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ABSTRACT 
Effective utilization of abundant solar energy for desalination of seawater and purification of wastewater is one of sustainable 
techniques for production of clean water, helping relieve global water resource shortage. Herein, we fabricate a vertically aligned 
reduced graphene oxide/Ti3C2Tx MXene (A-RGO/MX) hybrid hydrogel with aligned channels as an independent solar steam 
generation device for highly efficient solar steam generation. The vertically aligned channels, generated by a liquid nitrogen- 
assisted directional-freezing process, not only rapidly transport water upward to the evaporation surface for efficient solar steam 
generation, but also facilitate multiple reflections of solar light inside the channels for efficient solar light absorption. The deliberate 
slight reduction endows the RGO with plenty of polar groups, decreasing the water vaporization enthalpy effectively and hence 
accelerating water evaporation efficiently. The MXene sheets, infiltrated inside the A-RGO hydrogel on the basis of Marangoni 
effect, enhance light absorption capacity and photothermal conversion performance. As a result, the A-RGO/MX hybrid hydrogel 
achieves a water evaporation rate of 2.09 kg·m−2·h−1 with a high conversion efficiency of 93.5% under 1-sun irradiation. Additionally, 
this photothermal conversion hydrogel rapidly desalinates seawater and purifies wastewater to generate clean water with outstanding 
ion rejection rates of above 99% for most ions. 
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1 Introduction 
With the rapid development of industry and the increase    
of ever-growing population, the shortage of clean water is 
becoming a global crisis. Currently, most water purification 
plants adopt low-temperature multi-effect distillation or reverse 
osmosis technology, which rely on high energy consumption 
and large centralized infrastructure, limiting their practical 
applications in offshore areas, small villages, or remote areas 
far from the grid. It is thus imperative to utilize sustainable 
and pollution-free new energy for water purification. So far, 
various new and unexhausted energy sources, including wind 
energy [1], solar energy [2–5], tidal energy [6], and geothermal 
energy [7], have been developed and utilized. Solar-driven 
steam generation for seawater desalination [8] and wastewater 
treatment [9] has attracted more and more attention in recent 
years. Low-grade solar energy can be transformed to high-grade 
thermal and steam energy by using photothermal conversion 
materials and composites [10]. The water evaporation rate 
depends mainly on the absorptivity of photothermal conversion 
materials as the solar steam generators. At present, there are 
mainly four types of optical absorption materials [11]: plasmonic 
nanoparticles [12–14], carbon-based materials [15, 16], near- 
infrared materials [17], and organic photothermal conversion 

materials including polypyrrole and polyaniline [18, 19]. Based 
on the concept of interfacial heating, the criteria for designing 
an efficient solar-driven water evaporation system include:  
(1) strong light absorption capability and excellent photothermal 
conversion efficiency; (2) efficient water uptake, abundant 
porous channels for water transport, and automatic and 
uninterrupted operation; and (3) low thermal conductivity for 
localizing the heat at the water-air interface. 

On the basis of the above criteria, three-dimensional (3D) 
graphene aerogels and foams are promising photothermal 
materials due to their high specific surface area [15], outstanding 
light absorption [20], tunable pore architectures [21], and 
stability in high and low temperatures [22, 23]. In addition to 
graphene, the two-dimensional (2D) early transition metal 
carbides and nitrides (MXenes) sheets also exhibit attractive 
and tunable properties, such as high electrical conductivity, 
favorable hydrophilicity, and excellent mechanical properties. 
MXenes are a new family of multifunctional 2D materials with 
the chemical formula of Mn+1XnTx [24], where M represents  
an early transition metal, X refers to carbon or nitrogen, Tx 
stands for the surface functional groups (e.g., OH, O, and F 
groups), and n = 1, 2 or 3 [25]. MXene sheets have shown fantastic 
performances in electromagnetic interference shielding [26] 
because of superior electrical conductivity [27]. In addition, 
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both graphene or MXene membranes and 3D aerogels have 
been used for solar steam generation due to their excellent light 
absorption capacity and photothermal conversion efficiency 
[28–34]. The average water evaporation rate of 3D graphene 
networks reaches 1.62 kg·m−2·h−1 under 1-sun illumination, 
better than those of other carbon materials reported [35]. The 
newly developed 3D MXene network could reach 1.46 kg·m−2·h−1 
under 1-sun illumination [36]. Due to the poor mechanical 
properties of pure MXene hydrogels, few reports have been 
reported in the field of photothermal. Actually, the solar-driven 
steam generation rates of these inorganic materials are relatively 
low as compared to hydrophilic polymer hydrogels. The 
hydrophilic groups in a polymer hydrogel network could reduce 
the water vaporization enthalpy and accelerate the water 
evaporation rate [37]. However, the polymer hydrogels usually 
suffer from shrinkage at high power irradiations. Therefore, 
much efforts have to be devoted to increasing the solar steam 
generation rate of inorganic materials or enhancing the structural 
stability of polymer hydrogels. At the same time, there are few 
reports about the influence of vaporization enthalpy of water 
in inorganic materials. If the structure and composition of 
inorganic materials can be controlled to effectively reduce the 
vaporization enthalpy of water, it will be an effective way to 
solve the problem of slow water evaporation rate. 

Herein, we use a directional-freezing technique to fabricate 
vertically aligned reduced graphene oxide (A-RGO) hydrogels 
as efficient solar steam generation devices. Different from the 
conventional 3D graphene framework for solar steam generation 
[35], the graphene oxide (GO) precursor is slightly reduced 
intentionally, so that the resultant 3D RGO framework retains 
a large number of oxygen-containing functional groups, benefiting 
the decrease in water vaporization enthalpy. Additionally, the 
vertically aligned channels accelerate the upward transport of 
water to the evaporation surfaces. Considering that Ti3C2 has an 
outstanding internal light-to-heat conversion efficiency (i.e., 
100%) [38], the hydrophilic Ti3C2Tx MXene sheets are coated 
inside the A-RGO hydrogel framework on the basis of the 
Marangoni effect to generate vertically aligned RGO/MXene 
(A-RGO/MX) hybrid hydrogels. As a result, the optimal 
anisotropic hybrid hydrogel achieves an average water evaporation 
rate of 2.09 kg·m−2·h−1 with a high conversion efficiency of 
93.5% under 1-sun illumination, higher than those of static 
non-folding inorganic materials reported previously. The 
influences of the A-RGO/MX hybrid hydrogels on the vaporization 
enthalpy and water evaporation rate are also analyzed in 
detail.  

2 Results and discussion 
Figure 1 schematically illustrates the preparation of RGO 
hydrogel and A-RGO/MX hybrid hydrogel. The Marangoni 
effect is a mass movement phenomenon caused by tension 
gradient between two liquid interfaces, which would help the 
infiltration of Ti3C2Tx MXene sheets into the 3D network of 
RGO hydrogels. The RGO hydrogel, obtained by slightly 
reducing an aqueous dispersion of GO with ascorbic acid at  
70 oC, is firstly immersed in ethanol to exchange water with 
ethanol, and then soaked in an aqueous suspension of MXene 
for infiltrating the MXene sheets into the hydrogel network on 
the basis of the Marangoni effect. The solvent exchange process 
is repeated several times to increase the MXene content in the 
RGO/MX hybrid hydrogel, in which the RGO and MXene 
sheets are distributed randomly. To facilitate the upward 
transport of water inside the hydrogel, a liquid nitrogen-assisted 
directional-freezing technology is used to vertically grow ice 
crystal pillars from the bottom of the RGO/MX hydrogel,  

 
Figure 1 Schematic illustration of the fabrication of A-RGO/MX hybrid 
hydrogel. 

during which the RGO and MXene sheets are expelled by the 
ice crystals and have to be vertically aligned among the pillars. 
After the ice melting, the resultant A-RGO/MX hybrid hydrogel 
exhibits numerous vertically aligned channels, benefiting the 
upward transport of water. 

For comparison, the RGO/MX hydrogel and the A-RGO/MX 
hydrogel are freeze-dried to obtain porous aerogels by subliming 
the ice crystal pillars. Figures 2(a) and 2(b) show scanning 
electron microscope (SEM) images of the RGO/MX aerogel at 
different magnifications. As expected, a porous structure with 
numerous randomly distributed micron-scale pores is formed 
by self-assembly of the RGO sheets. Differently, the A-RGO/MX 
aerogel, obtained by freeze-drying the directionally frozen 
RGO/MX hydrogel to sublime its ice crystal pillars, exhibits 
many vertically aligned channels with diameters of 10–20 μm 
(Figs. 2(c)–2(e) and Fig. S1 in the Electronic Supplementary 
Material (ESM)). As shown in Fig. S2 in the ESM, the size   
of MXene sheets is in nanometer scale, which facilitates the 
MXene sheets to infiltrate into the RGO hydrogels with the 
micron-sized channels. The chemical compositions of the 
A-RGO/MX aerogel are characterized with its elemental mapping 
(Figs. 2(e)–2(h)). Apparently, the carbon and oxygen elements 
derive from both RGO and MXene sheets (Figs. 2(f) and 2(g)). 
The Ti elements could come from Ti3C2Tx sheets only and 
exhibit a uniform distribution in the whole region (Fig. 2(h)), 
indicating that the MXene sheets are really entered into the 
RGO hydrogel for generating the A-RGO/MX hybrid hydrogel. 
Different from the carbon and oxygen elements, the Ti element 
does not present an obviously aligned distribution, which may 
be attributed to the low Ti3C2Tx content. 

To evaluate the composition evolutions of GO powder, 
MXene powder, freeze-dried RGO hydrogel, and freeze-dried 
RGO/MX hydrogel, their Fourier transform infrared (FT-IR) 
spectra, X-ray photoelectron spectroscopy (XPS) patterns, and 
Raman spectra are provided (Figs. 2(i)–2(l)). The FT-IR spectrum 
of GO shows peaks at 3,410 and 1,622 cm−1, corresponding  
to –OH and –C=O, respectively [39, 40]. These peaks are still 
observed in the FT-IR spectrum of RGO, and the residual 
oxygen-containing groups of RGO benefit keeping the 
hydrophilicity of the RGO hydrogel. Since the Ti3C2Tx MXene 
sheets also possess the same peak of –C=O at 1,622 cm−1, these 
oxygen-containing groups can form hydrogen bonds between 
RGO and MXene sheets, making MXene and RGO successfully 
combined [41]. In the FT-IR spectrum of freeze-dried RGO/MX 
hydrogel, the peak of –C=O moves to 1,581 cm−1, which results 
from the interaction between the MXene sheets and the RGO 
hydrogel. The Raman spectra of freeze-dried RGO hydrogel, 
MXene powder, and freeze-dried RGO/MX hydrogel are shown 
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in Fig. 2(j). Due to the relatively small content of MXene, the 
Raman spectrum of the RGO/MX is amplified in the range of 
150–750 cm−1, showing the peaks of both RGO and MXene. 
The observed peaks at 199 and 719 cm−1 correspond to the out 
of plane vibrations of Ti and C atoms. The modes at 287, 369, 
and 624 cm−1 are the Eg group vibrations including in-plane 
(shear) modes of Ti, C, and surface functional group atoms, 
verifying that the MXene sheets remain inside the RGO/MX 
hybrid hydrogel [25, 38, 42]. Moreover, there are two distinct 
peaks at 1,347 and 1,598 cm−1 in the Raman spectrum of RGO, 
corresponding to the D band associated with a breathing mode 
of the K-point phonons of the A1g symmetry and the G band 
resulted from the first order scattering of the E2g phonon of sp2 
C atoms [40, 43]. The X-ray diffraction (XRD) patterns of 
MXene powder, freeze-dried RGO hydrogel, and freeze-dried 
RGO/MX hydrogel are shown in Fig. S3 in the ESM. In the 
XRD pattern of MXene, a typical diffraction peak at ~ 7° is 
ascribed to Ti3C2Tx [44]. The GO has a strong diffraction peak 
at ~ 11°, indicating its interlayer distance of 0.78 nm larger than 
that of pristine graphite (0.34 nm) because of the generated 
oxygen-containing groups. Differently, the RGO exhibits a 
broad peak at ~ 24°, illustrating the partial reduction of GO [45].   

To investigate the structural evolutions of the GO architectures 
before and after the reduction, their XPS analyses are shown 
in Figs. 2(k) and 2(l) and Fig. S4 in the ESM. Because of the large 
number of oxygen-containing groups (e.g., carboxyl, epoxide, 
and hydroxyl) on the GO sheets, the C/O atomic ratio of GO is 
relatively low (~ 2.2). The RGO has an increased C/O atomic 
ratio (~ 4.8), which is still lower than those of many other RGO 
sheets obtained by chemical or thermal reductions [45–49], 

due to the slight reduction. The low C/O ratio indicates that 
the RGO sheets still have plenty residual oxygen-containing 
groups. The C 1s XPS of the RGO exhibits six peaks at 284.0, 
284.7, 285.6, 286.7, 288.2, and 290.1 eV, corresponding to sp2 
C=C, sp3 C–C, C–O, C–O–C, C=O, and O–C=O bonds, 
respectively [45]. The Ti 2p spectra of MXene and A-RGO/ 
MX are shown in Fig. S5 in the ESM. Neat MXene shows several 
peaks at binding energies of 455.8, 458.2, 461.7 and 464.2 eV, 
corresponding to the bonds of Ti–C 2p3/2, Ti–O 2p3/2, Ti–C 2p1/2, 
and Ti–O 2p1/2, respectively. However, the Ti–O 2p spectrum 
of the A-RGO/MX shows a slight shift to higher binding 
energies, from 458.2 to 459.3 eV and from 464.2 to 465.1 eV. 
In addition, a new peak is observed at 456.8 eV, proving the 
formation of Ti–O–C covalent bonding between A-RGO and 
MXene [50]. The vertically aligned channel with hydrophilic 
surface makes the A-RGO/MX hybrid hydrogel promising for 
solar steam evaporation, and its evaporation tests are carried 
out using an on-line and real-time measurement system  
(Figs. S6(a) and S6(b) in the ESM).  

Figure 3(a) shows a digital photo of the black A-RGO/MX 
hydrogel. Figure 3(b) presents the absorption spectra of RGO, 
A-RGO, RGO/MX, and A-RGO/MX hydrogels within ultraviolet 
(UV), visible, and near-infrared solar irradiation range 
(220–2,500 nm). Apparently, the A-RGO/MX hydrogel exhibits 
a high light absorption value of about 97%, and even 99% in 
the near-infrared range. Compared to the RGO hydrogel, the 
A-RGO hydrogel has a slight decrease in light absorption due 
to the aligned structure with large channels. With the presence 
of MXene sheets, the A-RGO/MX hydrogel displays an increased 
light absorption, which may be related to the multiple reflection 

Figure 2 SEM images of freeze-dried RGO/MX hydrogel ((a) and (b)), freeze-dried A-RGO/MX hydrogel ((c)–(e)), and its mapping images of (f) C, (g) O,
and (h) Ti elements. (i) FT-IR spectra of GO powder, Ti3C2Tx MXene powder, freeze-dried RGO hydrogel, and freeze-dried RGO/MX hydrogel. (j) Raman 
spectra of MXene powder, freeze-dried RGO hydrogel, and freeze-dried RGO/MX hydrogel. C 1s XPS of (k) GO and (l) RGO. 
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of light in the 3D network. Similarly, MXene and its com-
posites also possess excellent electromagnetic interference 
shielding performances [26]. As a top-of-the-line electromagnetic 
interference shielding material, MXene almost does not allow 
electromagnetic waves to be emitted, and the absorbed 
electromagnetic waves eventually are dissipated in the form of 
heat inside the material [51]. It is reported that according to 
the Maxwell’s equation, the higher conductivity, the greater the 
extinction coefficient, and thus the higher the electromagnetic 
wave absorption capacity [38]. The A-RGO/MX hydrogel is 
highly hydrophilic because of the presence of a large number 
of ions, and the oxygen-containing groups of both RGO and 
Ti3C2Tx sheets. It takes only 0.3 s for absorbing water droplets 
and thus satisfying the prerequisite for water transport   
(Figs. S6(c) and S7 in the ESM). The hydrogels also show a 
great resistance to damage (Fig. S8 in the ESM).  

Their surface temperatures are important for photothermal 
applications. Both the A-RGO/MX aerogel and hydrogel could 
effectively absorb light and convert the light to heat in a relatively 
short time (Fig. 3(c) and Fig. S9 in the ESM), facilitating the 
water steam generation. To minimize the heat exchange between 
the hydrogel and the substrate, the hydrogel is placed on a 
thermally insulating polystyrene foam and the steady-state 
temperatures of its surface are recorded by an infrared camera 
(Figs. 3(d)–3(g)). The surface temperatures of the A-RGO/MX 
hydrogel reach stable values of 40.3, 49.5, 58.1, and 67.1 °C 
under 1, 3, 5, and 7 sun irradiation intensities, respectively.  

Figure 4(a) shows the variation curves of water mass changes 
without or with RGO, A-RGO, thermally treated RGO (T-RGO), 
RGO/MX, and A-RGO/MX hydrogels. The water mass changes 
are measured to be 1.82, 1.94, and 2.09 kg·m−2 for RGO, A-RGO, 
and A-RGO/MX hydrogels by 1-sun irradiation only for 1 h, 
respectively, much higher than that of pure water (0.33 kg·m−2). 
It is noticed that the A-RGO hydrogel has a lower light absorption 
capacity than that of RGO hydrogel, but its vertically aligned 
channels benefit the upward water transport, leading to the 
increase in water evaporation rate. When the MXene sheets 
are infiltrated into the A-RGO hydrogel, the light absorption 
capacity of the hydrogel is enhanced (Fig. 3(b)). As a result, 
the water evaporation rate increases further. As far as we know, 
the water evaporation rate of the A-RGO/MX hybrid hydrogel 

is among the highest values of the static inorganic photothermal 
materials without a special folding structure, achieving a 
highest conversion efficiency of 93.5% at 1 kW·m−2 (Fig. 4(b) 
and Table S1 in the ESM) [20, 21, 35, 52–58]. Following the 
work of Zhao et al. [59], the equivalent enthalpy used in 
calculating the efficiency is not the same as that reported in 
the literature for inorganic photothermal materials (2,256 or 
2,260 J·g−1) [60, 61], but refers to the equivalent enthalpy 
(1,791 J·g−1) estimated by our designed experiments in hydrogels, 
where the oxygen-containing functional groups have a significant 
effect on the vaporization enthalpy (Fig. S10 in the ESM). The 
water evaporation mechanism of the hydrogel is explained on 
the basis of Figs. 4(c)–4(e). Bound water is usually associated 
with water molecules that form hydrogen bonds with oxygen- 
containing functional groups on RGO skeleton or interact 
strongly with residual ions. Free water has a similar structure 
to bulk water, in which the interaction between water molecules 
and oxygen-containing functional groups on RGO skeleton 
can be neglected. Intermediate water is in a state between free 
water and bound water, and it has weak interactions with the 
oxygen-containing functional groups [62–64]. These three types 
of water molecules can be characterized by Raman spectra   
[62, 63]. It is reported that the evaporation rate of intermediate 
water is 86 times that of free water, so the higher content   
of intermediate water implies the faster evaporation of   
water [37]. 

Figure 4(d) shows the Raman spectra obtained by fitting the 
data using the Gaussian function of pure water to prove the 
existence of different types of water molecules, from which 
four peaks of water are observed at 3,233, 3,401, 3,514, and 
3,630 cm−1 [59]. These peaks are classified as two types of modes: 
(1) water molecules with four hydrogen bonds, i.e., two protons 
and two lone electron pairs, are involved in the hydrogen 
bonding related to the peaks at 3,233 and 3,401 cm−1; and (2) 
weakly or non-hydrogen-bonded water molecules, in which the 
hydrogen bonds of the water molecules are broken partly or 
entirely, correspond to the peaks at 3,514 and 3,630 cm−1 [37]. 
Within the bond corresponding to the four hydrogen-bonded 
molecules, the peak at 3,233 cm−1 is associated with the 
collective in-phase vibrations of all molecules in the aggregate, 
whereas the 3,401 cm−1 peak is associated with vibration, which 

 
Figure 3 (a) Digital photo of A-RGO/MX hydrogel. (b) Absorbance spectra of RGO, A-RGO, RGO/MX, and A-RGO/MX hydrogels in the wavelength
range of 220–2,500 nm (inset shows the absorbance spectra in the wavelength range of 220–800 nm). (c) Time trace of the temperature curve in response
to light illumination for A-RGO/MX aerogel. Surface temperatures of A-RGO/MX hydrogel under (d) 1, (e) 3, (f) 5, and (g) 7 illumination intensities. 
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is not in-phase between the first and higher shell of neighboring 
molecules (i.e., the out-of-phase mode of O–H stretching). 
The peaks at 3,514 and 3,630 cm−1 correspond to the symmetric 
and asymmetric stretching of weakly hydrogen-bonded water 
molecules, respectively. The peak at 3,050 cm−1 arises from  
the Fermi resonance between the overtone of the bending 
mode [64]. 

Compared to pure water, the RGO hydrogel presents enhanced 
peaks of intermediate water. The molar ratio of intermediate 
water to free water in the RGO hydrogel is calculated to be 0.63, 
which is ~ 3.1 times that of pure water (Figs. 4(d) and 4(e)), 
contributing to the decrease in vaporization enthalpy for 
accelerating water evaporation. To prove the decrease in water 
vaporization enthalpy in the hydrogel, differential scanning 
calorimeter (DSC) is used to measure the evaporation energies 
of pure water and the water in the hydrogel (Fig. 4(f)). For 
pure water, after the heat flow signal reaches its maximum, it 
drops dramatically, indicating that the evaporation of water is 
completed immediately; whereas, the heat flow peak of the 
hydrogel becomes broader, and the heat flow signal decreases 
slowly with increasing the temperature, proving that the water 
evaporation in hydrogel is different from that of pure water. 
The DSC data in Table S2 in the ESM show that the water 
vaporization enthalpies in RGO, A-RGO, and A-RGO/MX 
hydrogels are much lower than that of pure water, which is 
because many water clusters in water are confined by the 
molecular meshes of graphene network and hence tend to 
evaporate easily as a result of the reduced overall energy 

consumption. The water molecules in liquid phase interact 
with each other by hydrogen bonds to form water clusters [65] 
with minimized energy by their configuration variations [66, 67]. 
In the absence of the hydrogels, water molecules are confined 
to the dynamically stabilized clusters and bounded by adjacent 
clusters [64], making the water evaporation relatively difficult. 
However, the water molecules in the RGO hydrogel could 
form hydrogen bonds with the oxygen-containing groups on 
the hydrogel network, thus some of those bounded clusters are 
activated. During the evaporation process, these water clusters 
would escape easily from the hydrogel network to the air, 
decreasing the water vaporization enthalpy and thus increasing 
the water evaporation rate [59]. Note that, because the DSC 
test is completely dehydrated while the evaporation is slightly 
dehydrated, the vaporization enthalpy measured by DSC could 
not be directly used to calculate the photothermal efficiency. 

If the RGO hydrogel is freeze-dried and thermally reduced 
at 200 °C, the resultant T-RGO hydrogel has a higher water 
vaporization enthalpy than that of the RGO hydrogel     
(Fig. 4(g)). As a result, the water evaporation rate of T-RGO is 
only 1.58 kg·m−2·h−1 (Fig. 4(a)), which is a usual value for the 
graphene-based aerogel and carbon-based photothermal materials 
reported in the literature. The higher vaporization enthalpy of 
T-RGO may be ascribed to the decrease in its oxygen-containing 
groups that affect the state of water molecules. Apparently, 
the RGO hydrogel with a low reduction extent is beneficial for 
decreasing the vaporization enthalpy. 

Figure S11 and Table S3 in the ESM show the effects of the 

 
Figure 4 Solar steam generation performances of hydrogels. (a) Mass changes of water without or with RGO, T-RGO, A-RGO, and A-RGO/MX 
hydrogels under 1-sun irradiation. (b) Comparison of photothermal properties with those reported in the literature. (c) Diagrams of practical application
of hydrogel and its water evaporation mechanism; fitting curves in the energy region of O–H stretching modes for water (d) without and (e) with the RGO 
hydrogel, where FW and IW represent free water and intermediate water, respectively. (f) Thermograms of pure water and RGO hydrogel. The magnitudes
of DSC signals are proportional to the heat flow during the measurement. (g) Change of vaporization enthalpy of the RGO hydrogel before and after the 
thermal treatment at 200 oC. (h) Mass changes of water under each solar concentration. (i) Evaporation rates reach nearly the maximum value. Plot of 
mass change of (j) sea water and (k) pure water vs. time under 1-sun irradiation. 
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solvent exchange time on the water evaporation rate and the 
MXene content in RGO hydrogels. After two cycles of the 
solvent exchanges, the water evaporation rate of the A-RGO/MX 
hydrogel reaches a stable value. The hydrogels with the two-cycle 
solvent exchanges are used for the water evaporation per-
formance evaluations unless otherwise specified. Figures 4(h) 
and 4(i) and Fig. S12 in the ESM show the influences of 
irradiation conditions on the water mass change and evaporation 
rate of the A-RGO/MX hydrogel. The evaporation rates of the 
A-RGO/MX hydrogel reach 2.09, 4.82, 7.66, and 10.48 kg·m−2·h−1 
under 1, 3, 5, and 7 sun irradiations. Theoretically, the con-
centrated solar irradiation results in a higher input power 
density and the evaporation rate would increase with the 
solar energy. The increased ratio of water evaporation rate is 
approximately equal to the increased ratio of solar irradiation. 
However, in the present work, the actual evaporation rate value 
deviates from the theoretical value, which is attributed to the 
relatively low water transport rate in the hydrogel under con-
centrated solar irradiation. The A-RGO/MX hydrogel presents 
better structural stability and resistance to damage during shaking 
in water as compared to its counterpart obtained by directly 
mixing an aqueous suspension of GO and MXene followed 
by gelation (Fig. S13 in the ESM). Moreover, the A-RGO/MX 
hydrogel shows a stable performance even if it works continuously 
in sea water and pure water for 10 h (Figs. 4(j) and 4(k)). 

Efficient use of the sustainable and pollution-free solar 
energy for water purifications is an effective means to solve 
the freshwater shortage. The A-RGO/MX hydrogel is used to 
purify the seawater obtained directly from Bohai Sea (Figs. 5(a) 
and 5(b)). The ion rejections of Na+, Mg2+, K+, and Ca2+ in 
seawater are over 99%, and that of B3+ is also above 98%, 
demonstrating the excellent efficiency of the A-RGO/MX 
hydrogel in removing salt ions. The A-RGO/MX hydrogel 
provides the concentration changes of the four heavy metal ions 
in wastewater before and after the solar thermal purification 
(Figs. 5(c) and 5(d)). The rejections of Cr3+, Pb2+, Zn2+, and Cu2+ 
ions are all above 99.9%. The water quality generated by solar 
thermal purification from seawater and wastewater fully 
conforms to the World Health Organization (WHO) standard 
for drinking water. 

 
Figure 5 (a) Changes of ions content of Na+, K+, Ca2+, Mg2+, and B3+ in 
seawater before (original) and after solar thermal purification. (b) Ion 
rejection rate of seawater after solar thermal purification. (c) Changes of 
four primary ion concentrations of Cr3+, Cu2+, Zn2+, and Pb2+ in simulated 
wastewater before (original) and after solar thermal purification (WHO 
standard at the short horizontal line). (d) Ion rejection rate of seawater 
after solar thermal purification. 

3 Conclusions 
A vertically aligned RGO/MX hybrid hydrogel is fabricated as 
an independent solar steam generation device for highly efficient 
solar steam generation. The vertically aligned channels are 
formed during the liquid nitrogen-assisted directional-freezing 
process, facilitating the upward transport of water to the 
evaporating surfaces for rapid generation of solar-driven steam. 
The partially reduced A-RGO/MX hydrogel possesses a large 
number of residual oxygen-containing groups and its anisotropic 
network not only enhances the multiple light absorption for 
heat generation, but also decreases the water vaporization 
enthalpy. As a result, the A-RGO/MX hydrogel achieves an 
outstanding water evaporation rate of 2.09 kg·m−2·h−1 with a 
high conversion efficiency of 93.5% under 1-sun illumination, 
better than those of static non-folding inorganic materials 
reported in the literature. Additionally, the A-RGO/MX hydrogel 
also presents prominent advantages in seawater desalination 
and wastewater purification with the rejection rates of more 
than 99% for most ions. These results indicate the great potential 
of the A-RGO/MX hydrogel for practical solar driven water 
treatment application. 

4 Experimental 

4.1 Materials 

Pristine graphite flakes (300 mesh) were supplied by Huatai 
Lubricant and Sealing (China). Ti3C2Tx aqueous solution was 
purchased from 11 Technology Co. Ltd (China). Sodium 
nitrate, sulfuric acid (98%), potassium permanganate (99.5%), 
hydrogen peroxide (30%), and hydrochloric acid (37%) were 
supplied by Beijing Chemical Factory (China). Ascorbic acid 
was provided by Aladdin Reagents (China). All chemicals and 
solvents were used as received without additional purification. 

4.2 Preparation of RGO, A-RGO, T-RGO, and A-RGO/ 

MX hydrogel 

Graphite oxide was synthesized by oxidation of graphite flakes 
using a modified Hummers method [68], while the aqueous 
suspension of GO (4 mg·mL−1) was obtained by ultrasonic 
exfoliation of the graphite oxide in deionized water for 15 min. 
After 5 mL of the GO suspension was heated at 75 oC for 1 h, 
100 mg of ascorbic acid was added to chemically reduce the 
GO sheets, and the chemical reduction reaction lasts for 9 h 
at 70 oC to generate RGO hydrogels. Note that the bubble 
removal and preheating treatment were required before the 
reduction to avoid voids in the hydrogel. An A-RGO hydrogel 
was readily prepared by directional-freezing of the RGO 
hydrogel on a copper column pre-cooled by liquid nitrogen 
and subsequent thawing at an ambient environment. T-RGO 
hydrogel was obtained by heating the RGO aerogel at 200 oC 
for 2 h followed by absorbing water in a vacuum environment 
for 3 h. For the preparation of RGO/MX hydrogel, the RGO 
hydrogel was firstly immersed in ethanol to exchange water 
with ethanol, and then immersed in an aqueous suspension 
of Ti3C2Tx MXene (4 mg·mL−1). The Mxene sheets were 
incorporated into the hydrogel network with solvent exchange 
on the basis of the Marangoni effect. The RGO/MX hybrid 
hydrogel was placed on a copper column that was dipped in 
liquid nitrogen to form A-RGO/MX hybrid hydrogel with 
aligned channels by the directional-freezing treatment. To 
ensure the pass of water molecules, the dense layer of the 
upper and lower surfaces of the hydrogel were cut off. Before 
the test, the obtained hydrogels were immersed in deionized 
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water or seawater for 3 days to remove residual reactants and 
MXene. 

4.3 Characterization 

Morphologies and microstructures of all freeze-dried samples 
were observed with a JEOL JSM-7800F SEM. Energy dispersive 
X-ray (EDX) spectra were obtained using an energy-dispersive 
spectra detector. The samples were investigated using a Thermo 
VG RSCAKAB 250X high resolution XPS and a Renishaw InVia 
Raman microscopy with an excitation wavelength of 514 nm. 
X-ray diffraction data were recorded on a Rigaku D/Max 2500 
XRD with Cu Kα radiation (0.154 nm) at a generator voltage 
of 40 kV and a generator current of 40 mA. Contact angles 
were characterized with a Data-Physics OCA 20 contact angle 
system at an ambient temperature. The vaporization enthalpy 
of water was measured by a TAQ2000 DSC at a heating rate 
of 5 oC·min−1. A shimadzu UV-3600 ultraviolet-visible (UV-vis) 
spectrophotometer was used to measure diffuse reflection 
and transmission of hydrogels. Ion concentration of water was 
analyzed using an ICPS-7500 inductively coupled plasma 
emission spectrometer. 

4.4 Steam generation and solar desalination 

The A-RGO/MX hybrid hydrogel was put into a self-made 
glass mold containing proper amounts of water and exposed 
to solar irradiation for 60 min at steady-state condition with 
different solar irradiation intensities using a CEL-HXUV300 
solar simulator with an optical filter for the standard AM   
1.5 G spectrum. An OHAUS CP214 electronic balance with a 
resolution of 0.1 mg was used to record the mass change of 
water. Real-time data transmission was achieved by connecting 
a computer and the electronic balance with RS 232 serial ports. 
To investigate solar desalination capacity, the sea water obtained 
from the Bohai Sea (China) was directly used for salt removal. 
Waste water with heavy metal ions was prepared by dissolving 
certain amounts of copper nitrate, chromium chloride, lead 
nitrate, and zinc chloride in ultrapure water. The room 
temperature was 20 ± 2 °C and the ambient humidity was 
about 50%. 

4.5 Estimation of water evaporation rates and energy 

conversion 

Evaporation rate and photothermal conversion efficiency during 
the solar steam generation from solar energy to thermal energy 
are two important indicators for evaluating the performances. 
Equations (1) and (2) were used to calculate the evaporation 
rate and the conversion efficiency on the basis of the changes 
in water evaporation amounts [69]. The evaporation rate (ν) 
can be calculated using the Eq. (1) 

d=
d

mν
S t´

                  (1) 

where m is the mass of water evaporation, S is the surface area 
of a sample directly exposed to the simulated solar light, and t 
is exposure time. The solar thermal conversion efficiency (η) is 
defined in Eq. (2) 

η = νhLV/(Copt·P0)                (2) 
where hLV is the equivalent enthalpy of the water in hydrogel, 
Copt is the optical concentration, and P0 refers to the nominal 
solar irradiation value of 1 kW·m−2. When calculating the 
photothermal conversion efficiency, the evaporation rate of 
pure water under dark conditions (ν = νlight – νdark) should be 
deducted to eliminate the influence of natural water evaporation. 
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