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Abstract: Facing the global freshwater resource crisis, using solar energy to produce fresh water
resources in an environmentally friendly way, sorption-based atmospheric water harvesting driven
by solar technology has attracted increasingly more attention. In the current research, the adsorbent
MOF-801 has the advantages of a high adsorption capacity and is suitable for fields with a wide
range of humidity. However, the strong interaction between the adsorbent and water molecules
is conducive to rapid moisture absorption, but at the same time, the adsorbent needs higher heat
to achieve regeneration, which restricts the practical application of the adsorbent. Based on the
principle that carbon materials can improve the photothermal conversion performance of adsorbent,
this paper prepared three composite adsorbents with MOF-801 and three different carbon materials,
characterized the structure and morphology of each adsorbent, and compared the effects of different
carbon materials on the performance of MOF-801 adsorbent. Among them, the photothermal charac-
teristics of MOF-801/CNT adsorbent proposed in this paper are most significantly improved. The
experiment shows that compared with MOF-801/G, the adsorption capacity is increased by 30%, and
the desorption speed is increased by 50%. It maximizes water withdrawals over a period of time in
arid environments.

Keywords: atmospheric water harvesting; carbon nanotubes; MOF-801 adsorbent; photothermal
characteristic

1. Introduction

According to a study, about 2.3 billion people in the world live in countries where
water resources are scarce, and 785 million people cannot even be guaranteed the most
basic drinking water [1]. With the development of human economy and society, industrial
pollution [2] and agricultural production [3] will also lead to the shortage of freshwater
resources becoming more acute. The regions facing the shortage of water resources in
the world generally have very rich solar energy resources [4]. Solar energy resources
are renewable, clean, and pollution-free, and are not subject to geographical restrictions.
Therefore, more and more scholars are exploring the use of local abundant solar energy
resources in water shortage areas to produce renewable fresh water resources. Nature has
predicted that the solar-driven, sorption-based atmospheric water harvesting technology
is expected to solve the water shortage problem of 1 billion people in arid regions of
the world in the future [5]. The sorption-based atmospheric water harvesting method
breaks away from the restriction of electric power, and is suitable for various extreme
climates. It has the characteristics of the widest application scenarios and the greatest
potential. Therefore, increasingly more scholars are paying attention to and studying the
sorption-based atmospheric water harvesting technology.

The performance of the adsorbent fundamentally determines and limits the water
abstraction efficiency of an atmospheric water harvesting system. The ideal adsorbent
should have the characteristics of high moisture absorption, fast moisture absorption speed,
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wide working field (moisture absorption can increase with the increase in humidity in a
wide humidity range), efficient and fast desorption driven by relatively low-temperature
heat sources such as solar energy, and high cycle life [6]. Based on the research status
of various adsorbents in recent years, it can be found that although the water yield of
zeolite [7,8] and silica gel [9,10] is moderate among solid adsorbents, it is not suitable for the
atmospheric water harvesting system, because zeolites have high desorption temperatures,
high energy consumption for regeneration, and long working cycles. Meanwhile, silica gel
has a low total pore space volume and limited adsorption force, resulting in a generally
larger system volume. For hygroscopic salts [11,12], the performance is difficult to regulate,
and is prone to cause system corrosion and other problems, because it will dissolve in the
prepared water. Usually, the solution to this problem is to encapsulate the hygroscopic salt
into other matrices, but which leads to reduced absorption kinetics and poor stability.
MOFs [13,14] (Metal Organic Frameworks) are more suitable for application in an
atmospheric water harvesting system and are expected to overcome the shortcomings of the
above adsorbents. Its pore structure and chemical properties can be regulated at the molec-
ular level by different ligands allowing it to maintain a high humidity absorption speed
and high humidity absorption amount in low temperature and drought environments, but
the desorption temperature is still high and the solar energy utilization efficiency is low.
Yaghi’s team [14,15] reported MOF-801 adsorbent with excellent adsorption properties in
Science. The MOEF-801 is composed of 12 connected Zr-based clusters ZrgO4(OH)4(-COO)12
joined by fumarate linkers into a three-dimensional, extended porous framework of fcu
topology. The structure of MOF-801 contains three symmetrically independent cavities
into which water molecules can be captured and concentrated. However, the desorption
temperature of pure MOF-801 is extremely high. In order to achieve atmospheric water
harvesting driven by low-temperature heat sources such as solar energy, MOF-801 and
graphite (G) were mechanically stirred and mixed in a wide-mouth bottle to prepare MOEF-
801/G, which reduced the desorption temperature and achieved multiple adsorption and
desorption cycles within one day, successfully increasing water production. Although their
work on MOF-801 is comprehensive, the research on adding carbon materials to improve
the photothermal properties of adsorbents is not in-depth. As each carbon material has
different light absorption and thermal conductivity, there will be a big gap in improving
the photothermal performance of the adsorbent. On this basis, if a carbon material with
better photothermal properties than graphite is added, it is expected to develop a new
composite adsorbent with higher light absorption degree and photothermal conversion
rate. In this work, we synthesized high water-adsorbed photothermal composite consisting
of MOF-801 and carbon nanotubes (CNT). This composite adsorbent demonstrates nice
water adsorption capacity and fast adsorption and desorption. This strategy sheds light on
the development of photothermal adsorbents for water capture with easy regeneration.

2. Experimental Section
2.1. Selection of Composite Adsorbent Materials and Mixing Ratio

In terms of material selection, the addition of different carbon materials has different
effects on the adsorption and photothermal properties of the adsorbent. It is hoped that the
carbon material with the best coordination effect with MOF-801 adsorbent can be found
among common carbon materials to prepare a new composite adsorbent.

MOF-801 with high adsorption capacity and a wide humidity adsorption field, but
poor photothermal conversion, long desorption time and high energy consumption was
selected as the adsorption substrate. The common carbon-based materials graphite (G),
carbon black powder (CB), and carbon nanotubes (CNT) were selected as additives to
improve the photothermal properties. MOF-801/G prepared using G was the control
group for composites. The purpose is to compare the adsorption and desorption properties
of three composite adsorbents MOF-801/CNT, MOF-801/G and MOF-801/CB, and to
select an efficient adsorbent with excellent humidity absorption and desorption properties.
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It can also be compared with the existing studies by Yaghi’s team [14,15] to verify the
experimental accuracy.

In the selection of the mixing ratio, the 67:33 wt% mixing ratio proved to be feasible
in the Yaghi team [14,15] study and was used as the proportion of MOF-801 and carbon
material components in the composite adsorbent.

2.2. Composite Adsorbent Preparation Method

In order to make the MOF-801 adsorbent and carbon material mix more evenly, the ball
mill instrument (QM-3SP04, nju-instrument, Nanjing, China) was used for wet ball milling
to compound, compared with the method of Yaghi’s team [14,15] using a wide-mouth bottle
shake. CNT, G, CB, and MOF-801 were added to the agate ball mill tank according to the
ratio of 67:33 wt%, respectively. Zirconia beads were used as grinding beads and methanol
was used as dispersion to grind and mix. The mixed suspension was frozen at —40 °C
and then vacuum freeze-dried for 3 days at a pressure of <10 Pa in a vacuum freeze dryer.
Three composite desiccants, namely MOF-801/CNT, MOF-801/G, and MOF-801/CB, were
prepared after freeze-drying.

In order to empty the methanol molecules remaining in pore canal and other impurity
molecules from the atmosphere, MOF-801 and three composite adsorbents need to be
activated before use, and activated for 12 h at 120 °C using a vacuum drying closet.

2.3. Characterization

Scanning electron microscopy (SEM) images were recorded on a Tescan MIRA LMS
(Kohoutovice, Czech Republic). The powder X-ray diffraction data (XRD) were collected on
X-ray powder diffractometers (Rigaku D MAX-2600, Tokyo, Japan) using Cu Ko radiation
sources. The Fourier transform infrared (FTIR) spectra were carried out on a Thermo
Scientific Nicolet iS20 device (Waltham, MA, USA) using KBr pellets in the wavenumber
range of 400-4000 cm~!. N sorption isotherms were measured by a Micromeritics ASAP
2460 (Micromeritics Instrument, Norcross, GA, USA). UV-vis-NIR spectra were recorded
on a PerkinElmer Lambdal050 (Waltham, MA, USA). The chambers for experiments
with constant temperature and humidistat (Aikosp, Nanjing, China) was used to control
temperature humidity. A xenon lamp light source (PLS-SXE300D/UYV, PerfectLight, Beijing,
China) was used to generate the simulated sunlight.

2.4. Water Sorption

In order to explore the influence of different carbon materials, temperature, and
humidity on the adsorption performance of composite adsorbent, the control variable
method was used to carry out adsorption experiments on each adsorbent in different
environments. Before water sorption assessment, the four adsorbents were weighed at
200 mg and placed in a 35 mm diameter petri dish, the petri dish was placed in a vacuum
drying oven at 120 °C and activated for 12 h, and vacuum degree was set to 133 Pa. The
analytical balance was placed in the chambers for experiments with constant temperature
(T=5°C,15°C, 25 °C, and 35 °C) and humidistat (RH = 20%, 40%, 60%, and 80%). After
activation, the petri dish was removed and placed on the tray of the analytical balance to
record the quality change of the adsorbent. The change in reading of the analytical balance
is the quality change of the adsorbent during the adsorption process under the temperature
and humidity conditions. When the quality of the analytical balance does not change, the
adsorbent is adsorbed to saturation.

2.5. Water Release

In order to explore the desorption rate and photothermal conversion temperature of
the composite adsorbent after adding different kinds of carbon materials, under the same
irradiation intensity, desorption experiments were carried out on the four adsorbents until
complete desorption. The four adsorbents were activated in a vacuum drying closet for
12 h, and then placed in a chamber with constant temperature and humidity (T = 25 °C,



Coatings 2023, 13, 154

40f11

RH = 60%) to be saturated. Real sunlight was simulated by a xenon lamp with a 1.5AM filter,
and the adsorbent was tested in an environment with a radiation intensity of E = 1 kW/m?
until it is completely desorbed. The changes in temperature and mass were recorded using
a balance and thermocouple.

3. Results and Discussion
3.1. Structure and Morphology Characterization

The SEM images provide the most intuitive display of the structure of the mixed
material, as shown in Figure 1. The SEM images of the three composite adsorbents are
shown in Figure 1. It can be proved that MOF-801 and the three carbon materials are
uniformly mixed.

Figure 1. SEM images of composite adsorbent. (a) SEM images of MOF-801/CNT. (b) SEM images of
MOF-801/G. (c) SEM images of MOF-801/CB.

The activated MOF-801/G, MOF-801/CB, and MOF-801/CNT were characterized by
X-ray powder diffractometers. The XRD pattern is shown in Figure 2. The peaks at 26.5°
correspond to the reflections of CNT, CB, and G, respectively, which are basically consistent
with the diffraction peaks of MOF-801. That is, the XRD pattern confirms that the addition
of the three carbon materials does not interfere with the crystal structure, but affects the
diffraction intensities.

ll MOF-801

l MOEF-801/CNT

ll MOF-801/G
UV WY AU .
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MOF-801/CB

Figure 2. XRD Image of MOF-801, MOF-801/CNT, MOF-801/G, and MOF-801/CB.

The FTIR spectra are shown in Figure 3. After adding carbon materials, there is no
significant difference between the FTIR spectra of composites and the peak of MOF-801,
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indicating that there is no chemical interaction between MOF-801 and the three carbon
materials, only physical mixing. These results indicate that MOF-801 in the composite
adsorbent has an adsorption effect, and carbon materials only act as photothermal agents.

MOEF-801/CB

N‘ﬁf"—’“—w

MOF-801/G

AW T~

MOF-801/CNT

T ———

MOF-801

Transimttance/%

500 1000 1500 2000 2500 3000 3500 4000
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Figure 3. FTIR Image of MOF-801, MOF-801/CNT, MOEF-801/G, and MOF-801/CB.

The BET specific surface area, pore volume, average pore size, and other adsorption
performance parameters of the four adsorbents can be measured by specific surface and
porosity analyzer (BET), as shown in Table 1. At the same time, the adsorption isotherms of
four adsorbents under the 77K Ny atmosphere can also be measured, as shown in Figure 4.
For an adsorbent, a good adsorption isotherm type is the basis for an excellent adsorbent,
and its equilibrium adsorption capacity can also be uniquely determined by the adsorption
curve. The results show that three kinds of composite adsorbents have good potential as
adsorbents for an atmospheric water harvesting system.

Table 1. Comparison of adsorbent microstructure size.

Adsorbent BET Surface t-Plot Micropore Average Adsorption
Area/m?/g Volume/cm?®/g Pore Size/nm
MOF-801 511.49 0.136 3.38
MOF-801/CNT 354.77 0.0842 4.26
MOF-801/G 270.68 0.0698 3.92
MOE-801/CB 486.45 0.0896 4.26

It can be seen from Table 1 that compared with MOF-801, the specific surface area and
micropores’ pore volume of the three composite adsorbents decreased, and the average
pore size of the adsorption increased. The reason is that carbon particles with smaller
particle size are adsorbed into the pore canal during ball milling mixing, resulting in a
decrease in porosity, especially the volume of micropores.

In the adsorption isotherms of the four adsorbents under 77K N, atmosphere, as
shown in Figure 4, all isotherms showed type I adsorption when P/P; was less than 0.1
low-pressure section, and the N, adsorption capacity increased sharply with the increase
in relative pressure P/Py, indicating that there were a large number of micropores in the
four adsorbents. In the medium pressure range of 0.3 < P/Py < 0.8, the N, adsorption
capacity continued to increase with the increase in relative pressure P /Py, but the increasing
tendency slowed down. MOEF-801/CB first appeared as a hysteresis loop parallel to the
x-axis at P/Py = 0.4, and the other three materials appeared hysteresis loop at P/Py = 0.8. It
shows that the pore size distribution range of the four adsorbents is wide, and they also
have a narrow mesoporous pore. In addition, the particle size of CB in MOF-801/CB is
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the largest, the blockage of pore canal is the lightest, the porosity is higher, and the N,
adsorption capacity is the highest.

600
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Figure 4. The N; sorption isotherms at 77 K of MOF-801, MOF-801/CNT, MOF-801/G, and MOEF-
801/CB.

3.2. Effects of Different Carbon Materials on the Adsorption Properties of Composite Adsorbents

The adsorption properties of adsorbent mainly include adsorption rate and saturated
adsorption capacity. The four adsorbents were adsorbed to saturation at temperature
T = 25 °C and relative humidity RH = 20%. The experimental results are shown in Figure 5.
It can be seen that MOF-801 reached saturation at 9500 s, the quality change was 21.9%, and
the adsorption capacity was 0.219 kg water per kilogram of MOF, recorded as 0.219 kg/kg.
MOF-801/CNT reached saturation at 7500 s, the quality change was 16.1%, and the ad-
sorption capacity was 0.161 kg/kg. MOF-801/CB also reached saturation at 7500 s, with a
quality change of 14.6% and an adsorption capacity of 0.146 kg/kg. MOF-801/G reached
saturation at 7000 s, the quality change was 12.3%, and the adsorption capacity was
0.123 kg/kg. The adsorption capacity of MOF-801 and MOF-801/G is consistent with the
research of the Yaghi team [14,15].

25
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o 154
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Figure 5. Adsorption curve of MOF-801, MOF-801/CNT, MOF-801/G, and MOF-801/CB at T = 25 °C
and RH = 20%.
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In summary, in terms of the saturated adsorption capacity of the adsorbent, the
ad-sorption capacity of MOF-801/CNT decreased the least among the three composite
adsor-bents added with carbon materials for improving photothermal properties. Its
adsorption capacity decreased by 25% compared with MOF-801 as the adsorption substrate.
The ad-sorption capacity of MOF-801/CB and MOF-801/G decreased by 33% and 44%,
respective-ly. In terms of adsorption rate of the adsorbents, MOF-801/CNT adsorption
rate was the fastest among the three composite adsorbents, followed by MOF-801/CB
and MOEF-801/G being the slowest. However, the adsorption rates of all three composites
were higher than that of MOF-801 before 3000 s. This indicates that the addition of carbon
materials decreased the saturation adsorption capacity but increased the adsorption rate at
the initial stage, and MOF-801/CNT had the highest saturated adsorption capacity and
adsorption rate, i.e., the best adsorption performance, among the three composites.

3.3. Effects of Humidity on the Adsorption Properties of Composite Adsorbents

The four adsorbents were adsorbed to saturation at different humidity levels (RH =
20%, 40%, 60%, and 80%). The experimental results are shown in Figure 6a. When the
temperature was 25 °C, with the increase in humidity, the saturated adsorption capacity
of MOF-801 gradually increased, the adsorption rate increased, and the time required to
reach saturation decreased. The best adsorption characteristics appeared in the working
conditions of T = 25 °C and RH = 80%. After 6000 s, the material adsorbed water to
saturation, and the saturated water absorption was 0.272 kg /kg. In sum, for the same kind
of adsorbent, the adsorption characteristics of the adsorbent are better in the environment
of high humidity.

Mass Change (%)
G

30

Mass Change (%)
[

10 104
—=— RH=80% —=—T=5C
—e— RH=60% —e—T=15°C
> —+— RH=40% 3 —a—T=25°C
—+— RH=20% —v— T=35°C
0 1 1 1 1 1 0 1 1 1 1 1
0 2,000 4,000 6,000 8,000 10,000 0 2,000 4,000 6,000 8,000 10,000
Time (sec) Time (sec)
(a) (b)

Figure 6. Adsorption curve of MOF-801 at different humidity and temperature. (a) Adsorption curve
of MOF-801 at T =25 °C and different humidity. (b) Adsorption curve of MOF-801 at RH = 60% and
different temperatures.

In order to further verify this conclusion, and characterize in detail the adsorption
performance of MOF-801/CNT, which has the best adsorption performance among the
three composite materials, under different temperature and humidity, theMOF-801/CNT
was similarly subjected to adsorption experiments under the conditions of RH = 60%, T
=5°C,15°C, 25 °C, and 35 °C. The experimental results are shown in Figure 7a. It can
be seen that the adsorption properties of MOF-801/CNT are better under high humidity,
which is consistent with the above conclusion. The best adsorption characteristics appeared
in the working condition of T = 25 °C and RH = 80%. After 5500 s, the material adsorbed
water to saturation, and the saturated water absorption was 0.181 kg/kg.
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Figure 7. Adsorption curve of MOF-801/CNT at different humidity and temperature. (a) Adsorption
curve of MOF-801/CNT at T = 25 °C and different humidity. (b) Adsorption curve of MOF-801/CNT
at RH = 60% and different temperatures.

3.4. Effects of Temperature on the Adsorption Properties of Composite Adsorbents

The four adsorbents were adsorbed to saturation at different temperatures (T =5 °C,
15°C, 25 °C, and 35 °C). The experimental results are shown in Figure 6b. When the relative
humidity was constant, as the temperature increased, the saturated adsorption capacity of
MOF-801 gradually decreased, and the adsorption rate slowed down and the time required
to reach saturation increased. This result is also consistent with the research of Yaghi
team [14,15]. The best adsorption characteristics appeared in the working condition of T
=5 °C and RH = 60%. After 6500 s, the material adsorbed water to saturation, and the
saturated water absorption was 0.276 kg/kg. In summary, for the same adsorbent, the
adsorption properties of the adsorbent are better at low temperature.

In order to further verify this conclusion, the adsorption properties of MOF-801/CNT
with the best adsorption properties in three composites under different temperature and
humidity environments were characterized in detail. The experimental results are shown
in Figure 7b. It can be seen that the adsorption properties of MOF-801/CNT are better
under lowering the temperature, which is consistent with the above conclusions. The best
adsorption characteristics appeared in the working condition of T =5 °C and RH = 60%.
After 5000 s, the material adsorbed water to saturation, and the saturated water absorption
was 0.188 kg /kg.

3.5. Light Absorption Properties of Composite Adsorbent Desorption

The photothermal properties of the composite adsorbent include two aspects: optical
absorption and photothermal conversion. The optical absorption represents the solar energy
absorption and utilization of the adsorbent, and the photothermal conversion performance
represents the ability of the adsorbent to convert the absorbed solar energy into the heat
energy required for water desorption.

In order to test the light absorption performance of the composite material, the absorp-
tion spectra of four kinds of adsorbents were measured. UV-vis-NIR spectra of MOF-801,
MOFEF-801/CNT, MOF-801/G, and MOF-801/CB are shown in Figure 8. The absorption of
pure MOEF-801 in the 0-2500 nm range fluctuates greatly, and the optical absorption is less
than 20% in the 500-2000 nm range. The light absorption fluctuation of the three composite
adsorbents is small in the 0-2500 nm range, and the light absorption of MOF-801/G, MOF-
801/CB, and MOEF-801/CNT are 35%, 50%, and 65%, respectively. These results indicated
that the light absorption capacity of the three composite adsorbents was stronger than
that of MOEF-801 in most spectral ranges. The unique tubular hollow structure of CNT
could extend the light path through multiple reflections and confine the light to a small
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volume, thus enhances the interaction of light with the materials significantly [16]. There-

fore, the light absorption capacity of MOF-801/CNT is the strongest among the composite
adsorbents.

100
—— MOF-801
n —— MOF-801/CNT
80 —— MOF-801/G
—— MOF-801/CB
O\\o o AM
@
2 I w
40 (

500 1000 1500 2000 2500

Wavelength/nm
Figure 8. The light absorption curves of MOF-801, MOF-801/CNT, MOF-801/G, and MOF-801/CB.

3.6. Photothermal Conversion Properties of Composite Adsorbent Desorption

The desorption experiment of four kinds of adsorbents was carried out. The experi-
mental results are shown in Figure 9. After adding carbon materials, the water desorption
rates of the three composite adsorbents were significantly increased. Among the three
composite adsorbents, MOF/CNT has the fastest desorption speed, releasing more than
90% of the water content in 10 min, and releasing the most water content when the desorp-
tion is completed in 15 min. It is because of CNT shows the best photothermal conversion
ability and thermal conductivity under the same light intensity, which makes the internal
temperature of adsorbent rise fastest, reaching 96 °C. Therefore, the higher desorption tem-
perature shortens the desorption time of the adsorbent and improves the known absorption.

In sum, among the three composite adsorbents, MOF-801/CNT has the best desorption
characteristics.

100 —a— MOF-801 100
—e— MOF-801/G 90 4
80 1 —a— MOF-801/CB

—v— MOF-801/CNT 80

% 60 J E’ 70 1

= 2 60

3 5

= i o

% 40 g 50

s . —=— MOF-801

204 —e— MOF-801/G
304 —4—MOF-801/CB
—v— MOF-801/CNT|
0 L 20 L
0 10 20 0 10 20

Time (minutes)

Time (minutes)
(a) (b)
Figure 9. Water content and temperature change profiles of four adsorbents irradiated under 1

kW/m? simulated sunlight. (a) Desorption curves of four adsorbents under one sun illumination. (b)
Internal temperature of four adsorbents during desorption.



Coatings 2023, 13, 154 10 of 11

4. Conclusions

Based on the principle that carbon materials can improve the photothermal conversion
performance of adsorbents, the structure and properties of composite adsorbents with
different carbon materials were analyzed and characterized. A new composite adsorbent,
MOF-801/CNT, was proposed and prepared, which had better adsorption and desorption
characteristics than the existing MOF-801/G adsorbent, and the following conclusions have
been drawn:

(1) The new composite adsorbent MOF-801/CNT prepared in this paper has better ad-
sorption and desorption properties than the existing MOF-801/G adsorbent. In terms
of adsorption properties, the saturated adsorption capacity of MOF-801/CNT was
30% higher than that of MOF-801/G at the same temperature and humidity, and the
humidity absorption rate was increased. In terms of desorption characteristics, under
the same light intensity, MOF-801/CNT has the best light absorption performance
and photothermal conversion performance, the desorption speed is 50% higher than
MOFEF-801/G, and the water release is improved.

(2) The structure and morphology of MOF-801/CNT adsorbent were clarified. The BET
specific surface area was 354.77 m? /g, and the average pore size of the adsorption
was up to 4.26 nm, which has excellent qualities as an adsorbent.

(8) The effects of temperature and relative humidity on the adsorption properties of MOF-
801/CNT were clarified, that is, the low temperature and high humidity environment
are beneficial to improve the adsorption properties of the adsorbent.
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