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A B S T R A C T

The application of solar-driven water evaporation process in clean water production via solar distillation is
recently intensively investigated. The phase change and mass transfer processes during the solar-driven water
evaporation process can directly leave behind the salts, heavy metals, organic dyes, etc and simultaneously
produce the clean water vapor. However, if the water source is contaminated by volatile organic compounds
(VOCs), solar-driven water evaporation may accelerate VOCs volatile and enrich them in the condensate. In this
work, the enrichment of VOCs in distillate water was first demonstrated and a multi-functional honeycomb
ceramic plate was fabricated by coating a layer of CuFeMnO4 on the surface of a cordierite honeycomb ceramic
substrate. The honeycomb structure was beneficial for light trapping and energy recycling and thus to improve
the solar-to-water evaporation efficiency. The CuFeMnO4 coating layer acted as both the photothermal material
for solar-driven water evaporation process and the catalyst for VOCs removal via heterogeneous photon-Fenton
reaction. With the integration of photo-Fenton reaction into the solar distillation process, the clean distillate
water was produced with efficient removal of the potential VOCs from the contaminated water sources.

1. Introduction

Water shortage is one of the most pressing global challenges in the
following decades due to population growth, increasing steadily im-
proving living standards, and climate change [1,2]. An ancient tech-
nology, solar distillation, has been rejuvenated with the rapid devel-
opment of photothermal materials as well as various thermal
management strategies [3–8]. It is regarded as a promising clean water
production technology because it only utilizes the abundant solar en-
ergy, makes negligible environmental impacts, and only requires low
capital and operation costs [4,9–16]. A summary table of the most re-
cent state-of-the-art studies on solar evaporation efficiency and water
evaporation rates has been presented in Supporting Information.

Besides clean water production from the various open water body,
when contaminated wastewater is used as source water, solar distilla-
tion is also an ideal green all-in-one system to produce clean water and
in the meanwhile to achieve additional goals [17–23]. For example, in
addition to producing clean water, a 3D structure photothermal mate-
rial was used to realize waste brine zero liquid discharge treatment and
wastewater volume reduction in a lab-made solar still by using con-
centrated brine and domestic wastewater as source water, respectively
[13,24].

Besides salts, the source water may also contain various con-
taminants include inorganic and organic pollutants, such as heavy
metals, microorganisms, and volatile organic compounds (VOCs).
Generally, heavy metals and most organic pollutants remain in the
source water during solar distillation. Therefore, they do not affect the
water quality of the distillate water as demonstrated in the previous
literature [25]. For example, a novel ink-stained paper has been re-
ported to be effective to remove Cu2+, Cd2+, Pb2+, Ni2+, and Zn2+

from wastewater to generate fresh water through solar distillation [26].
A 3D artificial transpiration device with an umbrella structure inspired
by natural plants has been reported to be an efficient device for heavy-
metal salts recovery and clean water production at the same time via
solar distillation [14]. Furthermore, photocatalysts have been deco-
rated on photothermal materials to produce clean water via solar dis-
tillation and to remove dyes in the bulk source water via photocatalysis
in the same solar still [18,21,27].

VOCs contaminated ground water is commonly found from several
sources such as municipal waste, traffic, and industrial and agricultural
operations [28]. VOCs (such as benzene, toluene, phenol, TCE, etc)
could be one of the possible concerns in the distillate water, because
they are easy to evaporate along with water vapor and have a big
chance to be collected together with condensed water during solar
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distillation. However, the enrichment of VOCs in the distilled water has
never been investigated in clean water production via solar distillation,
although the VOCs-polluted waters may be used as water source.

Mixed metal oxide pigments have been investigated recently as a
promising photothermal material due to their thermal and chemical
stability at high temperature and excellent outdoor durability [13,29].
CuFeMnO4 as a black mixed metal oxide pigment with excellent light
absorption ability and solar-driven water evaporation performance has
been carefully investigated previously [13,30–33]. We found that Fe
and Cu inside this mixed metal oxide pigment could provide the pos-
sibilities to act as a photo-Fenton catalyst, similar to other MMO type
materials reported in literature, such as CuFe2O4 [34–36]. In this work,
we intended to integrate heterogeneous photo-Fenton reactions into a
typical solar distillation system to remove the potential VOC pollutants
in the distillate water. Since CuFeMnO4 possesses both good perfor-
mance in solar steam generation and Fenton reaction, we choose it as
the active component in this work. The CuFeMnO4 coating layer acted
as both the photothermal component and heterogeneous photo-Fenton
catalyst. The honeycomb structure of the ceramic plate is rationally
chosen due to the fact that honeycomb is beneficial to improve the light
absorption by recovering the light reflection and to increase the water/
air interfacial area, and thus led to an outstanding solar steam pro-
duction performance.. In this work, solar-driven water evaporation rate
was recorded to be higher than 1.45 kgm−2 h−1, with a solar-to-eva-
poration efficiency ∼91%. Phenol was chosen as a model of VOCs to
investigate the VOCs removal efficiency in this system. Without this
multi-functional photothermal material, the collected condensate con-
tained phenol with a concentration much higher than the original
source water. After introducing the photo-Fenton reaction into the solar
distillation, high phenol removal efficiency ∼98.2% was achieved for
the water source of 20mg/L phenol. This multi-functional photo-
thermal material provided a promising solution for clean water pro-
duction from contaminated source water that contains VOCs pollutants.

2. Experimental

2.1. Chemicals and materials

Cylindrical honeycomb ceramic with diameter of 5 cm was pur-
chased from Hangzhou Nanosemi Nanomaterials Co., Ltd. Copper (II)
nitrate trihydrate (Cu(NO3)2·3H2O), iron (III) nitrate nonahydrate (Fe
(NO3)3·9H2O), manganese (II) nitrate tetrahydrate (Mn(NO3)2·4H2O),
and phenol were purchased from Sigma-Aldrich. H2O2 30% was pur-
chased from VWR Chemicals and methylene blue was purchased from
Acros Organics. Tert-Butanol (C4H10O, 99.0%) was purchased from
Scharlau Company. Commercial synthetic seawater (ASTM D114) was
from RICCA company.

2.2. Fabrication of multi-functional photothermal material

Honeycomb ceramic plates with round shape in different heights
(0.5, 1.0, 2.0, 3.5 and 5.0 cm) were cut from the cylindrical honeycomb
ceramic as matrix materials in this work. Honeycomb ceramic plates in
0.5 cm height were used unless otherwise specified. Metal nitrates with
the desired molar ratio were dissolved in DI water to get a clear aqueous
solution in dark green with different concentrations as the precursor
solution for each sample. Specifically, the weight concentration of 10%,
20%, 40% and 60% of metal nitrate precursors with Cu:Fe:Mn molar
ratio of 3:1:3 were prepared and the samples were denoted as CFM-n,
with n being the concentration of precursor. The precursor solution of
7mL in total volume was slowly dropped on the honeycomb ceramic
plates and kept at room temperature. After full absorption for 1 h, the
precursor-impregnated honeycomb ceramic plates were dried in an
oven at 120 °C for 3 h. Then, they were calcined in a muffle furnace at
600 °C for 2 h with a heating rate of 5 °C/min. In addition, in order to
optimize the iron concentration for photo-Fenton reaction, different

molar ratios of precursor were prepared (3:0:3, 3:0.5:3, 3:1:3, 3:2:3 and
3:4:3 for Cu:Fe:Mn) following otherwise the same conditions, which
was noted as Fe-0.0, Fe-0.5, Fe-1.0, Fe-2.0 and Fe-4.0. In this set of
samples, the total metal nitrates precursor weight concentration was
40 wt% for all of them.

2.3. Material characterization

The surface characteristics and the elemental mapping were in-
vestigated by field-emission scanning electron microscopy (FESEM,
Zeiss Merlin, Germany). The powder X-ray diffraction (XRD) patterns
were measured on a Bruker D8 Discovery diffractometer. The UV/Vis
absorption properties of materials were measured using a spectro-
photometer equipped with an integration sphere (Shimadazu, UV 2550,
fine BaSO4 powder as a reference). The NIR absorption was measured
by Perkin-Elmer Lambda-950 spectrophotometer with an integrating
sphere detector. The X-ray photoelectron spectroscopy (XPS) results
were collected by an Axis Ultra instrument (Kratos Analytical) under
ultrahigh vacuum (<10−8 torr) and by using a monochromatic Al Kα
X-ray source. The adventitious carbon 1s peak was calibrated at 285 eV
and used as an internal standard to compensate for any charging effects.
Contact angle were obtained using OCA 35 (Data-Physics, Filderstadt,
Germany). Thermal images and temperature gradients were collected
using an infrared camera (FLIR A655). Chemical oxygen demand (COD)
was measured using a HACH COD reactor, a HACH-DRB 200 colori-
meter, and the digestion solution was COD analysis kit (0–1500mg/L
range, HACH Co., Loveland, CO, USA). The ion composition was de-
termined by inductively coupled plasma-mass spectrometry (ICP-MS,
Agilent 7500cx, Santa Clara, USA).

2.4. Water evaporation performance measurement

The light source was provided by a solar simulator (Oriel Sol1A
Class ABB Solar simulators, Newport) with an intensity of one sun (AM
1.5, 1000 Wm-2). A lab-made system was used in the water evaporation
performance measurement. The weight change of water source was
monitored by an electronic scale and the real-time data were collected
by a computer with a sampling rate of 1 point per minute for de-
termination of the water evaporation rate. In more details, the prepared
black honeycomb ceramic plates were placed on top of a board of
polystyrene (PS) foam with a thickness of 1 cm. The board of PS foam
was put on top of a glass water beaker with a diameter of 5.0 cm and a
height of 6.0 cm, which was surrounded by a PS foam container. Water
was transported from the bulk water to the honeycomb ceramic plate by
capillary effect and transpiration effect via a piece of quartz glass fiber
through the center of the PS foam board. All the experiments were
operated inside the lab with a humidity of 61% RH and room tem-
perature is 20–21 °C. The calculation details of water evaporation rate
and solar-to-water evaporation efficiency were presented in supporting
information.

2.5. Photo-Fenton activity measurement

The photo-Fenton activity was evaluated by using MB as a model for
organic pollutants in aqueous solution under irradiation from a solar
simulator. The test was conducted in a 100mL beaker with a quartz
window. The as-prepared honeycomb ceramic plate was bounded with
a ring of PS foam, which kept the ceramic plates floating on the top of
the solution. All these catalytic reactions were conducted in the beaker
with constant mechanical stirring to keep mass uniformly diffusion. For
the degradation of MB, the desired amount of dosage of H2O2 was
added into the 70mL aqueous solution containing 10mg/L MB, with
pH of 6.71. Before illumination, the as-prepared honeycomb ceramic
plates were floating in the MB solution without any H2O2 dosage for 1 h
to reach adsorption-desorption equilibrium so that the adsorption in the
dark can be discounted. The lamp was turned on while a certain amount
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of H2O2 (0.00M-0.15M) was added into the solution. The removal of
MB was monitored by the relative absorption peak intensity at the
wavelength of 664 nm by UV-vis spectroscopy, which was the char-
acteristic optical absorption of MB [37]. About 5mL reaction solution
was withdrawn at given time intervals and the remaining MB in the
solution can be calculated by Ct/C0, where C0 and Ct represented the
initial concentration of MB solution and the concentration of MB so-
lution at irradiation time of t, respectively. The used honeycomb
ceramic plates were rinsed with ethanol and DI water several times and
dried in nitrogen flow for a recycled test. Phenol with a concentration of
20mg/L and domestic wastewater sample collected from KAUST was-
tewater treatment plant were also used for photo-Fenton performance
test, and the reaction process was monitored by measuring COD con-
centration. One molar NaOH was added to each sample of phenol to
stop the oxidation process and then samples were further subjected to
analysis. The COD concentration was measured by a commercial COD
kit. Before subjecting to the COD measurement, the samples were
pretreated with 1M NaOH at 40 °C to remove residue H2O2 in the
sample solution. Trap agent including tert-butyl alcohol (TBA) was
added into the model pollution solution to trap hydroxyl radicals (OH·).
N2 was pumped into the solution for 30min before the reaction to
detect superoxide radicals ( −⋅O2 ).

2.6. Clean distillate water production

Water evaporation system was placed in a lab-made solar-still de-
vice and the distillate water was collected simultaneously. Phenol was
chosen as the model of VOCs. Phenol solutions containing various
concentrations of phenol (10, 20, 50 and 100mg/L) were prepared
using DI water. Specifically, the bottle filled with 35mL phenol solution
of the desired concentration and mixed well with the desired dosage of
H2O2 solution was used for evaporation. The complex contaminated
seawater was also used as the water source for distillate water pro-
duction, which was prepared by commercial synthetic seawater mixed
with MB (1.6 ppm) and phenol (16 ppm). Before turning on the solar
irradiation, the system was kept in dark for 1 h for absorption-deso-
rption equilibrium. The lamp was turned on while 0.1MH2O2 was
added into the solution. Distillate water was collected under irradiation
for 12 h for evaporation.

3. Results and discussion

The original honeycomb ceramic substrate was white viewed from
the side surface (Fig. S1), and the average light absorption of its side
surface in the visible light range was only ∼5%. While the blank
honeycomb ceramic appeared dark inside the column when viewed
from the topside (Figure 1a-1). The average light absorption measured
from the topside in visible light range of a honeycomb ceramic disk
with a height of 0.5 cm is above 44% (Fig. 2). This greatly enhanced
light absorption should be mainly attributed to the advantage of the
honeycomb structure, which can be regarded as a closed packed array
of rectangular 3D cups with a side length of 0.1 cm and a height of
0.5 cm. When the light entered into the small 3D cup structure with
high aspect ratio, the light was trapped inside due to the multiple re-
flection/absorption process. By this cup array structure, a high aspect
ratio cup structure was achieved with a small height of the disk
(0.5 cm).

Mixed metal nitrates with the desired molar ratio were dissolved in
water as a precursor solution and it was impregnated onto the honey-
comb ceramic substrate (Figs. 1a-2). The mixed metal nitrates were
then converted to mixed metal oxide CuFeMnO4 with black color by
calcining at 600 °C (Figs. 1a-3). SEM observation found that the blank
honeycomb ceramic plate (Figure 1b-1) possessed a highly porous
structure formed by the CuFeMnO4 coating layer (Figs. 1b-2), which
was beneficial to enhance the light absorption [38,39]. The EDX ele-
mental mapping of the surface of honeycomb ceramic plate indicated

that the Cu, Fe, and Mn were uniformly distributed on the surface of the
ceramic plate (Fig. 1c). The insets in Figs. 1b-2 showed the contact
angle on the honeycomb ceramic plate, which indicated the composite
product was hydrophilic. The highly porous hydrophilic structure en-
sures the honeycomb ceramic with good water absorption ability as
demonstrated in the video (SI), in which the water droplet was ab-
sorbed quickly into the honeycomb ceramic plate. The XRD results for
the sample were presented in Fig. S2. The ceramic substrate showed the
characteristic peak of cordierite [40] and the additional characteristic
peaks from trimetallic CFM were matched well with the literature re-
ference. [41,42].

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.03.039.

Four CFM-n honeycomb ceramic plates (Fig. S1, Fig. S3, and Fig. 1a)
with the thickness of 0.5 cm were prepared from mixed metal nitrate
precursors with different concentration, 10%, 20%, 40%, and 60%,
respectively. Fig. 2a,b and Fig. S4 showed the light absorption of
samples under dry and wet condition in the whole range of solar
spectrum. The corresponding average light absorptions for these sam-
ples under dry condition were 95.6%, 96.5%, 97.2%, and 97.5%, re-
spectively. Once the samples were soaked with DI water through ca-
pillary action and turned to be a wet state, the light absorption
increased to be 96.9%, 98.0%, 98.2%, and 97.9%, respectively. Their
photothermal properties were investigated by taking the infrared (IR)
images under a simulated solar light source with an intensity of
1000Wm−2 (AM 1.5). The steady-statement temperature of sample
CFM-0, CFM-10, CFM-20, CFM-40, and CFM-60 were 45.0 °C, 78.8 °C,
80.1°C, 82.1°C, and 81.3°C, respectively (Fig. S5 and Fig. 2c). The
steady-state temperature of the sample CFM-40 honeycomb ceramic
plate was the highest among all the samples coating with different
concentration of precursors, demonstrating its efficient light-to-thermal
conversion.

The water evaporation performance of the sample under one sun
illumination (Fig. 3a-c) was measured by using a lab-made system as
reported in previous work [13]. When the blank honeycomb ceramic
material was used as the solar evaporator, a relatively high DI water
evaporation rate (∼0.61 kgm−2 h−1) was recorded, which was higher
than the most white-colored substrate in the literature
(0.4–0.5 kgm−2 h−1) [43]. This was another direct evidence that this
honeycomb structure had a good ability for light absorption and good
energy usage efficiency. The sample of CFM-40 presented a water
evaporation rate of around 1.45 kgm−2 h−1 for DI water, corre-
sponding to a solar-to-evaporation efficiency of 91%. The operation
equilibrium temperature for CFM-40 was around 42.8 °C in the inset of
Fig. 3a. All these values were comparable to those reported in the latest
literature, indicating this honeycomb ceramic photothermal material
possessed the state-of-art solar-driven water evaporation performance
under similar conditions.

The water evaporation performance of commercial synthetic sea-
water and domestic wastewater were also investigated and presented in
Fig. 3b and c. The evaporation rates under simulated solar light for
commercial synthetic seawater (∼1.21 kgm−2 h−1) and domestic
wastewater (∼1.25 kgm−2 h−1) were slightly lower than the eva-
poration rate of DI water (∼1.45 kgm−2 h−1), which was expected due
to the lower water vapor pressure of the saline water. The insets in
Fig. 3b were showing the salts crystalized on the outer surface of the
honeycomb ceramic plate, leaving the top surface still clean during
evaporation for 3 h, which was in good accordance with the reported
3D structure beneficial for salts crystallization [24].

The photo-Fenton reaction activities of CFM honeycomb ceramic
were firstly investigated in an experimental setup shown in Fig. 4a and
Fig. S6a. If a VOC compound was used as the model pollutant, eva-
poration of VOC molecular may interfere the degradation efficiency
measurement; therefore, methylene blue (MB) was used as a model of
organic pollutants in this part. Apparent degradation of MB was ob-
served as soon as the photo-Fenton reaction was initialized by turning
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on the light irradiation as well as H2O2 adding to the system, as shown
by the visual color change of the MB solution during the photo-Fenton
reaction by sample of CFM-40 (Fe 2.0) honeycomb ceramic plate (with
H2O2 0.08M) (Figs. 4a-2).

Samples with different amount of iron were prepared by using the
same concentration of metal nitrates precursor (40%) but a different
molar ratio of iron nitrate. The effect of iron concentration on the de-
gradation activity in the photo-Fenton reaction was illustrated in

Figs. 4b-1 and the reaction kinetics were presented in Figs. 4b-2. It can
be founded that the degradation accelerated as the amount of iron in-
creasing from Fe 0.5 (Cu:Fe:Mn=3:0.5:3, the molar ratio of Fe is 7.7%)
to Fe 2.0 (Cu:Fe:Mn=3:2:3, the molar ratio of Fe is 25%). This phe-
nomenon can be ascribed to the reason that the number of reactive sites
increased when the amount of iron was increasing. However, the re-
action activity dropped for the sample with a higher concentration of
iron Fe 4.0 (Cu:Fe:Mn=3:4:3, the molar ratio of Fe is 40%), which

Fig. 1. Digital photos of prepared multi-func-
tional honeycomb ceramic plate: (a-1) the blank
honeycomb ceramic plate, (a-2) the CFM-40
honeycomb ceramic plate with the coating layer
after drying, and (a-3) the CFM-40 honeycomb
ceramic plate with the coating layer after 600 °C
annealing treatment. SEM photos of (b-1) blank
honeycomb ceramic plate and (b-2) the CFM-40
honeycomb ceramic with the coating layer after
annealing treatment. Inset in (b-2) was the
contact angle of the surface of CFM-40 honey-
comb ceramic plate. EDX elemental mapping of
the surface of CFM-40 honeycomb ceramic plate
(c-1) for Cu (c-2), Fe (c-3), and Mn (c-4), re-
spectively.

Fig. 2. UV-vis absorption spectra of CFM-n
honeycomb ceramic plate loading with the
same amount of different concentration of
metal nitrates precursor solution at dry (a)
and wet (b) states. IR images of the blank
porous ceramic plate under (c-1) dark and
under one sun irradiation for 10min (c-2),
and CFM-40 honeycomb ceramic plate
under one sun irradiation for 10min (c-3).
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might due to the excessive loading of iron in the material would con-
sume the generated HO· as the scavenging effect, as presented in the
following equation (1) [44,45].

+ → ++ + −Fe HO Fe OH·2 3 (1)

The effect of the dosage of H2O2 on the degradation of MB in the
photo-Fenton system was also investigated by the CFM-40 (Fe 2.0)
sample. It showed that the degradation activity enhanced as the dosage

of H2O2 increased from 0.00M to 0.15M (Fig. 4c). It is well known that
the production rate of ⋅OH can be accelerated as more H2O2 is added
into the Fenton reaction system, which is beneficial to the degradation
of organic pollutants [37]. The improvement of degradation rate was
less significant when the dosage of H2O2 was up to a higher con-
centration, which might due to the fact that excess amount of H2O2 was
a disadvantage to the removal of organic pollutants due to the hydroxyl
radical scavenging effect, as presented in the following equations

Fig. 3. Time-course of water evaporation perfor-
mance for CFM-40 honeycomb ceramic plate under
different conditions: (a) DI water, (b) synthetic sea-
water and (c) domestic wastewater. Inset in (a)
showed the IR image of the wet sample during eva-
poration test. Inset in (b) showed the sample after 3h
evaporation. The average water evaporation rate and
solar-to-water evaporation efficiency of each test in
the last 30min of the test duration under different
conditions (d).

Fig. 4. Digital photos of (a-1) the experimental setup for photo-Fenton reaction and (a-2) MB solution at different reaction time: the left one was the contaminated
water at 0min, the middle one was the partially purified water at 5min and the right one was the purified water at 20min. Degradation (b-1) and the reaction kinetic
study (b-2) of MB in bulk phase by CFM-40 honeycomb ceramic plate with different concentration of iron through photo-Fenton reaction. The dosage of H2O2 was
0.08M for all the tests. Degradation (c-1) and the reaction kinetic study (c-2) of MB by CFM-40 (Fe 2.0) honeycomb ceramic plate with different amount of H2O2

dosage through photo-Fenton reaction.
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(2)–(5) [46].

+ → +H O HO HO H O· ·2 2 2 2 (2)

→HO H O2 · 2 2 (3)

+ → +HO HO H O O· ·2 2 2 (4)

→ +HO H O O2 ·2 2 2 2 (5)

The ability for COD removal in different contaminated water
sources was also investigated under dark and light conditions (Fig. S7).
Phenol solution and domestic wastewater were used as the model for a
contaminated water source. It was found that for both water sources,
the COD removal efficiency was a little higher under light condition
than under dark condition, indicating the benefits of light irradiation
for Fenton reaction in this system. The improved COD removal effi-
ciency under light condition might due to the enhancement of ⋅OH
production by solar irradiation, [47] and the higher temperature in-
duced by the localized heating of photothermal material, which was
reported to be beneficial on photo-Fenton reaction kinetics [48,49].

In order to check the active species in the photo-Fenton reaction
process, different scavengers were used to capture the different radicals.
As showed in Fig. 5a, the photo-Fenton reaction performance decayed
greatly in the presence of TBA, which can quench the ⋅OHradicals [50].
In the N2 bubbled MB solution, the degradation efficiency also de-
creased, which indicated that ⋅OHand O2

− radicals contributing to the
degradation of MB, but the ⋅OHwas predominant since the decay of
degradation efficiency was much bigger by adding TBA than N2 purging
[50].

The X-ray photoelectron spectroscopy analysis (XPS) results of CFM-
40 honeycomb ceramic plate before and after the photo-Fenton reaction
were presented in Fig. 5b and Fig. S8. The surface of the fresh CFM-40
samples containing Cu, Fe, Mn, and the photo-Fenton reaction did not
change the surface element composition. The Figs. 5b-1 and Fig. S8b
showed the high resolution of Cu 2p for the CFM composite. It can be
seen that Cu 2p energy level of both samples was composed of main

characteristic doublet peaks corresponding to Cu 2p 1/2 and Cu 2p 3/
2 at ∼952.8 eV and ∼932.9 eV, respectively, and shake-up satellite
structures at about 8 eV and 10 eV binding energies higher than that of
the main Cu 2p peaks [51,52]. The broad Cu 2p 3/2 peak and shake-up
satellite feature were deconvoluted into 5 peaks. The peak position at
∼931.1 eV and ∼932.7 eV were related to Cu1+ and Cu2+ phases. The
peak at ∼934.3 eV was consistent with the absorber Cu(OH)2 species
on the surface of material [53–55]. The peaks at ∼940.6 eV and
∼943.0 eV were the satellite peaks of Cu 2p 3/2. Figs. 5b-2 showed the
high-resolution XPS spectra of Fe 2p. Fe3+ was characterized by the Fe
2p peaks at ∼711.2 eV (Fe 2p 3/2) and ∼724.3 eV (Fe 2p 1/2). The
peaks at ∼711.2 eV and ∼713.7 eV could be assigned to the presence
of Fe3+ with associated satellite signal at ∼719.5 eV, while the Fe2+

was easily identified by the peaks at ∼709.3 eV and 724.1 eV [56–58].
Figs. 5b-3 showed core level spectra of Mn 2p. Two separate states of
Mn 2p 3/2 and Mn 2p 1/2 were observed at∼641.2 eV and∼653.4 eV,
respectively. The peaks of Mn 2p 3/2 at 640–645 eV could be evaluated
as the synthesis of two components: one at 643 eV associated with
Mn4+ and another one at 641 eV associated with Mn3+ [59]. One sa-
tellite peak was observed at ∼648.5 eV, which was indicating of the
presence of Mn2+ [55]. The O 1s peak presented very obvious varia-
tions (Fig. S8). For the fresh CFM-40 sample, the main peak at 529.7 eV
was attributed to the lattice oxygen O in CFM composite [60]. The
degradation reaction increased much the percentage of O 1s OH com-
ponent at 532.0 eV, while decreased markedly the lattice oxygen O
assigned to the oxide (529.7 eV). This indicated that the CFM surface
was strongly hydroxylated during the degradation process. As it has
been reported that the surface hydroxyl groups were the active sites for
oxidation decomposition and hydroxyl radicals production, the high
proportion of the surface hydroxyl may contribute to the enhancement
of the photo-Fenton reaction [61,62].

The XRD results were obtained for the sample before the photo-
Fenton reaction and after the reaction (Fig. S2). There was no obvious
difference in XRD results between the freshly prepared CFM composite

Fig. 5. (a) 10mg/L MB solution, 0.08MH2O2 dosage with and without trapping agents. High-resolution XPS spectra of CFM-40 honeycomb ceramic plate before and
after five cycles: comparison of Cu 2p spectra (b-1), comparison of Fe 2p spectra (b-2) and comparison of Mn 2p spectra (b-3).
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and the CFM composite after reactions, indicating the stability of CFM
composites, which was consistent with the XPS results.

The condensed distillate water was collected in a lab-made solar still
(Fig. 6a and Fig. S6b) for further investigation. Phenol in different
original concentrations (10, 20, 50 and 100mg/L) was used as a model
of VOC and the concentration of phenol was measured in case of COD
concentration (Fig. 6b, green column). The COD concentration of ori-
ginal phenol recorded for different concentrations was well in ac-
cordance with the theoretical values. The COD concentration in con-
densed distillate water evaporated directly without photothermal
material was 378% of the original solution with concentration of
10mg/L, 302% of the original solution with concentration of 20mg/L,
225% of the original solution with concentration of 50mg/L, and 152%
of the original solution with concentration of 100mg/L. All of these
results showed that phenol was easily concentrated and collected in the
condensed distillate water, which indicated directly that VOC could be
a potential concern in the condensed distillate water in a solar still
system if the water source was contaminated by VOCs. The phase
change and mass transfer processes in solar-driven water evaporation
cannot remove VOCs directly in the same way as salts or heavy metals,
while in the opposite, water evaporation process can accelerate VOCs
volatile and condense in distillate water. Actually, this was the first
work to pay attention and provide the experimental demonstration of
VOCs enrichment issue in the clean water production via solar dis-
tillation, even though contaminated water sources are possibly used in
the solar distillation system [3,63].

The removal efficiency of phenol in terms of COD concentration in
distillate water by multi-functional CFM-40 ceramic plate compared
with COD concentration in distillate water evaporated directly without
material and the COD concentration of the original solution were pre-
sented in Fig. 6c. The COD removal efficiency for phenol of all the
concentrations was higher than 91.3% compared with the distillate
water evaporated directly without material treatment. Among all the
experiments, the phenol of 20mg/L had the highest removal efficiency
of ∼98.2%. When the COD removal efficiency for phenol compared
with the COD concentration in the original solution, all the samples
were higher than 86.8%, and the highest is 94.5% for the phenol so-
lution of 20mg/L. In a conclusion, the VOC from the contaminated
source water was effectively removed from the condensed distillate
water generated by the multi-functional CFM-40 ceramic plate through
solar-driven water evaporation and photo-Fenton reaction.

The CFM-40 honeycomb ceramic plate can be easily cleaned with DI
water and ethanol for regeneration. Fig. 7a showed the MB degradation
by photo-Fenton reaction for 10 cycles with each cycle for 20min. As
presented in Fig. 7a, the removal of MB during the first cycle could
reach 95.7% after 20min. For the tenth cycle for photo-Fenton de-
gradation of MB, the degradation efficiency was just slightly decreased

to be 87.3%, which indicated that CFM-40 honeycomb ceramic plate
was stable for several times recycle. This heterogeneous photo-Fenton
system also prevented the formation of iron sludge by immobilizing
iron oxides compared with the homogeneous iron salts and enabled the
reusability of the material by simply flushing.

The concentrations of ions in distillate water were measured for a
water sample condensed from a sample of contaminated seawater
(Fig. 7b). The contaminated seawater was prepared by commercial
synthetic seawater mixed with MB (1.6 ppm) and phenol (16 ppm). The
yield of fresh water condensation by using source of contaminated
synthetic seawater without photo-Fenton reaction (without H2O2 do-
sage) was calculated to be 0.556 kg h−1m−2 and the yield of fresh
water condensation with photo-Fenton reaction (with H2O2 dosage)
was calculated to be 0.612 kg h−1m−2. The 10% improvement of fresh
water condensation yield with H2O2 dosage might due to the heat re-
leased during Fenton reaction, which means that the photo-Fenton re-
action is also beneficial for water evaporation performance. The con-
centration of Na+ decreased obviously after the evaporation-
condensation process and was far below the drinkable water standard
limit for Na+ defined by the World Health Organization (WHO,
200–250mg/L) [11]. The concentration of Cu, Fe and Mn were negli-
gible in the distillate water, indicating the stability of the coating
composite. COD concentration for the original solution was measured
to be ∼1224mg/L and the COD concentration for the distillate water
was measured to be ∼10mg/L, which meant ∼99.18% COD was re-
moved. The MB degradation was also presented in Fig. S9, which in-
dicated high degradation efficiency. The high removal efficiency for
both phenol and MB indicated the potential application for a complex
contaminated water source. The quite low ion concentrations ensured
the distillate water from this system was potable.

4. Conclusions

Honeycomb ceramic plates with unique 3D structure have been
demonstrated to have significant light absorption properties and high-
energy efficiency for solar-driven water evaporation. The first demon-
stration of VOCs condensation issue in distillate water was given in this
work that VOCs should be taken into consideration for a solar still
device designing. CuFeMnO4 composite is promising to for VOCs re-
moval due to its highly efficient activity for photo-Fenton reaction. In
addition, this photothermal material based heterogeneous photo-
Fenton system prevents the formation of iron sludge by immobilizing
iron oxides compared with the homogeneous iron salts and enables the
reusability of the material by simply flushing. The integration of photo-
Fenton reaction with solar-driven water evaporation would extend the
application of both processes in a wider prospect.

Fig. 6. (a) The scheme of the lab-made solar still. The container was made of glass and the top cover was made of a polycarbonate (PC) plastic film. Phenol
concentration in case of COD concentration under different conditions (b) and phenol removal efficiency in case of COD compared with the distillate water without
material and compared with the original solution (c).
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