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All-weather-available, continuous steam
generation based on the synergistic photo-
thermal and electro-thermal conversion by
MXene-based aerogels†
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Kai Ke, Rui-Ying Bao, Ming-Bo Yang and Wei Yang *

Solar energy triggered steam generation has emerged as a green

and sustainable strategy that can potentially address the long-

standing global freshwater scarcity issue. However, given that

there is inadequate light illumination early in the morning or late

afternoon or cloudy days, it is continuous steam generation in all

weather that is a great challenge for the state-of-the-art solar-

driven steam generators. Here, we present an all-weather-available

steam generation system, which is capable of harvesting solar

energy to continuously generate steam based on the alternative

photo-thermal and electro-thermal conversion of crosslinked

MXene aerogels (CMAs) in the day time and at night. In virtue of

the strong light absorption and excellent electrical conductivity of

the CMA, the constructed steam generation system can not only

convert sunlight into heat for steam generation on sunny days but

persistently achieve heat generation by utilization of electricity

in low-light or dark circumstances. Furthermore, the ingenious

introduction of solar cells-battery components makes full use of

the daytime sunlight to further power the steam generation system

for heating up the CMA at night, avoiding extra electrical energy

input and loss. This work offers new insights into developing

continuous steam generation technologies applicable to day–night

alternation and complex environments.

1. Introduction

As a clean, renewable, and environment-friendly technology,
solar radiation has high potential in steam generation regarding
converting abundant solar energy into heat for freshwater
production, thus it is expected to address the worldwide fresh-
water resource shortage issue.1–3 Since Chen et al. proposed the
heat localization concept in 2014, solar-driven interfacial evaporation

has drawn much attention due to the relatively higher solar-thermal
conversion efficiency.4 Over the past 5 years, a lot of efforts have
been devoted to further improving the water evaporation rate and
energy conversion efficiency by innovations from photo-thermal
material designs to water transportation structure designs.5–10

However, almost all reported solar evaporators can only effectively
generate steam in sunny days with strong sunlight exposure.11–13

When exposed to weak sunlight such as rainy, foggy, cloudy or
dark environments, the solar-triggered water evaporator is almost
down for steam generation, severely limiting the total amount
of produced clean water.14 As every year for more than half of
the time many areas on the Earth receive poor or no solar
radiation, it is of great significance to design steam generators
for persistent steam generation in all circumstances.

With the aim of significantly improving clean water produc-
tion, all-weather steam generators are promising to meet the
escalating freshwater demand. To address this profound issue,
we developed a new steam generation system by integrating an
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New concepts
The shortage of available drinking water resources is increasingly becom-
ing an urgent worldwide problem. As a ubiquitous solar–thermal energy
conversion process, solar-driven interfacial evaporation has attracted
tremendous attention owing to its high conversion efficiency of solar
energy and transformative industrial potential, and can potentially
address the long-standing global clean water scarcity issue. However,
given that there is inadequate light illumination early in the morning or
late afternoon or cloudy days, it is a great challenge to generate steam
continuously in all weather for the state-of-the-art solar-driven steam
generators. In this work, we have developed an all-weather and
continuous steam generation system based on 3D MXene-based aerogels.
Combined with solar cells-battery (SC-B) components, the well-designed
steam generation system demonstrates all-weather steam generation,
where the CMA can convert sunlight into heat for steam generation and
the SC-B can convert sunlight into electricity on sunny days to further
power the CMA for electro-thermal steam generation in gloomy weather
and dark conditions. This work offers new insights into developing
continuous steam generation technologies applicable to day–night alter-
nation and any complex environments for practical applications.
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efficient light-absorption material for steam generation on sunny
days with solar cells-battery components for powering the light-
absorption material to generate steam in low-light environments.
In this prototype, a single material with both high light absorption
efficiency and excellent electrical conductivity is desirable for
practical all-weather steam generation application. In a typical
electro-thermal process, it is essential to have a lower electrical
resistance which ensures a lower voltage input to generate enough
heat for all-weather steam generation. So far, various photo-
thermal materials, such as metallic nanoparticles,15,16 carbon
materials,17–20 semiconductors,21–24 polymers,25–28 inorganics29,30

and biomass materials,31 have been employed to achieve efficient
solar-steam conversion. However, it remains a great challenge to
achieve remarkable electrical conductivity in the foregoing photo-
thermal materials (except for metals and carbon materials).
Some noble metals, such as silver nanowires, exhibit excellent
electrical performance, though most of them suffer from limita-
tions due to high cost and complex manufacturing techniques.32

Carbon materials, such as graphene and carbon nanotubes, have
inherently high electrical conductivity, while it is difficult to
obtain porous, highly conductive monolithic carbonaceous
materials with superb hydrophilicity using current assembly
techniques.33 Therefore, there is an urgent need to develop novel
monolithic porous materials in conjunction with features of
hydrophilicity, high electrical conductivity and high light absorp-
tion performance.

MXenes, with the chemical formula of Mn+1XnTx, where
M represents an early transition metal, X is carbon and/or
nitrogen and Tx refers to surface functional groups, as a new
family of multifunctional 2D materials with many attractive and
tunable properties,34 have been developed by Gogotsi, Barsoum,
and colleagues.35,36 The unique structure and distinctive surface
chemistry endow MXenes with many key properties, such as
metallic conductivity and hydrophilic surfaces.37–39 The integra-
tion of 2D materials into 3D macroscopic structures, such as
porous films, scaffolds and networks, is highly probable to
provide a good solution to the issue of poor light absorption
and slow water transportation in steam generators, thereby
leading to high-performance steam generation.40–43 Strategies
including a sacrificial template method,44 introduction of inter-
layer spacers,45,46 and an in situ foaming process47 have been
proposed to obtain highly electrically conductive MXene porous
structures. However, poor mechanical stability severely limits
their practical applications. Graphene oxide (GO) assisted hydro-
thermal assembly was also employed to construct rGO/MXene
hybrid porous aerogels.48–52 However, the presence of large
amounts of GO or rGO (ca. 430%) severely reduces their
electrical conductivities. As MXenes are rigid flakes with a small
size, it is still a big challenge to construct highly electrically
conductive porous 3D MXene architectures with the aid of only a
small amount of GO (ca. o10%).

Herein, we report a facile co-gelation strategy to assemble 2D
MXene sheets into highly conductive, light-absorbing, thermally
insulating, and hydrophilic 3D porous architectures with a small
amount of GO by using ethylenediamine (EDA) as a crosslinker.
With the aid of freeze drying, the crosslinked MXene hydrogels

(CMHs) became crosslinked MXene aerogels (CMAs). The well-
designed steam generation system based on the CMAs and solar
cells-battery (SC-B) components demonstrates all-weather steam
generation, where the CMA can convert sunlight into heat for
steam generation and the SC-B can convert sunlight into electri-
city on sunny days to further power the CMA for electro-thermal
steam generation in gloomy weather and dark conditions. This
work offers a new co-gelation strategy for the assembly of
2D MXene sheets into highly electrically conductive and highly
light-absorbing 3D MXene aerogels and offers new insights to
design high-efficiency, all-weather applicable steam generators
running in any complex environments for practical applications.

2. Results and discussion

Fig. 1a schematically illustrates the concept of design for
all-weather water evaporation. Based on the combined or
alternative photo-thermal and electro-thermal conversion
process, the steam generation system combined with the solar
cells-battery (SC-B) components can achieve all-weather and
continuous steam generation. In detail, the CMA converts
sunlight into heat for steam generation and solar cells convert
sunlight into electricity, respectively, during sunny days, and
the electricity stored in the battery further powers the CMA
for electro-thermal steam generation under dusky light or
dark conditions. In order to meet these criteria, a monolithic
porous material with both excellent electrical conductivity and
outstanding light absorption performance is necessary. Here,
the co-gelation assembly strategy is employed to prepare the
crosslinked MXene aerogels, as shown schematically in Fig. 1b.
As MXene flakes intrinsically have small size and rigidness,
GO sheets with strong gelation capability are utilized as an
assistant gelation agent. To avoid the excessive volume shrink-
age during assembly, a weak reducing agent EDA is introduced
into the MXene/GO colloidal solution to initiate the sheet
assembly into a three-dimensional network.53 Attributed to
the ring-opening reaction, hydrogen bonding and electrostatic
interactions, EDA can simultaneously crosslink both GO
and MXene, resulting in a co-gelation assembly of MXene and
GO sheets.

Ti3C2Tx MXene sheets were synthesized by selective etching
of the Ti3AlC2 precursor materials (Fig. S1a, ESI†), followed by
sonication and centrifugation via a previously reported
method.54 The transmission electron microscopy (TEM) image
shows that the delaminated MXene sheets with a lateral size of
roughly hundreds of nanometers are ultrathin and transparent,
and the selected area electron diffraction (SAED) pattern with a
typical hexagonal symmetry reveals the polycrystalline feature
of Ti3C2Tx MXene sheets (Fig. S1b, ESI†). The AFM image of
MXene sheets reveals that the delaminated MXene sheets with
a thickness of a few nanometers contain several single layers
(Fig. S1c and d, ESI†). The successful synthesis of delaminated
MXene sheets was also evidenced by the shift of the (002) lattice
X-ray diffraction peak to a smaller angle and the greatly weakened
characteristic peaks of Ti3AlC2 (Fig. S1e, ESI†).
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The intrinsic advantages of GO, such as its strong gelation
ability, large size and outstanding mechanical flexibility make
it particularly suitable for assisting 2D MXene sheets to form
3D MXene architectures.48 However, using strong reducing
agents inevitably causes excessive restacking of the graphene
sheets during assembly, manifesting as a macroscopic volume
shrinkage55,56 and resulting in a severely decreased overall
efficiency (e.g. light absorption, water transportation, etc.) of
the aerogels. Moreover, the MXene sheets were forcibly
wrapped inside the formed reduced graphene oxide (rGO)
porous structure during the rapid gelation process, thus the
proportion of MXene in the hybrid aerogel could not be
improved to a higher level. In order to suppress the restacking
of graphene sheets during assembly, a weak reducing agent
EDA with crosslinking ability was employed to initiate the

assembly process in this work and the CMHs could be easily
formed even though the MXene content in the initial MXene/
GO suspension was as high as 90%.

As shown in Fig. 2a, a monolithic hydrogel was generated
from the MXene/GO–EDA precursor along with certain volume
shrinkage due to the effective reduction of GO to rGO by virtue
of the reduction ability of MXene.49 In comparison, no mono-
lithic hydrogel can be formed with either the MXene–EDA or
the GO–EDA precursor under the same conditions (the GO–EDA
precursor is capable of forming a hydrogel, but its strength is
extremely weak), caused by the weak reduction ability of EDA.
However, due to the crosslinking capability of EDA with double
reaction sites (–NH2), the co-gelation assembly gives rise to a
crosslinked hydrogel with superior strength (Fig. 2b). After a
subsequent freeze-drying process, the formed high-strength

Fig. 1 (a) Conceptual schematic of the all-weather steam generation system based on the synergistic photo-thermal and electro-thermal conversion
of CMAs. (b) Schematic illustration for the fabrication process of crosslinked MXene aerogels by GO-assisted co-gelation assembly followed by
freeze-drying.
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skeleton of a CMA with 154 mg can support a load of more than
1 kg without fracture (Fig. 2c). As shown in Fig. 2d and e, an
overall aligned cellular structure is obtained when unidirec-
tional freezing and subsequent freeze-drying are used to
remove the water from the hydrogel for facilitating the water
transport and release of steam during the steam generation
process.57 The elemental mappings in Fig. 2f show uniform
distributions of Ti, C, and O elements in the CMA. The retained
(002) peak in the XRD patterns of the CMA indicates the
well preserved structure of MXene sheets after hydrothermal
co-gelation assembly (Fig. S2, ESI†).

To explore the co-gelation mechanisms of MXene sheets and
GO sheets, the rheological behaviors of GO and GO/MXene
suspensions before and after the addition of EDA were evaluated
to determine the viscosity and network variation of the suspen-
sions. All specimens exhibit non-Newtonian characteristics and
shear-thinning behavior, and the apparent viscosity (Z, Pa s)
decreases with shear rate (g, s�1), as demonstrated in Fig. 2g. The
apparent viscosity of the GO/MXene suspension is increased by
three orders of magnitude after the addition of EDA, much
higher than that of the GO–EDA suspension. This is consistent

with the intuitive phenomenon that the GO/MXene suspension
becomes more viscous and even loses fluidity after adding EDA,
while the individual GO or MXene suspension maintains
good fluidity (Fig. S3, ESI†). The storage modulus in these
viscoelastic suspensions was plotted as a function of strain,
showing much higher storage modulus and longer strain-
independent plateau in GO/MXene–EDA (Fig. 2h). Such a
rheological behavior in the GO/MXene–EDA suspension
indicates that the addition of EDA can cause co-crosslinking
of MXene and GO sheets and the formation of the developed
crosslinked network structure.

The fact that GO can be crosslinked by EDA through an EDA-
mediated nucleophilic ring-opening reaction of epoxy groups
on the surface of GO has been evidenced.53,58 Two aspects,
namely, hydrogen bonding and electrostatic interaction, may
contribute to the crosslinking of MXene by EDA. On the one
hand, the typical –OH peak of MXene at 546 cm�1 shifts to a
lower wavenumber, indicating the formation of hydrogen bonds
between –OH of MXene and –NH2 of EDA (Fig. S4, ESI†). On the
other hand, the Ti3C2Tx MXene is negatively charged owing to
the presence of the surface functional groups (–OH, –F, and –O),

Fig. 2 (a) Optical photographs of GO–EDA, MXene–EDA, and MXene/GO–EDA precursors after hydrothermal assembly under EDA initiation. Optical
photographs of (b) a monolithic CMH and (c) CMA (154 mg) supporting a weight of more than 1000 g. (d1 and d2) Top-view and (e1 and e2) side-view SEM
images at different magnifications of CMA. (f) SEM image and corresponding EDS elemental mappings of Ti, C, and O in CMA. Rheological properties of
GO, MXene/GO suspensions before and after the addition of EDA with (g) viscosity plotted as a function of shear rate and (h) storage modulus plotted as a
function of strain. Zeta potential of the MXene suspension (i) before and (j) after the addition of EDA. (k) Optical photographs of the hydrogels prepared
with different contents of MXene. (l) Raman spectra of MXene, GA, and CMA-50%; and (m) high-resolution Raman spectra of MXene and CMA-50%.
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while –NH2 is positively charged. After the addition of EDA,
the zeta potential of the MXene suspension increased from
�35.8 mV to �25.9 mV (Fig. 2i and j). As seen in Fig. S5 (ESI†),
after being subjected to a reaction at 80 1C for 2 hours, the
mixed MXene–EDA suspension became extremely viscous due
to the mild reaction between MXene and EDA.

GO is crucial for assembling MXene sheets into crosslinked
aerogels. A series of MXene/GO precursors with different
MXene contents have been assembled into crosslinked MXene
hydrogels (CMH-x, where x represents the proportion of MXene
in the hybrid suspensions) with differential volume shrinkage
even with MXene content up to 90%, as demonstrated in
Fig. 2k. The reduction ability of MXene plays a key role in the
partial reduction of GO and thus leads to volume shrinkage.
High-resolution X-ray photoelectron spectroscopy (XPS) patterns
of Ti 2p show that the intensity of the peak assigned to TiO2 is
significantly increased, which indicates the oxidation of Ti3C2Tx

MXene during the assembly process (Fig. S6, ESI†). The appearance
of the characteristic peak of TiO2 in the Raman spectrum
further confirms the oxidation of MXene (Fig. 2l). Despite this,
the peaks assigned to MXene are still preserved in the Raman
spectrum (Fig. 2m). With increasing content of MXene, a more
contracted hydrogel is obtained because of a higher degree
reduction of GO. However, MXene hydrogels cannot be
obtained without the assistance of GO owing to the weak
gelation capability of MXene. Interestingly, no monolithic
hydrogel is formed without EDA because a large amount of
MXene cannot be wrapped inside the skeleton during the rapid
reduction process of GO, when the MXene content reaches 70%
(Fig. S7, ESI†). This indicates that EDA is critical for the
fabrication of crosslinked MXene hydrogels.

The metal-like characteristic of MXene endows it with
excellent electrical conductivity, which leads to efficient
electro-thermal conversion. The co-gelation assembly is signifi-
cantly beneficial to the electrical conductivity of CMAs, harnes-
sing the intrinsically high conductivity of MXene. As seen in
Fig. 3a, with the content of MXene increasing, the electrical
conductivity of the CMAs increases in orders of magnitude,
reaching a value as high as 140 S m�1 for the CMA with an
MXene content of 90%. Furthermore, CMA-90% demonstrates
higher electrical conductivity upon further increasing the den-
sity of aerogels, such as 200, 307, and 430 S m�1 for CMA-90%
with densities of 21, 26, and 32 mg cm�3, respectively (Fig. 3b).
These outstanding conductivities are significantly higher than
those of reported porous carbon materials, such as 87 S m�1 for
a graphene aerogel (10 mg cm�3),59 and 20 S m�1 for a carbon
nanotube foam (60 mg cm�3).60 The electro-thermal properties
of CMAs with different contents of MXene were investigated.
Fig. S8 (ESI†) shows the various infrared (IR) thermal images
for different CMAs with different contents of MXene under an
applied voltage of 5 V, wherein the heating temperatures are
recorded by an IR camera. It can be found that only CMA-90%
can be easily driven to a higher temperature, indicating the
importance of increasing the content of MXene in the hybrid
aerogels. Fig. 3c shows the generated temperature profiles of
CMA-90% with variations of the applied voltage. Specially, for

the CMA-90 sample with a low resistance of B6 O, a small
voltage supply of 3 V can cause a high temperature of nearly
110 1C due to the extremely high electrical conductivity of the
crosslinked MXene aerogel. Fig. 3d shows the IR thermal
images of two different CMA-90% samples with different resis-
tances due to their different densities when an identical voltage
of 3 V was applied for different times. The lower resistance
sample (B6 O) can attain a higher temperature more easily
than that with a higher resistance (B28 O) (Fig. 3d1 and d2),
indicating high electrical conductivity is crucial for the electro-
thermal performance.

In addition to the electro-thermal conversion, photo-thermal
conversion performance is equally important to develop all-
weather steam generators. The photo-thermal conversion of
MXene is based on the localized surface plasmon resonance
(LSPR) effect of Ti3C2 nanosheets,61 which is similar to the
metal nanoparticles such as Au, Ag, etc. Aerogel surface
temperature under simulated light illumination was recorded
by an IR camera for the evaluation of photo-thermal conversion
performance, as schematically illustrated in Fig. 3e. The light
absorption spectra in Fig. 3f show that the CMA sample exhibits
higher light absorption efficiency (B99%) compared with the
GA sample due to the better light absorption capability of
MXene sheets. This can also be evidenced by the optical
photographs in the inset of Fig. 3f, where the CMA sample
looks apparently darker than the GA sample. Increasing the
power density of solar illumination from 1 to 5 kW m�2, the
surface temperature change (DT) of the CMA increases from
80 to 235 1C (Fig. 3g). Under the same solar illumination, the
CMA always has a surface temperature higher than that of the
GA, further indicating the superior photo-thermal conversion
of the CMA.

Given that the sun position always changes in practice, less
dependence on the light incident direction is also a funda-
mental requirement for solar energy utilization. The surface
temperatures of different samples under 1 kW m�2 solar
illumination with varied incident angles were measured (Fig. 3h).
The GA and CMA samples maintain good photo-thermal con-
version stability with a slight decrease in temperature as the
incident angle increases from 01 to 701 as shown in Fig. 3i. In
comparison, the surface temperature of the M/G aerogel free of
EDA decreases sharply when the incident angle increases to 701
(Fig. S9a, ESI†). This is because the interconnected network
forms based on the crosslinking of MXene and GO sheets
induced by EDA. The porous structure enhances the light
absorption by elongating the optical path for multiple reflec-
tions (Fig. 3j). However, the denser structure and flatter surface
formed due to the reduction of GO to rGO and severe p–p
stacking in the absence of EDA (Fig. S9b, ESI†) result in the
restriction of light-shielding effect and insufficient utilization
of incident light.62 These results demonstrate the advantages of
CMAs for the maximization of solar utilization.

Besides, hydrophilic wettability and water supply capacity play
important roles in rapid water transportation for highly efficient
solar-steam conversion.63–66 Unlike other 2D materials, the delami-
nated MXene sheets with the termination Tx (e.g. –OH, –F, and –O)
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have unique hydrophilicity, endowing the as-prepared compo-
site aerogels with hydrophilic surfaces and facile water wett-
ability, thus facilitating water transportation. From this point of
view, the termination Tx can affect the water transportation and
thus ensure the water evaporation performance. To further
confirm the wettability of the as-prepared CMA, a high-speed
video camera was used to record the impregnation process. As
shown in Fig. S10a (ESI†), the CMA shows super hydrophilic
properties and the droplet can be fully impregnated within 5 s,

indicating its excellent water transportation properties. In
contrast, the impregnation process of the M/G aerogel free of
EDA is very slow and the droplet cannot be fully impregnated
due to the dense surface caused by the excessive stacking
between sheets (Fig. S10b, ESI†). As the as-prepared CMA with
excellent hydrophilic properties is unable to float at the water–
air interface spontaneously, a piece of wood is used to support
it for floating. Additionally, to reduce the heat loss to the
underlying water during the solar-driven steam generation,

Fig. 3 Electrical conductivities of (a) CMA with different contents of MXene, and (b) CMA-90% with different densities. (c) Temperature evolution of the
CMA-90% (32 mg cm�3) sample with a resistance of B6 O under different voltages. (d) IR thermal images of two different CMA-90% samples with
different resistances when an identical voltage of 3 V was applied for different time periods. (e) Schematic illustration for photo-thermal conversion
measurement. (f) The light absorption spectra for the GA and CMA samples. The inset in (f) shows the optical photographs of the GA and CMA samples.
(g) The temperature changing course of the GA and CMA samples under solar illumination of 1, 3, and 5 kW m�2, turned on and off. (h) Schematic
illustration for photo-thermal conversion measurements at different incident angles. (i) IR thermal images of GA and CMA at varied incident angles
(01, 301, and 701) after reaching a stable temperature state under solar illumination of 1 kW m�2. (j) Schematic illustration for multiple reflection of incident
light in the porous structure.

Communication Materials Horizons

Pu
bl

is
he

d 
on

 2
7 

N
ov

em
be

r 
20

19
. D

ow
nl

oa
de

d 
on

 5
/8

/2
02

4 
8:

51
:2

3 
A

M
. 

View Article Online

https://doi.org/10.1039/c9mh01443h


This journal is©The Royal Society of Chemistry 2020 Mater. Horiz., 2020, 7, 855--865 | 861

it is essential to make sure that photothermal materials have
low thermal conductivity for effective heat localization. Herein,
we visually compared the thermal insulation properties of the
as-prepared CMA with several commercial thermal insulation
materials including polyvinyl alcohol (PVA) foam, polyurethane
(PU) foam, and melamine foam (MF). To avoid the effect of
inhomogeneous temperature on the heating platform surface, a
nitrile butadiene rubber (NBR) board was placed on the heating
platform, and the samples were placed on the NBR board
(Fig. S11a, ESI†). The temperature of the heating platform
was set to be 50, 100 and 140 1C, and IR thermal images of
the samples captured at 5 min are presented in Fig. S11b–d
(ESI†). When the actual temperature of the heating platform
reaches high temperatures, i.e., 50, 100, and 140 1C, the
detected temperatures on the CMA is just B30.2, B38.4 and
B50.2 1C correspondingly, indicating its good thermal insula-
tion properties. Apparently, the CMA has comparable thermal
insulation properties with those of commercial thermal insula-
tion materials.

Despite the remarkable advancements of solar-driven steam
generation achieved under strong solar illumination (Z1 sun)
in recent years, in fact, it is still challenging to achieve great
energy conversion efficiency under weak solar illumination
(o1 sun) due to the low surface temperature. Given that 80%
of the time in one day is filled with low light or darkness, it is

necessary to improve the energy efficiency under these condi-
tions. So, electro-thermal conversion can be introduced to
increase the CMA surface temperature on the basis of photo-
thermal conversion. A combination of different voltages (i.e., 1,
1.5, 2, and 2.5 V) and different light energies (i.e., 0.5, 0.7, and
1 sun) was input to CMA-90%, and the IR thermal images of
the sample captured at steady states are presented in Fig. 4a.
Benefiting from the high electrical conductivity of CMA-90%,
the low voltage supply of 2.5 V in conjunction with the low solar
illumination of 0.5 sun can significantly generate a higher
surface temperature compared to the only 1 sun solar illumina-
tion case without the voltage supply. These results indicate that
coupling photo-thermal and electro-thermal conversion is a
promising strategy to elevate the sample surface temperature
for facilitating steam generation.

In a typical all-weather prototype, only solar energy is
utilized to drive steam generation on sunny days (strong light),
combined solar energy and electrical energy can be utilized to
drive steam generation on cloudy days (weak light), and only
electrical energy can be utilized to drive steam generation at
nights (dark), as schematically demonstrated in Fig. 4b–d. The
evaporation rate and energy conversion efficiency of CMA-90%
was measured under only solar illumination of different intensi-
ties, combining solar energy and electrical energy with different
voltages, and only electrical energy input with different voltages.

Fig. 4 (a) IR thermal images of CMAs under different total energy inputs combining different electrical energies (i.e., 1, 1.5, 2, and 2.5 V) and different light
energies (i.e., 0.5, 0.7, and 1 sun). Schematic illustration of steam generation under different environments from (b) sunny days (strong-light condition),
(c) cloudy days (low-light condition), (d) and nighttime (dark condition). The mass change of water under different energy inputs of (e) only solar
illumination, (f) combined solar and electricity, and (g) only voltage supply. (h) The water evaporation rate and efficiency under all conditions. (i) Schematic
illustrations showing the synergistic effect between solar flux and electric supply.
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As shown in Fig. 4e, the water evaporation rate gradually
increases with increasing solar illumination intensity from
1 sun to 5 sun. When the intensity of solar illumination is set
as 0.5 sun, the water evaporation rate gradually increases with
increasing voltage supply (Fig. 4f). Remarkably, the water
evaporation rate under the low solar energy (0.5 sun) coupled
with some electrical energy (2.5 V voltage supply) input is
higher than that under only solar illumination of 1 sun.
Furthermore, without solar illumination, the water evaporation
rate gradually increases as the voltage supply increases from 1 V
to 2.5 V (Fig. 4g). It is worth noting that the resistance of CMAs
slightly increases during the water evaporation process due to
the impact of water on the porous structure, as shown in Fig. S12
(ESI†), while it is negligible for electro-thermal conversion.

The energy conversion (from solar energy and electrical
energy to steam enthalpy) efficiency is defined as Z = vhLV/Qin,
where Z is the energy conversion efficiency, v is the water
evaporation rate, hLV is the total enthalpy of sensible heat
(QS, J g�1) and the phase transition of liquid–vapor (LV, J g�1),

and Qin is the total energy input including solar energy and
electrical energy. The calculated water evaporation rates and
energy conversion efficiencies for all conditions including only
solar energy input, combined solar and electrical energy input,
and sole electrical energy input, are presented in Fig. 4h.
Although relatively high evaporation rates can be obtained
under strong solar illumination of 3 sun or 5 sun, it is more
meaningful to focus on the evaporation rate under weak solar
illumination with low intensity (such as 0.5 sun) considering
the low light illumination conditions in practice, e.g. cloudy
days or darkness. Under solar illumination of 0.5 sun, the
evaporation rate is significantly increased with a low voltage
supply, and even higher than that under 1 sun solar illumina-
tion. Interestingly, a synergistic effect of solar and electrical
energy driven steam generation can be found, as shown by the
inset of Fig. 4h, where the evaporation rate under the combined
solar energy of 0.5 sun and electrical energy of 2.5 V is higher
than the sum of the evaporation rates under only solar illumi-
nation of 0.5 sun and only 2.5 V voltage supply. Therefore, the

Fig. 5 (a) The measured concentrations of four primary ions in a standard seawater sample before (original) and after evaporation desalination. (b) The
water evaporation durability performance of CMA under the combined solar illumination of 0.5 sun and voltage supply of 5 V over 20 cycles. Insets: The
mass change of water with the CMA in the 1st cycle and 20th cycle. (c) Schematic illustration showing that the solar cells convert sunlight into electricity
and store it into battery for further powering the steam generator. (d) Optical photographs of a set of large-scale steam generation system. (e) The
charging current density of SC-B components at different times from 9:00 am to 23:00 pm. (f) The water evaporation rates at different times in two
situations, that is with SC-B or without SC-B.
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great energy conversion efficiency of 88.4% can be obtained for
the system with combined solar and electrical energy input,
much higher than that with only solar illumination of 0.5 sun
(68.6%) and that with sole 2.5 V voltage supply (43.4%). This
synergistic effect can be explained as follows: (1) the electrical
energy input can increase the surface temperature of samples;
(2) solar illumination reduces the humidity of the system above
the sample, as schematically shown in Fig. 4i. These two factors
promote the liquid water–steam conversion and the escape
of steam.

A standard seawater sample was used to evaluate the
desalination performance of the CMAs. The results in Fig. 5a
show that the concentrations of the four primary ions of Na+,
K+, Ca2+ and Mg2+ determined using inductively coupled
plasma optical emission spectroscopy (ICP-OES) significantly
decrease with an ion rejection beyond 99% after desalination
with CMA-90%. Meanwhile, the Na+ ion concentration is below
the salinity levels defined by the World Health Organization
(WHO) and the standards of the US Environmental Protection
Agency (EPA). The photo-corrosion of semiconductors is a
critical issue under the practical condition with oxygen and
water. Fortunately, the TiO2 produced by partial oxidation of
MXene has excellent stability, because the titanium ions have
poor activity and are difficult to react with photogenerated
electron–hole pairs. In addition, the prepared MXene-based
aerogels with partial oxidation exhibit excellent light absorp-
tion efficiency of up to 99%, indicating that the formed TiO2

did not affect the original photothermal conversion perfor-
mance of MXene. To prove the durability of the CMA as a
steam generator, we tested the steady evaporation rate under
the combined solar illumination of 0.5 sun and voltage supply
of 5 V over 20 cycles (Fig. 5b). The high-resolution Raman
spectra of CMAs before and after evaporation in Fig. S13 (ESI†)
indicated that the degree of further oxidation of MXene is low
during water evaporation. The stable evaporation rate shows
that the CMA presents a promising performance for practical
long-term desalination.

In order to make full use of solar energy without using
additional electrical energy supply devices in all-weather and
continuous steam generation processes, SC-B components were
introduced to convert sunlight into electricity on sunny days
and to store it in the battery for further powering the CMA to
continuously generate steam, as schematically shown in Fig. 5c.
To examine the practical performance of the CMA, a large-scale
system was designed and fabricated (Fig. 5d). The system was
placed in the outdoor environment and the recorded charging
current density of SC-B components during 14 hours of one day
from 9:00 am to 23:00 pm is presented in Fig. 5e, indicating the
varying sunlight illumination in one day. The output voltage of
the battery is set to 12 V. The CMA under natural sunlight
illumination continuously generates steam, and the solar cells
convert sunlight into electricity and store it into the battery
from 9:00 am to 18:00 pm. When the light intensity became
weak at 18:00 pm, insufficient to effectively generate current,
the voltage output switch was turned on and the SC-B compo-
nents began to power the CMA for continuously generating

steam from 18:00 to 23:00 pm. Fig. 5f shows that the evapora-
tion rate can reach more than 3 kg m�2 h�1 after turning on the
voltage output switch, and a much higher total evaporation rate
of 29.4 kg m�2 can be achieved after 14 h compared to that
(19.2 kg m�2) without the SC-B components. Based on the
above results, it is reasonable to conclude that the steam
generation system consisting of CMA and SC-B can promote
the development of all-weather and continuous steam genera-
tion devices running in any complex environments for practical
applications.

3. Conclusion

We have demonstrated an all-weather-available and continuous
steam generation system based on macroscopic MXene archi-
tectures. The as-prepared crosslinked MXene aerogels on the
basis of the novel co-gelation assembly strategy can work well
for photo-thermal and electro-thermal conversion, while having
excellent hydrophilic properties and thermal insulation perfor-
mance. In virtue of the synergistic coupling of photo-thermal
and electro-thermal processes, a high evaporation rate
(1.624 kg m�2 h�1) can be achieved under the combined energy
input of 0.5 kW m�2 light energy and 2.5 V voltage supply,
much higher than that (1.337 kg m�2 h�1) under 1 kW m�2

light energy input. Combined with SC-B components, the steam
generation system can harvest solar energy to continuously
generate steam based on the alternating photo-thermal and
electro-thermal conversion of CMAs at all hours of day and
night, and can deliver a high evaporation rate of 29.4 kg m�2 in
14 hours of a day. This work not only offers a new co-gelation
strategy for the assembly of 2D MXene sheets into highly
electrically conductive and highly light-absorbing 3D MXene
aerogels, but also proposes new insights toward designing
high-efficiency, all-weather-applicable steam generators running
in any complex environments for practical applications.
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