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e transfer weakens hydrogen
bonds between water molecules to accelerate solar
water evaporation†

Liru Wang,ab Jinguo Lin,c Yuanyuan Li,a Yanan Yang,ab Xiaoting Liu,a Zhe Wang,a

Feng Liu, *c Xiaotong Sun,a Tian Yang,ab Nan Chen *ab and Liangti Qu d

The evaporation of water requires considerable energy as it must break the hydrogen bonds that account

for 5/6 of the total intermolecular forces of water in addition to breaking the intermolecular forces. The

same is true for solar interfacial water evaporation to produce pure water. The problem of how to

weaken the hydrogen bonds between liquid water molecules in a solar absorber below the boiling point

of water to increase the evaporation rate has not been focused upon. We designed a reduced graphene

oxide (rGO)-based foam (rGOFpl foam) with a surface rich in highly polar units as a solar absorber.

Theoretical simulations confirm that the charge transfer at the solid–liquid interface brought by highly

polar units such as MgF2 affects the charge distribution of adjacent water molecules, forming more

interstitial water layers with weak intermolecular hydrogen bonds and easy evaporation. rGOFpl foam

has a water vapor production rate of 1.83 kg m−2 h−1 under 1 kW m−2 solar radiation, which is 1.87 times

higher than that of the rGO foam and much higher than some previously reported ones for certain

conventional rGO-based solar absorbers. This study provides an important theoretical basis for the

design of future solar thermal absorbers and paves the way for the practical application of cost-effective

solar interfacial water evaporation technology.
Introduction

Solar-driven interfacial water evaporation involves the
generation of water vapor by breaking the hydrogen bonds
between water molecules at a temperature below the boiling
point of water. In the past, scientists have mainly focused on
designing novel structures and selecting materials with
better photothermal properties to enhance the water evap-
oration rate.1–13 For example, Lu et al. designed a hydro-
phobic nano-constrained water molecular channel
(NCWMC), which limits the volume of water clusters trans-
ported in the channel, achieving a record steam generation
rate of 1.25 kg m−2 h−1 under 0.5 sun radiation.14 Li et al.
prepared a polymer “ET” with ultralow band gap by
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introducing a strong receptor unit with vertical p expansion,
achieving ultrafast internal conversion process (1.49 ps),
showing excellent photothermal conversion efficiency of
50.3% under 1064 nm irradiation, and achieving effective
NIR light utilization.15

However, the fundamental pathway of promoting the rate of
water evaporation under photothermal conditions by weak-
ening the hydrogen bonds between water molecules to reduce
the evaporation enthalpy has not been focused upon. Hydrogen
bonding is a type of intermolecular force, a force between
permanent dipoles, which occurs between a hydrogen atom that
is already covalently bonded to other atoms and another atom
that is more electronegative (X–H/Y).16 In the case of water, for
example, liquid water must break intermolecular hydrogen
bonds in addition to breaking intermolecular forces when it is
vaporized. Calculations show that the bonding energy of
hydrogen bonds must account for 5/6 of the total intermolec-
ular forces between liquid water molecules, thus causing water
to have a much higher boiling point than other common
liquids. Water in interfacial solar evaporation materials gener-
ally exists in three forms, namely, free water (FW), intermediate
water (IW), and bound water (BW).17–20 In addition to FW, which
has no interaction force with the hydrophilic evaporation
material, both IW and BW will interact with the evaporation
material through hydrogen bonding. The difference is that FW
has a weaker hydrogen bond with the photothermal material
This journal is © The Royal Society of Chemistry 2023

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ta09891a&domain=pdf&date_stamp=2023-04-01
http://orcid.org/0000-0001-9987-782X
http://orcid.org/0000-0002-3105-4509
http://orcid.org/0000-0002-0161-3816
https://doi.org/10.1039/d2ta09891a
https://doi.org/10.1039/d2ta09891a
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA011014


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
8 

M
ar

ch
 2

02
3.

 D
ow

nl
oa

de
d 

by
 L

ib
ra

ry
 o

f 
C

hi
ne

se
 A

ca
de

m
y 

of
 S

ci
en

ce
s 

on
 4

/1
2/

20
24

 8
:4

1:
10

 A
M

. 
View Article Online
compared to the BW. The reason why IW with weaker hydrogen
bonds is the bulk of the water produced by interfacial solar
evaporation is that they tend to escape below the boiling
point.21–24

Highly polar surface rGOFpl foam was designed as an
interfacial solar evaporation absorber by loading uo-
rphlogopite (KMg3(AlSi3O10)F2) nanosheets (Fpl nanosheets),
which contains numerous highly electronegative F and O atoms
onto three-dimensional (3D)-reduced graphene oxide (rGO).
rGOFpl foam exhibited an 86.7% increase in the water evapo-
ration rate over conventional rGO foam, reaching up to 1.83 kg
m−2 h−1, which is higher than the most common rGO-based
solar absorbers in terms of the actual evaporation utilization
area. The highly polar surface of rGOFpl foam causes a redis-
tribution of the charge of water molecules in the adjacent BW
layer, which in turn affects the change un the intermolecular
hydrogen bonding of the adjacent IW. First-principles calcula-
tions (FP calculations) and molecular dynamics simulations
(MD simulations) explain the mechanism by which the
uniformly dispersed strongly polar Fpl nanosheets on the rGO
surface affect the charge distribution of water molecules in the
adjacent BW layer. The weakening effect of hydrogen bonding
in the IW layer when the BW layer is disturbed by polarity
greatly accelerates the evaporation rate of water in the rGOFpl
foam.

Experimental
Materials

Natural graphite (325 mesh, Tianjin Graphite Company) and
uorophlogopite (Fpl) akes (about 5 mesh, Anhui Hengyue
Mineral Products Processing Factory) were purchased. Other
conventional chemicals and reagents are purchased from
Xilong Chemical Co., Ltd.

Preparation of rGO and rGOFpl foams

Fpl nanosheets were obtained by ball milling thin akes of Fpl
for 48 h. GO solution was prepared from natural graphite
powder by a modied Hummers' method.25 Different masses
of Fpl were mixed with GO solution (5 mg mL−1) and ultra-
sonically dispersed, then mixed with ethanol in a 30 : 1
volume ratio and poured into a mold to be freeze-dried to
obtain GOFpl foams. The rGOFpl foams were obtained by
reducing GOFpl foams with hydrazine vapor in an oil bath at
80 °C. The samples were cut by a laser to obtain the desired
size for later testing.

Solar steam generation experiments

The foam (1.0 × 1.0 cm) was placed on top of the water-lled
container and isolated with polystyrene foam as an insulating
layer, using absorbent swabs for the most water delivery
medium. The whole device was placed under solar simulation
with different optical concentrations. Solar steam generation
rate was measured for 60 min at steady state. Weight change
was measured by an electronic balance and the surface
temperature was recorded by an infrared camera.
This journal is © The Royal Society of Chemistry 2023
Determination of equivalent enthalpy of evaporation and
energy conversion efficiency

The equivalent enthalpy of evaporation was determined by the
dark evaporationmethod. Themass change of pure water, water
in rGO, and rGOFpl foam at the same time were recorded under
complete darkness, and the equivalent enthalpy of evaporation
of water in the foam was calculated using eqn (1) as follows.

DHvapm0 = DHequmg (1)

where DHvap and m0 are the enthalpy of evaporation and mass
change of pure water, respectively, andmg is the mass change of
the foam. Based on this, energy conversion efficiency (h) is
calculated using eqn (2).26

h = mhv/CoptP0 (2)

wherem is the mass ux, hv is the evaporation enthalpy of water
in the rGOFpl foam, P0 is the solar irradiation of 1 sun (1 kW
m−2), and Copt is the optical concentration on the absorber
surface.
Simulated solar desalination and wastewater treatment
performance tests

To evaluate the water purication performance of rGOFpl foam,
ve foams (1 × 1 cm) were used to purify the sea water from the
China's Yellow Sea, and ve simulated wastewaters (metroni-
dazole, atenolol, ciprooxacin, ibuprofen, Rhodamine B) under
simulated solar irradiation. The concentrations of major metal
ions and drugs in the original solution, condensate, and
collected water were determined by an inductively coupled
plasma atomic emission instrument, UV vis spectrophotometry,
and standard absorption curve method.
Characterization

X-ray diffraction (XRD) patterns were recorded on a Netherlands
1710 diffractometer with a Cu Ka radiation source�
1
1
4

1:54 Å
�
. The morphology of the samples and the energy

dispersive X-ray spectra (EDX) were obtained by scanning elec-
tron microscopy (SEM) (Zeiss SUPRA TM 55 SAPPHIRE, Ger-
many). The atomic ratios of rGO and rGOFpl foam were
characterized using X-ray photoelectron spectroscopy (XPS).
The XPS results were obtained with an ESCALab220i-XL electron
spectrometer from VG Scientic using 300 W Al Ka radiation.
Mechanical compression test was carried out on a SHIMADZU
AGS-X. The reection (R) and transmission (T) spectra of rGO
and rGOFpl foams and wastewater purication curves were
measured on a Shimadzu UV vis spectrophotometer (UV 3600)
with an integrating sphere diffuse reectance. Absorptivity (A)
was calculated by the formula: A = 1 − R − T. The Fourier
transform infrared reection (FTIR) spectra of rGO and rGOFpl
foam were obtained by a Fourier transform infrared spectrom-
eter (IS5) in the range of 400–4000 cm−1. In situ Diffuse
Reectance Infrared Fourier Transform (DRIFT) spectra were
obtained in the range of 500–4000 cm−1 by a BRUKER TENSOR
J. Mater. Chem. A, 2023, 11, 7662–7669 | 7663
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II. The Raman spectra were obtained using an RM 2000
Microscopic Confocal Raman Spectrometer (Renishaw PLC,
England) with a 532 nm laser. Foam evaporation enthalpy was
measured by differential thermal analysis (DSC) (TA Q2000,
America). The temperature was measured by an IR camera
(Fluke TiX640). The weight change of water was measured by an
electronic mass balance with an accuracy of 0.0001 g. The steam
generation experiments were performed in the laboratory using
a solar simulator (MC-X301B). The ion concentration of the
collected water was measured by an inductively coupled plasma
emission spectrometer (ICPE-9820, Shimadzu).

Results and discussion

Fig. 1a is a schematic diagram of the preparation process and
evaporation system composition of rGOFpl foam. The disper-
sion containing Fpl nanosheets (Fig. 1b) with GO was freeze-
dried to obtain GOFpl foam. Shape-regular rGOFpl foam was
obtained by allowing GOFpl foam to be reduced by hydrazine
vapor and then laser cut (see Fig. S1 and S2†) for detail. rGOFpl
foams with different mass ratios (Fpl : GO) including 1 : 1, 1 : 2,
1 : 3, and 1 : 5 were prepared and named rGOFpl-1, rGOFpl-2,
rGOFpl-3, and rGOFpl-5, respectively; rGO was also prepared.
The optimization experiments in Fig. 3b shows that rGOFpl-3
has the best performance for solar water evaporation, and all
subsequent tests were conducted with rGOFpl-3, abbreviated as
rGOFpl.
Fig. 1 (a) Schematic illustration for the fabrication of rGOFpl foam.
SEM image of (b) Fpl nanosheets. SEM images of the rGOFpl-3 foam in
(c) top view and (d) side view along the vertical channel. (e) EDX
elemental mapping analysis of the rGOFpl-3 foam. (f) Fpl nanosheets
attached to graphene sheets in rGOFpl-3 foam. (g) Compressive
stress–strain curves of rGO and rGOFpl-3 foam under compressive
strain (axial).

7664 | J. Mater. Chem. A, 2023, 11, 7662–7669
The surface of the rGOFpl foam consists of many folded
graphene nanosheets in a typical 3D porous network structure,
and all have high porosity (>99%), as shown in Fig. S3,† 1c,
Table S1, and Note S1,† which will effectively increase the
absorption surface area of sunlight and produce higher light
absorption efficiency. The ethanol used for freeze conditioning
rGOFpl foam morphology allows the graphene nanosheets to
form regular vertical channels up to tens of microns in diam-
eter, as shown in Fig. 1d, which is very helpful for rapid water
transport from the bottom to the upper evaporation interface.
The EDX spectra of Fpl shows that the main elements in Fpl
nanosheets are O, Si, Mg, and F, which are also uniformly
dispersed in the rGOFpl foam (EDX elemental mapping analysis
in Fig. 1e and Table S2†). Due to the large surface energy and
surface polarity, many rigid Fpl nanosheets with a diameter of
about 500 nm are rmly attached to the graphene sheets, as
shown in Fig. 1f. The presence of Fpl nanosheets enhances the
strength of graphene backbone, resulting in higher mechanical
stability of the rGOFpl foam, as shown in Fig. 1g. It is also
possible to demonstrate that the Fpl nanosheets have been
doped into rGO by observing the characteristic peak at 26° in
the X-ray diffraction data (XRD) pattern in Fig. 2a. With refer-
ence to the data on the elemental content in EDX (Tables S3 and
S4†), the characteristic peak of Si–O–Si was also observed at
531.8 eV in the X-ray photoelectron (XPS) spectra of rGOFpl, as
shown in Fig. 2b.

Due to the sensitivity of hydrogen bonding to the chemical
environment, the change in its state in water can be obtained by
analyzing the chemical shi in the stretching vibrational peaks
of –OH. The FTIR spectra in Fig. 2c showed that the –OH peaks
of rGOFpl with different contents of Fpl are redshied
compared to the characteristic peak of rGO at 3288 cm−1, and
this redshi can be seen more clearly in the magnied view of
selected regions, as shown in Fig. S4 and Note S2.† Among
Fig. 2 (a) XRD characterization of Fpl, GO, GOFpl-3, rGO, and rGOFpl-
3. (b) XPS characterization of rGO and rGOFpl-3. (c) FTIR spectra of
rGO and rGOFpl with different mass ratios (Fpl : GO) of 1 : 1, 1 : 2, 1 : 3,
and 1 : 5. The inset figure is the larger view of peak of –OH in the water
molecules. (d) The FTIR spectra of wet rGO and rGOFpl-3 without
sunlight exposure. The blue line indicates the –OH peak of rGO and
the red line indicates the –OH peak of rGOFpl-3. (e) Raman spectra
with fitting curves showing the ratio of IW to FW in the rGOFpl-5 (the
top) and rGOFpl-3 (the bottom). (f) Wetting of rGO and rGOFpl-3 at
different times.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) UV vis NIR spectra of rGO and rGOFpl-3. (b) Solar steam
generation rate of rGO and rGOFpl with different ratios under 1 sun
irradiation (1 kWm−2). (c) The mass change of pure water and rGOFpl-
3 under 1, 2 sun irradiations in 0–60 min. (d) The surface temperatures
of the rGOFpl-3 under different solar intensity. (e) The calculated
equivalent enthalpy of water in rGO and rGOFpl-3 foam. (f) Compar-
ison of water evaporation performance based on rGO-based solar
absorbers.
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them, rGOFpl-3 (3227 cm−1) has the largest redshi, indicating
that the polar surface of the Fpl nanosheets forms the most
hydrogen bonds with water molecules. The apparent redshis
of the –OH absorption peaks of rGO and rGOFpl-3 at 3376 cm−1

and 3211 cm−1, respectively, when they are not exposed to
sunlight in Fig. 2d proves that sunlight exposure is not related
to the hydrogen bonds formed between the Fpl nanosheets and
water molecules. The presence of Fpl allows more IWmolecules
with weaker intermolecular hydrogen bonds to escape more
easily from the evaporation interface. In situ DRIFT spectra
show that there is only one large and broad water –OH peak in
rGO, which is the FW –OH peak. The area of the peak increases
with increasing temperature, the hydrogen bonds between
water molecules break, a small portion becomes FW, and most
of it evaporates with increasing temperature. Compared to rGO,
a peak was observed for rGOFpl-3 at 3064 cm−1, which is
thought to be an absorption peak generated by the higher
polarity Fpl attracting more FW and forming more IW. Again,
the area of this peak increased with increasing temperature, as
shown in Fig. S5.† In addition, the FTIR spectra of the dried rGO
and rGOFpl-3 foams showed that rGO and rGOFpl-3 have no
characteristic absorption peaks at 3200–3650 cm−1, as shown in
Fig. S6,† which also indicates that the absorption peaks here are
only from the –OH vibrations of water molecules.

The Raman spectra of rGOFpl-5 and rGOFpl-3 were
measured aer moderate water absorption, and subsequently,
four peaks were obtained by tting with a Gaussian function,
respectively. It should be noted that as a comparison, the
hydrophilicity of rGO is not high, and no obvious water
absorption peak is observed aer the same treatment (Fig. S7†).
The two lower wavenumbers of the four peaks between 3200 and
3450 cm−1 are attributed to FW, which can form four hydrogen
bonds: two H atoms form two hydrogen bonds with the O atom
of another water molecule, and the O atom of the water mole-
cule has two lone pairs of electrons that can form hydrogen
bonds with the H atom of another water molecule. On the other
hand, the two higher wavenumbers of the peaks between 3500
and 3650 cm−1 are attributed to IW, which is in a weak or non-
hydrogen bonded state due to the partial or complete breakage
of the intermolecular hydrogen bonds of the water molecules
here.26–28 The integral area ratio in Fig. 2e shows that rGOFpl-3
reaches 0.4, higher than rGOFp-5 at 0.37, and they are both
higher than pure water at 0.23 (Fig. S8, Table S5 and Note S3†).
The introduction of the highly polarity Fpl nanosheets increases
the proportion of IW in the water-bearing foam. Compared with
rGO without loaded highly polarity Fpl nanosheets, rGOFpl-3,
which has more affinity with water molecules, can be wetted
rapidly within 0.6 s in Fig. 2f.

In Fig. 3a, the UV vis absorption of rGO and rGOFpl foam in
the full wavelength range is about 95%, which is weighted by
the standard solar spectrum 1.5 global (AM 1.5 G), the trans-
mittance is 0%, and the reectivity is less than 5% (Fig. S9 and
S10†). rGO and rGOFpl foams have porous surfaces and vertical
channels that increase the light absorption area and sunlight
reectance. The solar water evaporation rates of rGO, rGOFpl-5,
rGOFpl-3, rGOFpl-2, and rGOFpl-1 foam under 1 sun irradiation
within 6 h were 0.98, 1.44, 1.83, 1.48, and 1.06 kg m−2 h−1,
This journal is © The Royal Society of Chemistry 2023
respectively, of which rGOFpl-3 was the best, as shown in Fig. 3b
and S11.† Fpl is a kind of hydrophilic mineral with more elec-
tronegative atoms such as O and F, and the polar surface of Fpl
tends to make the charge distribution of the O and H atoms of
the water molecule redistributed by attracting more hydrogen
protons; thus, more IW formed and escaped. See more details in
Note S4.†

The water evaporation rate of rGOFpl-3 foam under 1 and 2
sun irradiations were 1.83 and 4.0 kg m−2 h−1, respectively,
which were 3–5 times of the evaporation rate of pure water, as
shown in Fig. 3c. The temperature changes of rGOFpl-3 foam
under different sunlight irradiations were subsequently recor-
ded to evaluate its photothermal conversion capacity. Under 1
sun irradiation, the surface temperature of the rGOFpl-3 foam
reached 32 °C, as shown in Fig. 3d. The overall rGOFpl-3 foam
was lled with water and completely exposed to air; thus, most
of the heat generated at the surface of the foam escaped into the
air. The surface temperature variations of the dry rGOFpl-3
foam under different sunlight irradiations were also
measured, as shown in Fig. S12 and S13.† The highest
temperatures of rGOFpl-3 reached 51.6 °C and 84.4 °C under 1
and 2 sun irradiations, respectively, showing the excellent
photothermal conversion ability of rGOFpl-3 foam.

The essential reason for the high enthalpy of evaporation of
water is the strong hydrogen bonds between water molecules,
and the comparison of the enthalpy of evaporation under the
same conditions also helps to determine the strength of
hydrogen bonding between water molecules. The equivalent
evaporation enthalpy of water in darkness was calculated by eqn
(1) for rGO and rGOFpl-3 foam as 2287 kJ kg−1 and 1632 kJ kg−1,
respectively, as shown in Fig. 3e, both of which are signicantly
lower than the enthalpy of evaporation of pure water of 2560 kJ
kg−1. This is further supported by DSC measurements; see
Fig. S14† for detail. We suggest that the interfacial charge
transfer between the polar surface of the Fpl nanosheets and the
adjacent water molecules leads to a weakening of the hydrogen
J. Mater. Chem. A, 2023, 11, 7662–7669 | 7665
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bonds in the IW, which makes it easier for water molecules to
escape from the evaporation interface. The charge transfer
effect of the highly polar Fpl nanosheets on the interfacial water
molecules allows more IW to be generated in the rGOFpl-3
foam. rGOFpl foam therefore has a high energy conversion
efficiency (h). The h of the rGOFpl-3 foam obtained by eqn (2) is
81.4%. Comparing the previous works, the evaporation perfor-
mance of rGOFpl is found to be better than most typical rGO-
based solar absorbers, as summarized in Fig. 3f and Table
S6.†29–37

FP calculations and MD simulations investigated the kinetic
process of microscale evaporation with the aim of demon-
strating the effect of charge transfer due to the surface polarity
of solar absorbers on the evaporation rate. Based on the
observation of three evaporation phases of hydrogels at the
macroscopic scale,38 it is generally believed that IW molecules
are more likely to evaporate because it is difficult to form
tetrahedral conformations and have weaker intermolecular
hydrogen bonds. Fig. 4a and b show unit cell of Fpl nanosheets,
where the chemical components having good polarity are
exposed on the surface, including KO, MgO, and MgF2. FP
calculation was performed to apply the Bernal–Fowler ice
model39 embedded in the studied substance and to study their
Fig. 4 Correlation between polarity and evaporation rate. (a) and (b)
show the front and side view of the unit cell in Fpl (K{Mg3[AlSi3O10]F2}),
respectively. The purple, orange, light blue, blue, red, and grey color,
represent K, Mg, Al, Si, O, and F atoms, respectively. (c) Polarity model:
one Mg and two F atoms are embedded in Bernal–Fowler ice model,
where the charge number variation of the given O atoms are marked.
The corresponding charge density difference is given in (d), where
yellow (blue) color represents positive (negative) charge accumulation.
(e) By gradually tuning the charges onH andO atoms inMD simulation,
the polarity dependence of evaporation rate is studied. Note that the
polarity is equal to the number of electrons attracted by O atoms. (f)
Two kinds of water molecules with different polarities are mixed in MD
simulation, only those with weaker polarity could evaporate. (g) The
illustration of electronegativity difference index. (h) The polarity as
a function of electronegativity difference.

7666 | J. Mater. Chem. A, 2023, 11, 7662–7669
inuence on the evaporation acceleration, using MgF2, shown
in Fig. 4c as an example. In this way, the variation of the water
molecule near the surface of Fpl nanosheets could be studied at
the electronic level. The corresponding charge difference
distribution of MgF2@Ice is shown in Fig. 4d, and a signicant
charge transfer is observed. Quantitative charge changes (with
respect to ice) can be obtained by charge analysis (Bader charge
analysis) and are marked in Fig. 4c with a charge transfer of 0.1–
0.2 e− between MgF2 and adjacent BW molecules. Note that
when O atoms gain charges, H atoms lose charges, indicating
the weaker polarity of the adjacent BW molecules. In fact, not
only do MgF2, K2O, and MgO have the same phenomena, the
charge transfer amplitude also changes a little (see Fig. S15†).
The charge transfer weakens the polarity of water molecules,
which was investigated by MD simulations. It was found that
the evaporation rate increases as the water molecules' polarity
decreases and follows the Arrhenius relation,

k = A exp(−Q(p)/kBT) (3)

where k is the evaporation rate, A is the frequency factor
equaling to 4.294 × 107 ns−1, kB is the Boltzmann constant, T is
the temperature, Q(p) is the activation energy and is a linear
function of polarity p (dened by the amplitude of the partial
charge on O atom), i.e., Q(p)= (p/pr)Qr, where pr= 0.82 and Qr=

1.34 eV (see Fig. 4e), indicating that the mechanism of evapo-
ration remains unchanged, and the energy barrier height of
evaporation is decided by the polarity. Combining the charge
transfer and its induced hydrogen bond weakening, our theo-
retical calculation suggests that charge transfer between adja-
cent BW molecules and hydrophilic materials is a key step that
weakens the hydrogen bond between IW and BW and therefore
provides the IW molecules a better chance to escape from the
liquid surface. One thing should be stressed that the charge
uctuation amplitude of O atoms in IW could attain 0.02 e−

(circled by black dash lines in Fig. 4c), which could affect the
hydrogen bond strength. These bonds determine the evapora-
tion rate, assuming an O atom loses 0.02 e−; the corresponding
polarity is reduced to 0.8, leading a 3.5-folds enhancement in
the evaporation rate (according to eqn (3)), which is close to the
two times the increase in the evaporation rate of rGOFpl-3
relative to rGO found in experiments (see Fig. 3b).

To give a more specic physical picture for the accelerated
evaporation of the IW molecules, in Fig. 4f, two types of water
molecules with different polarities are mixed to qualitatively
reproduce the evaporation dynamic process, where the strength
of the hydrogen bond varies. It is found in the limited simula-
tion time that only water molecules possessing weaker
hydrogen bonds manage to run away, resembling the acceler-
ated evaporation of the IW molecules.

An index is proposed to assess the electronegativity differ-
ence of different matters (e.g., MgO, MgF2, and Al2O3) in contact
with water molecules.

en ¼ eA �
XNN

i¼1

ei=Ni � eC (4)
This journal is © The Royal Society of Chemistry 2023
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where en is the electronegativity difference, eA, ei, and eC are the
charge of corresponding atoms (see Fig. 4g, where A and C are
marked, and i represents the i-th nearest neighbor atom of A). NN
and Ni is the coordination number of A and its i-th nearest
neighbor atom, respectively. Note that C could represent O or H
atom. The results (see Fig. 4h) show that a strong association
between the polarity and the electronegativity differences (polarity
is still dened by the amplitude of the partial charge on O atom,
and the value difference with Fig. 4e origins from the calculation
methods). Therefore, the correlation between them and the
evaporation rate can also be helpful in searching the potential
candidate for accelerating water evaporation. Compared with
other materials commonly used for water evaporation, MgF2 and
MgO, which may appear on the surface of Fpl nanosheets, lead to
the minimal polarity for the adjacent BW molecules, which work
together to accelerate the water evaporation in our system and
make the rGOFpl foamperform better (Fig. 3f and 4h). See Note S5
in the ESI† for more computation details.

The device shown in Fig. 5a and S16† was used for water
collection. The rGOFpl foam can work continuously as an
Fig. 5 (a) Photograph of water evaporation and collection system. (b)
The evaporation performance of the rGOFpl foam in 12 h under 1 sun.
(c) The evaporation performance of the rGOFpl foam with seawater in
6 h under 1 sun; insets are pictures of before and after evaporation with
salt accumulation. (d) Concentration measurement of four main ions
before and after purification and calculated ion rejection efficiency in
seawater (Yellow Sea). (e) Solar steam generation rates of metroni-
dazole in 1000mg L−1 during 6 h under 1 sun. (f) Purification efficiency
(collected water) of rGOFpl solar absorber for 4 simulated pharma-
ceutical wastewaters, (i) metronidazole, (ii) atenolol, (iii) ciprofloxacin,
(iv) ibuprofen. (g) Comparison with adsorption method for the treat-
ment of pharmaceutical wastewater. Overall, the rGOFpl solar
absorber has the highest purification efficiency. (h) Photos of the
rGOFpl solar absorber before and after purification of Rhodamine B
solution (100 mg mL−1); it is obtained by continuous exposure to 3
suns for 5 h, and (i) UV vis absorption curves of the solution before and
after purification.

This journal is © The Royal Society of Chemistry 2023
absorber for 12 h with stable water evaporation rate, as shown
in Fig. 5b. Seawater desalination using rGOFpl foam revealed
that a small amount of salt particles accumulated on the foam
surface, leading to the blockage of the foam channels. The water
evaporation rate of rGOFpl foam then decreased to 1.6 kg m−2

h−1 aer 6 h for 1 sun (see Fig. 5c and inserts in Fig. 5c). The
concentrations of the four major ions, including Na+, K+, Ca2+,
and Mg2+ in the condensate and collected water, decreased
signicantly from the initial 14 700, 669, 377, and 1130 mg L−1

to 8.37, 0.709, 2.97, and 0.636 mg L−1, respectively, as shown in
Fig. 5d, with all salt rejection efficiencies close to 100%. All
these concentrations were well below the drinking water stan-
dards set by the World Health Organization (WHO).

The ability of the rGOFpl foam to purify simulated phar-
maceutical wastewater was also evaluated using drugs
including metronidazole and atenolol with good water solu-
bility (concentration of 1000 mg L−1), ciprooxacin with good
acid solubility, and ibuprofen with good base solubility
(concentration of 200 mg L−1). During 6 h of water evaporation,
the rGOFpl foam still maintained a water evaporation rate of
1.74 kg m−2 h−1, as shown in Fig. 5e. By plotting the standard
UV vis absorption curve (Fig. S17†), the residual drug concen-
tration in the condensed and collected water was obtained. As
shown in Fig. 5f, the removal efficiencies were as high as 99%,
100%, 99.7%, and 96.1% for metronidazole, atenolol, cipro-
oxacin, and ibuprofen at concentrations as low as 9.89, 0.28,
0.55, and 6.56 mg L−1, respectively, and these results were
superior to many reported works using adsorption methods for
water pollution treatment (Fig. 5g).40–74 In addition, rGOFpl
foam was used to purify the aqueous solution containing the
articial dye Rhodamine B. It was found that the UV vis char-
acteristic peak of Rhodamine B in condensed and collected
water at 570 nm disappeared aer purication, and the puri-
cation efficiency was close to 100%with the color of the solution
changing from pink to colorless, as shown in Fig. 5h and i.

Conclusion

In summary, the water evaporation rate of 1.83 kg m−2 h−1 for
rGOFpl foam is sufficient to make it stand out among common
rGO-based solar absorbers due to the weakening effect of
hydrogen bonds between intermediate water molecules
induced by highly polar units. FP calculations and MD simu-
lations explain the mechanism by which the uniformly-
dispersed strongly polar Fpl nanosheets on the rGO surface
affect the charge distribution of water molecules in the adjacent
BW layer, which in turn weakens the intermolecular hydrogen
bonds in the intermediate water layer and promotes the rapid
evaporation of water. This design is very helpful for scientists to
understand the basic principles of rapid evaporation of water in
photothermal materials below the boiling point of water at the
level of hydrogen bond formation and its nature.
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