364&referrer_DOI=10.1021%2Facsmaterialslett.2c00190
http://pubs.acs.org/doi/10.1021/acsomega.9b03268?utm_campaign=RRCC_amlcef&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656477364&referrer_DOI=10.1021%2Facsmaterialslett.2c00190
http://pubs.acs.org/doi/10.1021/acsomega.9b03268?utm_campaign=RRCC_amlcef&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656477364&referrer_DOI=10.1021%2Facsmaterialslett.2c00190
http://pubs.acs.org/doi/10.1021/acsomega.9b03268?utm_campaign=RRCC_amlcef&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656477364&referrer_DOI=10.1021%2Facsmaterialslett.2c00190
http://pubs.acs.org/doi/10.1021/acssuschemeng.8b00834?utm_campaign=RRCC_amlcef&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656477364&referrer_DOI=10.1021%2Facsmaterialslett.2c00190
http://pubs.acs.org/doi/10.1021/acssuschemeng.8b00834?utm_campaign=RRCC_amlcef&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656477364&referrer_DOI=10.1021%2Facsmaterialslett.2c00190
http://pubs.acs.org/doi/10.1021/acssuschemeng.8b00834?utm_campaign=RRCC_amlcef&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656477364&referrer_DOI=10.1021%2Facsmaterialslett.2c00190
http://pubs.acs.org/doi/10.1021/acssuschemeng.8b00834?utm_campaign=RRCC_amlcef&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656477364&referrer_DOI=10.1021%2Facsmaterialslett.2c00190
http://pubs.acs.org/doi/10.1021/acssuschemeng.8b00834?utm_campaign=RRCC_amlcef&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656477364&referrer_DOI=10.1021%2Facsmaterialslett.2c00190
https://preferences.acs.org/ai_alert?follow=1

