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Abstract: Removal rate and durability are the two most important parameters of an ideal air pu-
rification filter to remove inhalable particles and toxic gases. Here, based on the interaction of a
local electric field and an external electric field, a novel coaxial core—shell CuO@NH,-MIL-53(Al)
nanowire array was synthesized on a rigid copper net, which was used to remove PM, 5 and SO,
simultaneously. The removal rates of PM; 5 by the filter with and without an external electric field
can reach 98.72% and 44.41%, respectively, and the adsorption capacity of SO, can reach 4.87 mol/ m2.
After repeated filtration and cleaning for 10 cycles, the air pollution removal efficiency can be kept
almost stable.

Keywords: air purification filter; nanowire array; electric field; PM, 5; SO,

1. Introduction

Air pollution consisting of particles, droplets, gases or mixtures of the above substances
has recently attracted serious attention due to its hazardous threat to public safety and
health [1-4]. Among solid pollutants, fine particulate matter such as particulate matter
2.5 (PM; 5, diameter 2.5 um or less) is the most harmful. SOx (i.e., SO;), one of the main
gaseous pollutants, has a significant negative effect on human health and can lead to
lung cancer [5-8]. What is more, SO, can also indirectly lead to the growth of PM, 5 [9].
Various strategies have been developed to accomplish air purification, such as use of an
electrostatic precipitator, bag dust collection and electro spun polymer [10-13]. Among
them, electrostatic precipitation or adsorption has the advantages of low pressure drop and
high collection efficiency, and has become one of the most promising technologies [14-19].
To improve the trapping efficiency, increasing the specific surface area of filter materials
has gradually aroused great concern [20,21]. Therefore, most strategies adopt a honeycomb
or porous structure, but this has the disadvantage of increased back pressure [22]. In recent
research, in order to eliminate the disadvantage of traditional electrostatic adsorption
filters, which cannot filter volatile organic compounds and toxic gases, a large number of
activated carbon particles are fixed on the adsorption frame and embedded in the filtration
system, thus realizing simultaneous adsorption of volatile organic compounds and toxic
gases [23-26].

Metal-organic frameworks (MOFs) are types of mixed crystalline porous materials
with large surface areas and adjustable pore diameter, which are beneficial to the capture
of gaseous air pollutants, and the polar groups on their ligands are donated to give the
filter the activity of adsorbing toxic gases [27-32]. For example, Wang et al. [33] processed
MOF nanocrystals with porous structure into nanofiber filters with high porous MOF
loadings, showing high particle removal efficiency and selectively capturing and retaining
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S0O,. However, the local electrostatic field of MOF is easily saturated or eliminated, and
it is difficult to achieve long-term removal effects by local electrostatic precipitation or
adsorption only. Based on the excellent electrical properties of metal nanowires, researchers
have developed a polyvinylidene fluoride modified silver nanowire percolation network for
filtration. In an electric field, these charged films strongly attract charged PM; 5, resulting
in the effective removal performance of PM; 5. Compared with the particle filter based on
short-range intermolecular force (local electrostatic field) used in the previous research,
the particle filter based on long-range electrostatic interaction can not only remove PM; 5
efficiently, but also can be reused [34].

Herein, we present an in-situ growth method to prepare a copper-mesh-supported
coaxial core-shell CuO@NH,-MIL-53(Al) nanowire array. In this case, a large number of
activated NH,-MIL-53 porous membranes are embedded into the filtration system through
CuO nanowire arrays supported by copper mesh with excellent conductivity, thus realiz-
ing the combination of long-range electrostatic interaction and short-range electrostatic
interaction and achieving excellent removal efficiency of PM; 5 and SO,. Furthermore, it
can be reused many times, thus making it a promising material for air quality control.

2. Materials and Methods
2.1. Materials

Aluminum chloride hexahydrate (AICl3-6H,0, 97%, AR) and 2-Aminoterephthalic
Acid (NH;-BDC, CgH7NOy) were all obtained from Aladdin Industrial Co. Ltd. (Shanghai,
China). Poly(vinylpyrrolidone) (PVP) were purchased from Aladdin Industrial Co. Ltd.
(Shanghai, China). Copper mesh (400 mesh) was obtained from Shanghai Yuren Co. Ltd.
(Shanghai, China). Ultra-pure water with a resistivity of 18.2 M() cm used was provided
by Millipore system.

2.2. Synthesis of Copper-Mesh-Supported CuO Nanowire Arrays

Highly ordered CuO nanowire arrays were synthesized via two-step method. First,
vertical Cu(OH), nanowire arrays were grown in situ on copper mesh according to our
previous reports. Then, the obtained copper-mesh-supported Cu(OH), nanowire arrays
were calcined at 180 °C for 60 min, and further naturally cooled to room temperature. After
this, copper-mesh-supported CuO, nanowire arrays were obtained.

2.3. Synthesis of Copper-Mesh-Supported CuO@NH,-MIL-53(Al) NWAs

The copper-mesh-supported CuO, NWAs were dipped into a 2 g/L of PVP solution
for 30 min. After washed by water, it was immersed into 45.0 mL of Immol/L AICl3.6H,0O
aqueous solution for 40 min to introduce Al3* ions on the surface of CuO nanowires. Then
the pretreatment mesh was put into 45.0 mL of NH;,-BDC N,N-Dimethylformamide (DMF)
solution, and heated at 150 °C for 6 h under autogenous pressure. After cooling naturally,
the as-prepared substrate was drawn from the reactions and washed with DMF and ethanol
several times, respectively, and dried under vacuum at 30 °C.

2.4. PMj; 5 Filtration Test

The PM; 5 filtration experiment was carried out as the following. The mixture of
PM; 5 and moisture was introduced into the left glass of the experiment setup. The inflow
concentration was controlled by burning a cigarette to continuously induce a hazardous
pollution level equivalent to the PM, 5 index > 999 pig/m?>. The PM; 5 density was measured
by a particle monitor (Xiaomi Technology Co., Ltd., China). Meanwhile, the pressure drop
in the PMj, 5 filtration process was measured by a pressure drop detector (AC50, Smart
Sensor, China) under a uniform airflow. The negative ionizer of 3V (XHJ-DO5F) was placed
for charging PM; 5. The PM; 5 removal efficiency was calculated according to the following
equation: where Cy (ug.m3*) and C; (ug.m3*) are the PM; 5 mass concentrations before
and after PM; 5 filtration, respectively. Cy generated from incense per minute was a PM; 5
simulated calculation value. By controlling the switching of the applied voltage and
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negative ionizer, we can obtain the PM; 5 filtration efficiency of the CuO@NH,-MIL-53(Al)
filter at zero electric field and a certain electric field, respectively. The effective filtration
test area of the CuO@NH,-MIL-53(Al) filter was 5.3 cm?.

2.5. SO; Filtration Test

GC-MS (TSQ8000EVO) was performed to measure the absorption performance for SO,
of the CuO@NH,-MIL-53(Al) filter. GC-MS sample bottle where one fourth filter with test
area of 3.06 cm? was injected with 10 mL SO, /N, mixture (1%), and GC-MS was employed
to measure the remaining SO, concentration in the sample bottle after 5 min, 10 min,
20 min, 30 min, 40 min, 50 min, and 60 min, dynamically. Thus, the SO, adsorption rate and
capacity of the CuO@NH,-MIL-53(Al) filter can be obtained by dynamically calculating the
S0, adsorption value.

2.6. Characterizations

The morphology was investigated by a Zeiss Supra 40 scanning electron microscope
(SEM). The element distribution in nanowires was performed using energy-dispersive
X-ray spectroscopy (EDS). Transmission electron microscope (TEM) was characterized
with a JEOL JEM-2010-TEM. Thermogravimetric (TG) analysis was performed using a TG
Q2000 analyzer from 25 to 800 °C under argon flow with a heating rate of 10 °C min~!.
The specific surface area and pore size were measured from ASAP2020M+C BET surface
analyzer. The Fourier infrared spectra (FT-IR) ranging from 500 cm ! to 4000 cm ! were
obtained with an infrared spectrometer (U-4100). The zeta potential was measured with
Malvine nanometer laser particle size analyzer (Mastersizer 2000). The CA is the angle
quantifying the wettability of a solid surface, which was performed on an OCA-20 contact
angle analyzer (Data-Physics, Filderstadt, Germany).

3. Discussion

The coaxial CuO@NH,;-MIL-53(Al) nanowire arrays on porous copper mesh (NWAs/CM)
was prepared by following a procedure involving in situ growth and self-assembly as illus-
trated in Figure 1a. Copper mesh was chosen as the supporting substrate on account of its
excellent electrical conductivity, rigid property, and porous skeleton. Firstly, well-aligned
Cu(OH), nanowires were directly grown on the skeleton of the copper mesh by a surface
oxidation process (Figure S1, see Supporting Information). After a calcination treatment,
the color of the samples turned to gray and the Cu(OH), completely converted to CuO
(Figure 1b,c). The CuO nanowires with a diameter of 114 nm were vertically grown on
the mesh substrate with a high cover density. As shown in Figure 1d, the water angle of
the droplet on the CuO nanowire membrane was 15.3°, indicating a good hydrophilicity.
After coating with the NH,-MIL-53(Al) layer, the diameter of the nanowires increased
to 159 nm, and the surface became rougher. Noticeably, the water angle of the droplet
on this substrate was smaller than that of 10°, indicating the improvement of the surface
hydrophilicity after the loading of the NH,-MIL-53(Al) layer onto the CuO nanowires.
Such a coaxial core-shell configuration can be confirmed by TEM images, as displayed
in Figure 1h. It can be seen that the thickness of the discrete shell is about 43 nm. EDS
mapping analysis as shown in Figure 1i-m further confirmed the coaxial core-shell structure.
In comparison with Cu (yellow) located at the inner region, Al (purple), N (green) and O (blue)
distributed uniformly in the whole nanowire area. The corresponding FI-IR spectra suggest
the sharp bands at 3380 cm ! and 3500 cm ™! are assigned the symmetric and asymmetric N-H
vibrations, respectively, further indicating the NH,-MIL-53(Al) loading (Figure S2). The mass
loading of NH,-MIL-53(Al) in the composite nanowires was calculated ca. 10.13 wt.% from
the TG analysis (Figure S3). The results suggest well-defined coaxial CuO@NH,-MIL-53(Al)
NWAs/CM have been successfully grown on the copper mesh by the integrated method.
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Figure 1. (a) Schematic illustration of the formation process of core—shell CuO@NH,-MIL-53(Al)
nanowires grown on 400 copper mesh. (b,c) Different magnification SEM images of CuO nanowires
and (e f) core—shell CuO@NH,-MIL-53(Al) nanowires grown on 400 copper mesh. (d,g) The respective
water contact angles of CuO and CuO@NH,-MIL-53(Al) nanowire arrays. (h) High-resolution TEM
graph of a single core-shell CuUO@NH,-MIL-53 nanowire. (k) TEM graph of a single core—shell
CuO@NH,;-MIL-53 nanowire, and the red frame is the actual sampling range of EDS. (i-m) Elemental
mapping images of Cu, O, Al, and N record from the same zone.

The interfacial properties of the coaxial core-shell CuO@NH,-MIL-53(Al) NWAs/CM
will directly affect its adsorption performance for air pollutants. Firstly, the BET surface
areas and porous structures of the CuO NWAs/CM and CuO@NH;-MIL-53(Al) NWAs/CM
were determined by Nj adsorption/desorption isotherms. As shown in Figure 54, it is
clearly seen that the N, adsorption/desorption isotherms of CuO NWAs/CM is a typical
nonporous adsorption curve of type II, but there is a typical Hysteresis (H3) loop, which
indicates that capillary condensation may exist in the array structure. After the NHp-MIL-
53(Al) is wrapped onto the CuO nanowires, there is a typical IV adsorption isotherm with
H1 ring, indicating that mesoporous adsorption and capillary adsorption coexist. The
surface charge of the CuUO@NH,-MIL-53(Al) NWAs/CM was evaluated by C potential
detection. The C potential of CuO@NH;,-MIL-53(Al) NWAs/CM was measured at about
+23.6 mV in aqueous solution, indicating an interface with electronegativity. In summary,
we have constructed a positively charged superhydrophilic interface on the surface of
copper mesh with certain adsorption properties. Furthermore, the electrical properties
of the copper mesh interface are mainly derived from amino groups and have a strong
interaction with acidic toxic gases such as sulfur dioxide. Thus, the air filter system is
designed to collect PM, 5 and SO, in a more active manner by electrostatic force when a
voltage is applied to the CuO@NH;-MIL-53(Al) NWAs/CM filter. Compared with the short-
range intermolecular force used in the previous research on polarized polymer nanofiber
particle filters, when low electric energy is applied, the CutO@NH,-MIL-53(Al) NWAs/CM
filter uses long-range electrostatic force and short-range electrostatic force, which can not
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only collect particulate matter more effectively, but also complete the efficient collection of
toxic gases at the same time.

The schematic diagram and test device for measuring the PM; 5 capture efficiency
were displayed in Figure 2a,b, respectively. Specifically, as shown in Figure 2a, the whole
device consists of an air inlet, a modified copper net, an air outlet and a detection system
in turn. Firstly, a filter was fixed at the joint of two glasses. The thickness of one layer of
the filter is 64 um (Figure 2c), and the rigid-thin-layer ensures that fresh air can easily pass
through. Subsequently, a PM, 5 detector was placed in the right glass of the experimental
device to measure the concentration of PM; 5, and a 1.5 V negative ion generator was placed
in the left glass of the experimental device to negatively charge PM, 5. Finally, the left fan
acts as a suction force from left to right, and the pressure drop is measured by a pressure
gauge. When the voltage applied to the filter is positively charged, an electric field will be
established between the filter and PM; 5. The performance of the filter in removing PM; 5
was tested under and without an external electric field, respectively. As shown in Figure 2e,
the PM, 5 removal efficiency of the Cu mesh filter, CuO NWAs/CM filter and CuO@NH;-
MIL-53(Al) NWAs/CM filter was 1.7%, 12.25%, and 44.41%, respectively, indicating that
the uniform growth of CuO nanowire arrays and NH,-MIL-53(Al) on the CuO nanowire
arrays all can significantly improve the filtration efficiency. The different mass changes
with 0~60 min adsorption time that occurred in the CuO@NH,-MIL-53(Al) filter under zero
field and a certain electric field were compared in Figure 2c. The mass changes with
0~60 min adsorption time that occurred in the pure Cu mesh, CuO membrane and
CuO@NH,-MIL-53(Al) membrane under zero field and a certain electric field were further
compared in Figure S5. The digital images and SEM images of the as-prepared CutO@NH,-
MIL-53(Al) filter before and after the 60 min PM; 5 capture test under the electric field were,
respectively, exhibited in Figure 2f, indicating an excellent PM, 5 removal performance
in our air filter under the influence of the electric field. The corresponding SEM image
(Figure S6) of the CuO@NH,-MIL-53(Al) NWAs/CM filter after capturing PM; 5 shows that
more and more PM; 5 is captured with the increase in adsorption time. Interestingly, during
the adsorption process, PM; 5 was uniformly adsorbed on the surface of nanowires without
tip effect. While, after applied a certain electric field, the removal efficiency of the Cu mesh,
CuO membrane and CuO@NH,-MIL-53(Al) filter was greatly improved to 73.39%, 86.17%
and 98.72%, respectively, indicating strong PM filtration capability. Compared with the
highest-level medical protective mask material of melt-blown cloth (>95%) or polymer
nanofiber network particle filter (95—99%), the CutO@NH,-MIL-53(Al) filter shows a high
efficiency (>98.72%) [14].

Furthermore, as shown in Figure 3, SEM image of the CuO@NH,-MIL-53(Al) NWAs/CM
filter after capturing PM; 5 shows that the most important contribution during the adsorption
process is tip adsorption. Due to tip adsorption, spherical-like aggregates with particle sizes of
1-2 microns can be formed on the top of the nanowires, which can not only intercept a large
amount of PMj 5 but also cannot block the gaps in the CuUO@NH,-MIL-53(Al) NWAs/CM filter.
Therefore, even if a large amount of PM, 5 is trapped, the filter still has good air permeability.
What is more, even after 10 cycles of ethylene glycol washing, the removal efficiency has
virtually no obvious change and still reaches 97.46% (Figure 2g). PM; 5 aggregates are easily
cleaned due to the good solubility of PM; 5 in highly polar solvents (Figure 3f), and the
CuO@NH,-MIL-53(Al) filter will not be damaged even after repeated cleaning, which
ensures the reusability of the CuO@NH,-MIL-53(Al) filter. However, with repeated use
after continuous washing, the removal efficiency of the CuO@NH,-MIL-53(Al) NWAs/CM
filter tends to decrease under the action of no electric field, and drops to 38.65% after
10 repetitions (Figure 2f). All this may be due to the mechanism in Figure 4. As shown in
Figure 4, the filtering membrane mainly filters PM; 5 through interception, inertial collision,
Brownian diffusion and gravity sedimentation without applying an electric field. Moreover,
during the filtration process, due to the hydrophilicity of the filter surface and the fact
that NH, ™ groups easily form positively charged NH3" (the ¢ potential is +23.6 mV),
the filter surface is easy capable of generating relatively weak intermolecular forces such
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as short-range electrostatic force or van der Waals force with the permanent dipoles of
PMj; 5 to capture PM; 5. However, it is well known that with repeated use, the short-range
electrostatic force will gradually decrease and cause the PM removal rate to decrease [14,15].
When a positive voltage is applied to the core—shell CuO@NH,-MIL-53(Al) nanowires
of the filter to permeate the network. At the same time, PM; 5 is generated from the
incense and negatively charged by the ionizer. Thus, an electric field is built between
the filter and PM; 5, and a strong long-range electrostatic attraction is generated between
the CuO@NH;-MIL-53(Al) NWAs/CM filter and PM; 5 was described in the following
Equation and Figure 3b.

Fe =Ke (q1 q2/1 + Q1 Q2/R)
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Figure 2. (a) Schematic diagram and (b) test device. (c) photo-image of the experimental setup for
measuring the PMj 5 removal filter. (d) PM; 5 filtration efficiency of the pure Cu mesh, CuO and
CuO@NH;-MIL-53(Al) membranes at an applied electric field and zero electric field. (e) The areal
mass change of the CuO@NH,-MIL-53(Al) filter after PM; 5 capture with different adsorption time at
an applied electric field and zero electric field. (f) Photos and SEM images of the CuO@NH,-MIL-
53(Al) filter before and after PM, 5 capture at an applied electric field. (g) Repeated PM; 5 removal
performance test of CuUO@NH,-MIL-53(Al) membrane at zero electric field and applied electric field.
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Figure 3. SEM images of the CuO@NH,-MIL-53(Al) filter with different time of PMj 5 capture under
an applied electric field. (a—c) 30 min, (d,e) 60 min, and (f) after ethylene glycol washing.

Figure 4. Illustration of the PM, 5 capture process. (a) Schematic of the CuO@NH;-MIL-53(Al) filter
capturing PM; 5. (b) Schematic of electrostatic precipitation which captures PM; 5 of the CuO@NH,-
MIL-53(Al) nanowires at an applied electric field. (¢) CuUO@NH;-MIL-53(Al) nanowires at zero
electric field. (d) Filtration schematic of CuO@NH,-MIL-53(Al) nanowires of the PM, 5 capture
mechanism filtrating PM; 5. (e) Proposed capture mechanism of the filter for PM; 5 and SO,.

Ke is Coulomb’s constant, q; and q, are the magnitudes of the charges which can
generate short-range electrostatic interaction, Q; and Q, are the magnitudes of the charges
which can generate long-range electrostatic interaction, and r, R are the distances between
two charges with different properties, respectively. Therefore, under the action of an applied
electric field, the removal process of PM; 5 depends on the synergistic effect of long-range
electrostatic interaction and short-range electrostatic interaction between the CuO@NH,-
MIL-53(Al) NWAs/CM filter and PM; 5, resulting in more particles being adsorbed on the
net and intercepted instead of being merely blocked. The remote electrostatic interaction
force generated by the applied electric field plays a leading role in the filtration system
and is both controllable and unaffected by the interface properties of materials. Therefore,
under the condition of an external electric field, the filtering membrane can be reused
without lowering the removal rate.

In addition to PM; 5 capture, the CuO@NH,-MIL-53 (aluminum) filter is also designed
to adsorb SO,, which is one of the most dangerous and common gaseous pollutants. The
50, adsorption performance of the CuO@NH,-MIL-53 filter and the adsorption capacity
per unit area of the filter were measured by gas chromatography-mass spectrometry, as
shown in Figure 5a. The adsorption curve shows that the filter has a high adsorption
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speed in the first 20 min and reaches an adsorption saturation of 4.87 mol/ m? after about
60 min, which fully conforms to the Langmuir formula. Furthermore, Figure 5b indicates
the filter can be reused and retained a stable SO, adsorption performance of 3.6 mol/m?
after three cycles of the adsorption—desorption procedure by regenerating the filter under
Ny flow for 12 h at 25 °C. The excellent adsorption capacity of the CuO@NH,-MIL-53(Al)
prepared in our work is owing to the enhanced porosity, smaller pore size of CuUO@NH,-
MIL-53(Al) (Figure S4a). Additionally, the dynamic diameter of SO, is 3.6 A, while the
pore size of the CuUO@NH,-MIL-53(Al) prepared in our work is 18 A (Figure S4b). Besides,
the amine radicals of CuUO@NH;-MIL-53(Al) played a crucial role in acidic polar gas
species adsorption. As shown in Figure S7, the CuO@NH,-MIL-53(Al) filter exhibited a
superior SO, adsorption performance to the CuO@MIL-53(Al) filter, suggesting that the
amino-groups in CuUO@NH,-MIL-53(Al) improved the performance in acidic polar gases
adsorption due to every MIL-53(Al) unit cooperating with amino-groups.

6
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Figure 5. (a) SO, adsorption performance of CuO@NH,-MIL-53(Al) filter. (b) Cycle performance of
the CuO@NH,-MIL-53(Al) filter after regenerating under a N, flow at 25 °C.

4. Conclusions

In this work, we presented a copper-mesh-supported coaxial core—shell CuUO@NHo-
MIL-53(Al) nanowire array filter combining excellent PM; 5 and SO, removal abilities
simultaneously. The removal rates of PM; 5 by the coaxial core—shell CuO@NH;-MIL-
53(Al) NWAs/CM filter with and without an external electric field are 98.72% and 44.41%,
respectively. In addition, the filter can adsorb SO, selectively and effectively when ex-
posed in 1% SO, /Nj mixture, demonstrating an excellent capacity of 4.87 mol/ m?2. The
CuO@NH,-MIL-53(Al) filter was found to still retain a dynamic efficiency for air pollution
even after cycling several times, indicating that it can be potentially applied to the effective
improvement of air clean.
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