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ABSTRACT

Metal-organic framework (MOF) crystals have promising applications in a
number of different fields, but the growth of MOF crystals with controllable
morphology and high uniformity remains a major challenge. By taking the
advantage of the synergistic effects of water molecules in the mixed solvent and
polyvinylpyrrolidone (PVP) surfactants, this work demonstrates an approach
for the preparation of NH,-MIL-88B(Fe) MOF crystals with both highly cus-
tomizable size and aspect ratios and high uniformity. The effects of the con-
centration of water in the mixed solvent and the amount of PVP surfactants on
the morphology and size of the MOF crystals were investigated. The mor-
phology and crystalline properties were characterized by scanning electron
microscopy and X-ray diffraction techniques. The data showed that through
controlling the concentration of water in the solvent and the amount of the PVP
surfactant, the size of the MOF crystals can be tuned rather widely, over
344-5.14 nm, while the aspect ratio of the crystals can be varied widely over
1.0-7.1. Possible mechanisms for such high tunability were discussed. As an
example of potential applications, the complex permeability and permittivity of
MOF-derived composites (25 wt%) were measured over a wide frequency range
of 2-18 GHz. The parameters were then used to evaluate the potential for
electromagnetic wave absorption. The results indicate that the composite with a
thickness of only 1.2 mm exhibits a “— 10 dB” absorption bandwidth of 4.1 GHz
and a minimum reflection of — 20 dB. Such bandwidth and reflection properties
provide inspiration for future design of lightweight, broadband electromagnetic
wave absorbers from the perspective of fine morphology control.
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1 Introduction

Metal-organic frameworks (MOFs) are a kind of
emerging materials with porous network structures
that are composed of central metal ions as nodes and
organic ligands as bridging components [1]. In recent
years, MOFs have received more and more attention
thanks to the almost infinite possibilities of combi-
nations of metals and ligands. Such infinite combi-
nation possibilities offer a high degree of tunability in
both the size and morphology of MOFs and thereby
make the physical and chemical properties of MOF
materials highly customizable [2-5]. In terms of
practical applications, MOFs can be used in a wide
range of fields that include gas storage [6, 7], gas and
liquid separation [8, 9], catalysis [10, 11], medicine
[12, 13], environmental remediation [14], and elec-
tromagnetic wave absorption [15].

The size, aspect ratio, and uniformity of MOF
crystals play important roles in practical applications.
For example, for medical imaging, the size and aspect
ratio of MOF crystals largely affect the imaging res-
olution [16]. For the use of ZIF-7-IIl as a filler in
mixed-matrix membranes, the particle aspect ratio is
an important factor, because high aspect ratio fillers
effectively hinder the permeation of non-permeable
gas species, which increases the selectivity of the
membrane when the fillers are aligned perpendicular
to the gas flow direction [17, 18]. Further, it has been
previously shown that MOF crystals with large
aspect ratios and low defect concentration can nota-
bly enhance charge and mass transfer when they are
used for gas separation [19].

The choice of the synthesis method is very impor-
tant for the preparation of MOF materials; it affects
both the structure and properties of the product.
Several different methods have been developed to
synthesize MOFs. These methods include the sono-
chemical method [20], microwave-assisted synthesis
[21, 22], mechanochemical synthesis [23], surfactant-
assisted synthesis [22, 24], position modulation
[25, 26], and the solvothermal method [27]. Although
there are a good number of different synthetic
approaches, the precise control of the size and aspect
ratio of MOF materials remains a major challenge.
For example, for the microwave-assisted method, the
complex spatial distribution of the microwave field
can cause the microwave reactor to generate hot spots
and thereby result in local overheating; such local
overheating makes MOFs deteriorate into irregular
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geometric shapes [28]. For the mechanochemical
synthesis approach, it is not easy to tune the size and
shape of the obtained MOF crystals.

Among the above-mentioned approaches, the
solvothermal method has been a very popular one,
but the obtained MOF crystals often have non-uni-
form size distribution [29, 30]. The solvothermal
method has the advantages of simple operating pro-
cess, high product purity, and good crystallinity,
which are important for the synthesis of bio-inspired
materials for applications in bioscience and the
preparation of nanostructured particles in nanotech-
nology. [31-35]. In order to better control the size
(and the aspect ratio) of MOF materials, several new
approaches have been proposed and explored. One
method is to introduce surfactants into the reaction
system. Because the surfactant molecules can be
weakly coordinated with metal ions, the surfactant
provides steric stability for the nucleation growth of
MOF crystals, slows down the nucleation rate, and
therefore enables easy control of the crystal size [36].
For example, a previous work on the synthesis of Fe-
MIL-88B-NH, crystals has used non-ionic triblock
copolymer F127 and acetic acid as the stabilizer and
the deprotonation agent, respectively, to better con-
trol the size and shape of the crystals [37]. In another
work, Cai et al. introduced polyvinylpyrrolidone
(PVP) as a surfactant into the reaction medium to
adjust the size and morphology of Fe-MIL-88B [24].
In addition to the surfactant, the solvent is also a key
tuning element in the synthesis of MOFs; the prop-
erties of the solvent, such as the polarity and solu-
bility of structural units, greatly affect the nucleation
and growth of MOF materials [2]. For example,
Cheng et al. prepared NH,-MIL-53(Al) crystals with
controllable size and morphology by changing the
ratio of water in the N,N’-dimethylformamide (DMF)
-water mixed solvent system [38].

This article reports on the preparation of NH,-MIL-
88B(Fe) MOF crystals with controllable crystal size
and aspect ratios using the solvothermal method. The
high controllability of the crystal morphology and
size is achieved through the integration of the above-
mentioned surfactant and solvent approaches.
Specifically, through the control of the PVP surfactant
and the water concentration in the DMF/water sol-
vent, the size of the NH,-MIL-88B(Fe) crystal can be
tuned over a wide range of 0.34-5.14 um, while the
aspect ratio of the crystal can be varied in a wide
range of 1.0-7.1. The prepared NH,-MIL-88B(Fe)
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crystals have potential applications in gas storage
and separation, drug delivery, and electromagnetic
wave absorption. As one example, the potential
application of NH,-MIL-88B(Fe) crystals in electro-
magnetic wave absorption was investigated.

2 Experimental details
2.1 Materials

Ferric chloride (FeCls, 97%, Sigma-Aldrich), H,N-BDC
(CsH;NOy4, 98%, Aladdin), polyvinylpyrrolidone
(PVP, MW = 40,000, Sigma-Aldrich), N,N’-dimethyl-
formamide (DMF, 99.8%), and anhydrous ethanol
were obtained from Sinopharm Chemical Reagent Co.
Ltd. All of the chemicals and solvents were used as
received without any further purification.

2.2 Preparation of NH,-MIL-88B(Fe)

The NH,-MIL-88B(Fe) crystals were prepared
through a facile solvothermal process that is similar
to the process reported previously, but with some
slight modifications [16, 24, 37]. A precursor solution
was prepared by mixing FeCl; (300 mg, 1.849 mmol),
H,N-BDC (1100 mg, 6.072 mmol), and 0-16 g of PVP
(0g 2g 4g 8g 16 g in a solution (73 mL) of DMF
and water. The mixture solution was transferred into
a 100-mL-Teflon autoclave for solvothermal treat-
ment at a temperature of 115 °C for a time period of
3 h. The products were collected by centrifugation
first and were then washed several times with
anhydrous ethanol and DMF. After that, the products
were dried in an oven at a temperature of 60 °C for a
time period of 12 h.

2.3 Preparation of sample MIL-A

The samples synthesized under the conditions of a
fixed PVP amount of 16 g and a volume percentage
of water in the mixed solvent of 45 vol% were
annealed in a tube furnace under nitrogen flow at
800 °C for a period of 2 h. The heating rate was
10 °C min~ '. The obtained products were denoted as
“sample MIL-A.”

2.4 Characterization

The composition and crystalline structure of the sam-
ples were characterized by X-ray powder diffraction
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(XRD) techniques, using an Empyrean XRD system
(PANalytical B.V.) with Cu K radiation
(4 = 0.15406 nm, 40 kV, 40 mA). The morphology and
microstructures of the samples were characterized by a
field emission scanning electron microscope (FESEM,
GeminiSEM 300, Zeiss). The electromagnetic proper-
ties of the samples were measured by a vector network
analyzer (VNA, E5071c, Agilent) over a wide fre-
quency range of 2-18 GHz. This involved the mea-
surements of scattering parameters of the samples and
the calculation of the relative permeability (u,) and
relative permittivity (e,) from the measured scattering
parameters, using the software “Agilent Technologies
85071” [39—41]. The electromagnetic measurements
made use of a ring-type sample that was prepared as
follows: The MOF materials were first mixed uni-
formly with paraffin wax with a mass ratio of 25%; the
mixture was then pressed into a ring shape with an
outer diameter of 7.0 mm, an inner diameter of
3.04 mm, and a thickness of 2.50 + 0.1 mm.

3 Results and discussions

3.1 Influences of DMF-water mixed solvent
ratio on morphology and size

A series of NH,-MIL-88B(Fe) MOF crystals with dif-
ferent sizes and morphologies were prepared by
varying the volume fraction of deionized water in the
DMF-water mixed solvents while keeping all other
reaction conditions constant. Figure 1 shows the SEM
images of six MOF samples prepared with different
water volume fractions, as indicated in the fig-
ure caption. As shown in Fig. 1la, when pure DMF
was used as a solvent, the product resulted was many
crystal aggregates that consisted of numerous small
MOF crystals; such aggregation resulted from the
relatively high surface energy of the small MOF
crystals [24]. When a small amount of water was
added to the mixed solvent (water ratio = 4 vol%),
the obtained sample remained as some crystal
aggregates, but some small crystals exhibit octahedral
morphology, as can be seen in Fig. 1b. However,
when the volume fraction of the water was increased
to 25 vol%, the product changed from crystal aggre-
gates into monocrystals with spindle-like morphol-
ogy, as can be seen in Fig. 1c. The average length of
the crystals is less than 300 nm. When the ratio of the
water was further increased to 50 vol%, the resulting
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Fig. 1 Scanning electron microscopy (SEM) images of NH,-MIL-88B(Fe) crystals prepared with different volume fractions (x) of water
in the mixed DMF-water solvent: a x = 0 vol%, b x = 4 vol%, ¢ x = 25 vol%, d x = 50 vol%, e x = 75 vol%, and f x = 100 vol%

crystals remained the spindle shape, though there
exist a small number of small crystals on the large
crystals, as shown in Fig. 1d. The average length of
the large crystals is about 450 nm. With a further
increase in the fraction of the water to 75 vol%, the
morphology of the product became less uniform, and
the average length of the large crystals further
increased to over 700 nm. This can be clearly seen in
Fig. Te. In the case of 100 vol% water as the solvent,
the morphology of the resulting product was irreg-
ular rod-shaped, as shown in Fig. 1f.

To summarize briefly, the SEM images in Fig. 1
clearly show that the water ratio in the solvent mix-
ture played critical roles in the size and morphology
of the synthesized NH,-MIL-88B(Fe) crystals. As the
water ratio increases from 0 to 75 vol%, the crystal
aggregate of NH,-MIL-88B(Fe) dispersed to small
monocrystals with spindle shape first, and then the
monocrystals gradually increased their size. As the
ratio of the water continued to increase to 100 vol%
(namely, the solvent became pure water), the average
size of the crystals continued to increase, but the
crystal morphology evolved from spindle shape to
irregular rod shape. As such, one can tentatively
speculate that water may promote the growth of
crystals in a specific direction. However, it seems that
it is difficult to control the morphological uniformity
of the product only through controlling the content of
water in the mixed solvent.

It is known that in general, the faster the nucleation
rate during the crystal growth of MOFs is, the smaller

the size of the resulting MOF crystals is, and vice
versa [25]. During the preparation of MOF crystals,
the solvent can change the deprotonation rate of the
organic linkers and affect the coordination interaction
between organic linkers and the metal ions, thereby
controlling the nucleation and crystal growth rates;
this makes possible the preparation of MOF crystals
with tunable size and morphology [38]. Therefore, it
can be deduced that the above-presented dramatic
change in the crystal size and morphology of NH,-
MIL-88B(Fe) is to some extent related to the degree of
deprotonation of NH,-BDC in the mixed solvent
system. To verify this deduction, the pH values of
three kinds of mixtures were measured, with the
results presented in Table 1. In the table, R denotes
the volume ratio of water in the mixed solvents, pH;
and pH, represent the pH values when only NH,-
BDC or FeCl; is added to the mixed solvents,
respectively, and pHj represents the pH values of the
reaction mixtures before crystallization. The values of
pH; indicate that the pH value of the solution

Table 1 pH values of the reaction mixtures before crystallization

Mixed solution a b c d e f

R/vol% 0 4 25 50 75 100
pH,; 6.5 4.5 4.1 33 3.5 3.8
pH, 3.1 3.0 3.0 3.0 2.9 2.9
pHs 3.0 2.9 2.5 2.7 3.0 32
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decreases rapidly from 6.5 to 3.3 when the water ratio
is increased from 0% to 50%. However, as the water
ratio continues to increase to 100 vol%, the pH value
gradually increases to 3.8. The rapid decrease of the
pH value from 6.5 to 3.3 is probably because the
interspersion of water molecules among NH,-BDC
molecules reduces the association effect between
them. The weaker association effect makes the
deprotonation of NH,-BDC molecules easier and
thereby produces more hydrogen protons, leading to
a drop in the pH value. Moreover, DMF molecules
are more likely to form weak coordination with
hydrogen protons than water molecules and there-
fore have a stronger ability to enhance the deproto-
nation of NH,-BDC than water. Thus, the
deprotonation of the organic linkers was inhibited
when the ratio of water in the mixed solvent was
increased. At the same time, the solubility of NH,-
BDC is reduced with the increase of the water ratio in
the mixed solvents, which leads to a decrease in the
number of dissolved NH,-BDC molecules in the
solution and a decrease in the number of hydrogen
protons produced [38]. These facts together result in a
gradual increase in the pH value of the solution.

It can be seen from Table 1 that the pH, value
remains almost unchanged, and the overall value is
lower than the pH; value. Therefore, it can be con-
sidered that the change of pHj; is mainly caused by
the deprotonation of NH,-BDC in the mixed solution.
Also, it should be noted that the pH, values are all
lower than the corresponding pH; values, which is
mainly due to the hydrolysis of FeCl;. Further, one
can also see that the changing trend of pHjz was clo-
sely related to the changing pattern of the NH,-MIL-
88B(Fe) crystal size and morphology. First, when a
small amount of water was added to the solvent, the
pH value of the mixed solution dropped. This means
that the rate of deprotonation of the organic linkers
increases, and more deprotonated NH,-BDC ions can
be coordinated with the metal ions (Fe(Ill)), leading
to a faster nucleation rate and smaller crystals. This is
consistent with the small crystal size shown in the
SEM image in Fig. 1b. Second, when the ratio of
water in the mixed solvent continued to increase
beyond 25 vol%, the pH value of the mixed solution
starts to increase and the rate of deprotonation of
NH,-BDC molecules is reduced. This means that
fewer NH,-BDC ions are available for coordination
with Fe(III), leading to a slower nucleation rate and a
corresponding increase in the crystal size.
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3.2 Effects of PVP on morphology and size

Surfactants are often used to manipulate the size and
morphology of nanomaterials including MOFs
[22, 24, 37]. The effect of varying the amount of the
PVP surfactant on the morphology of iron-based
MOFs was investigated by keeping the water ratio of
the mixed solvent constant at 25 vol% during the
preparation process. Figure 2 shows the SEM images
of the samples prepared by adding different masses
of the PVDP. First, from the perspective of the effects of
the PVP on the size of iron-based MOF crystals, it can
be seen that the crystal length of the obtained sam-
ples shows an increasing trend with the increase of
the PVP addition. If Fig. 2b is compared with Fig. 2a
for the sample without the PVP, it is very clear that
when a small amount of the PVP (1 g) was added, the
average length of the crystals increased dramatically
from 270 &+ 20 nm to 4.0 £ 0.2 pum, the average width
of the crystals increased from 1204 10 to
1.55 £ 0.1 pm, and the aspect ratio increased from
about 2.3 to 2.6. As the mass of the PVP added was
increased to 16 g, the average length of the crystals
further increased to 6.8 £ 0.2 pm, the average width
increased to 2.37 £ 0.1 um, and the aspect ratio
increased to about 2.8.

Second, the images in Fig. 2 also indicate that the
PVP addition also affects the morphology of the
products. Specifically, when the PVP mass was
increased, the morphology of the crystals evolved
from spindle-like particles to bipyramidal hexagonal
prisms. This is because the PVP molecule may be
oriented along the [001] direction, which interacts
much more strongly with the {010} crystal facets than
with the {011} facets of the MOF materials, leading to
different growth rates for the different facets. The net
effect is an increase in the crystal size and an evolu-
tion of the morphology from spindle-like particles to
bipyramidal hexagonal prisms [24].

Finally, it is also observed that when the addition of
the PVP is less than 8 g, the small nanocrystals aggre-
gated onto the large crystals, due to their relatively high
surface energy. This resulted in the non-uniformity of
the product’s morphology, as shown in Fig. 2a—d.
When the amount of the PVP added continued to
increase from 8 to 16 g, almost no small nanocrystals
were seen, and the product morphology became more
uniform, as shown in Fig. 2e, f. This is because during
the nucleation and crystal growth of NH,-MIL-88B(Fe),
the PVP provides steric stabilization, and its amide unit
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Fig. 2 SEM images of NH,-MIL-88B(Fe) crystals prepared by keeping the water ratio of the DMF-water mixed solvent constant at 25
vol% while varying the amount of the PVP surfactant added: a0 g, b 1 g, c2g,d4g, e8 g, andf 16 g

coordinates periodically with Fe(Ill), reducing the
number of the nucleation points and effectively pre-
venting the aggregation of crystals, and thereby
resulting in a more uniform product morphology [42].
However, the increase of the crystal aspect ratio due to
the PVP addition during the preparation process is very
limited.

3.3 Synergistic effects of water and PVP
on morphology and size

The data presented above evidently indicate that (1)
the water ratio in the mixed solvent can be used to
effectively control and tune the crystal size and
aspect ratio and (2) the amount of the PVP surfactant
can be used to effectively tune the crystal size and
improve the uniformity. In order to synthesize MOF
crystals with both tunable crystal size and aspect
ratios and high uniformity, the synergistic effects of
water and PVP were investigated. Figure 3 shows the
SEM images of the samples synthesized with differ-
ent water ratios in mixed solvents and the addition of
16 g PVP. As shown in Fig. 3a, when the mixed sol-
vent used is pure DMF, the crystal morphology is
octahedral; the average length of the crystal is about
379 nm, the average width is about 362 nm, and the
average aspect ratio is about 1.0. When a small
amount of water was added to the mixed solvent
(water ratio = 5 vol%), the morphology of the crystals
evolved from octahedral shape to bipyramidal
hexagonal prisms, as can be seen in Fig. 3b. The

average length of the crystal is about 344 nm, the
average width is about 153 nm, and the average
aspect ratio is now increased to 2.2. As the ratio of
water was further increased to 15 vol%, the crystal
morphology remained unchanged, but the average
length of the crystals increased to 1.20 pm, the aver-
age width increased to 513 nm, and the average
aspect ratio increased to 2.4, as shown in Fig. 3c. With
a further increase in the water ratio to 25 vol%, the
average length of the crystals increased to 5.14 um,
the average width increased to 1.38 pm, and the
average aspect ratio further increased to as high as
3.8. These results are clearly shown in Fig. 3d. Inter-
estingly, when the water ratio continued to increase
to 35 vol%, although the morphology of the crystals
did not change, the size of the crystals started to
decrease, with the average length and width values
decreased to 2.40 um and 542.3 nm, respectively.
However, the average aspect ratio increased to 4.4.
These results are shown Fig. 3e. When the water ratio
reached 45 vol%, the morphology of the crystals
became slender and nano-needle-like, as can be seen
in Fig. 3f. The average length of the crystals is
2.77 pm and the average width is further reduced to
about 390 nm, but the average aspect ratio increased
significantly to 7.1.

To better illustrate the tunability of the aspect ratio
of the MOF crystals, Fig. 4 plots the aspect ratio as a
function of the volume percentage of water in the
mixed solvent. It is evident from the data in Fig. 4
that the aspect ratio can be tuned over a really wide
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«Fig. 3 The top, middle, and bottom panels present the SEM
images, crystal length distribution, and aspect ratio distribution of
NH,-MIL-88B(Fe) crystals synthesized in DMF-water mixed
solvents with different volume ratios of water: a 0 vol%, b 5
vol%, ¢ 15 vol%, d 25 vol%, e 35 vol%, and f 45 vol%. 16 g
PVP was added during the synthesis

range of 1.0-7.1. Over the water ratio range of 0-25
vol%, the crystal size increased dramatically, which is
partially due to the effect of the PVP as a capping
agent [24]; the average length increased from about
379 nm to about 5.14 pm and the average width
increased from about 361 to 1.38 um. However, as the
ratio of water continued to increase to 45%, the size of
the crystals decreased instead, with the average
length and width of the crystals decreasing to
2.77 pm and 390 nm, respectively, but the aspect ratio
of the crystals increased to as high as 7.1. This is
likely because the interaction of the water molecules
with the newly formed {011} crystal facets is much
stronger than that with the {010} crystal facets. As the
ratio of water in the mixed solvent increases, the
influence of water molecules on the {011} crystal
facets becomes stronger. The net effect is that the
growth of the crystals along the [001] direction is
inhibited and the average length of the crystals
decreases. On the other hand, since both the water

+ 4Volume ratios of water from 25 vol% to 45 vol%

e

I =

(010} 011 1401

Aspect ratio
£
1

] I
~-

14 /

1 T L] 1

T T T T v
0 10 20 30 40

o
S

Volume ratios of water(vol%)

Fig. 4 The aspect ratio of NH,-MIL-88B(Fe) crystals as a
function of the volume ratio of water in the DMF-water mixed
solvent. 16 g PVP was added during the preparation process. The
insert shows the SEM images of a relatively short crystal and a
relatively long crystal, which were prepared with the water ratios
of 25 vol% and 45 vol%, respectively. The [001] direction and
{010} and {011} planes of the crystals are indicated
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and the PVP have an effect on the growth of the {010}
crystal facets, the width of the crystals decreases
dramatically under their synergistic effects, which
promotes the formation of nanorods with high aspect
ratios. The evolution from spindle-like crystals with a
relatively low aspect ratio to nanorods with a rela-
tively high aspect ratio is clearly shown in the insert
of Fig. 4.

Figure 5 shows the powder X-ray diffraction
spectra of the same NH,-MIL-88B(Fe) samples for
which the SEM images are presented in Fig. 3. All the
spectra show patterns expected for the NH,-MIL-
88B(Fe) structure [37]. As a reference, a simulated
pattern of the Fe-MOF structure was built from the
crystallographic information file (CIF) [43]. The
diffraction peaks of all samples can match well with
the peaks in the simulated XRD pattern of NH,-MIL-
88B, which demonstrates the successful preparation
of Fe-MOF. There is a slight shift in the characteristic
peaks in the XRD patterns of NH,-MIL-88B(Fe)
obtained by preparation in different solvents [44].
One can also see that the intensity of the (101)
diffraction peak of the crystal increases with an
increase in the ratio of water in the mixed solvent.
This indicates that the higher the ratio of water in the
solvent is, the higher the crystallinity of the sample is,

intensity (a.u.)
f 1
{P
{
1
]
(@)

W_A oy a

Simulated NH,-MIL-88B(Fe)

002 o A0 ane 302

105200404

AP .»: Aa, o
10 20 30 40
2Theta/degree

Fig. 5 XRD patterns of NH,-MIL-88B(Fe) crystals prepared with
different volume fractions (x) of water in a mixed DMF-water
solvent: (a) x =0 vol%, (b) x=5 vol%, (c) x =15 vol%,
(d) x = 25 vol%, (e) x = 35 vol%, and (f) x = 45 vol%. 16 g PVP
surfactant was added during the synthesis. The green curve in the
bottom of the figure is the XRD pattern simulated for the NH,-
MIL-88B(Fe) structure according to the CIF [43] (Color
figure online)
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which is consistent with the morphology evolution
observed in the SEM images. The reason for this is
that an increase in the ratio of water is beneficial to
the formation of {101} crystal facets [45]. Table 2 gives
the energy dispersive X-ray spectroscopy (EDS) data
obtained on the same six samples for which the XRD
patterns are presented in Fig. 5. The data confirm the
composition of the NH,-MIL-88B crystals, and the
variations of the element percentages in different
samples are within the ranges expected for the
crystals.

3.4 Electromagnetic properties

The electromagnetic wave absorption performance of
MIL-A was investigated. First, the relative permit-
tivity (¢, = ¢ — j¢’) and relative permeability (u,-
=1/ — ju”") of a composite sample consisting of 25
wt% MIL-A and 75% wax were measured. Here, the
real parts (¢ and ') correspond to the storage
capacity of electric and magnetic energy, while the
imaginary parts (¢” and y'’) represent energy dissi-
pation. Figure 6a, b present the permittivity and
permeability data, respectively. In each figure, the
black and red dots show the real and imaginary
parts, respectively. One can see that the values of
¢ and ' show an overall decreasing trend as the
frequency increases, which means that the compos-
ites exhibit a typical frequency dispersion behavior.
One can also see multiple resonance responses in the
8-18 GHz range, which may be attributed to polar-
ization resonances.

The microwave absorption characteristics of sam-
ple MIL-A are presented in Fig. 7. The figure shows
the microwave reflection coefficient calculated with
the permittivity and permeability data presented in

Table 2 The EDS results of NH,-MIL-88B(Fe) crystals
synthesized in DMF-water mixed solvents with different volume
ratios (x) of water

Element(Wt%) a b c d e f

C 4846 51.71 53.65 61.77 5332 52.12
N 26.63 25.65 1945 1539 20.56 2245
(0] 23.06 20.52 24.63 20.73 23.78 23.14

Fe 1.85 212 227 211 234 229

a—x =0 vol%, b—x =135 vol%, ¢c—x =15 vol%, d—x =25
vol%, e—x = 35 vol%, and f—x = 45 vol%. 16 g PVP was added
during the synthesis
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Fig. 6. According to the transmission line theory, the
reflection coefficient or reflection loss (RL) of a layer
of a material with a thickness d can be calculated as
[39].

(Zin — Zo)
RL = 201, [&n — 200 1
8(Zin + Zo) M
where
Zo = /50, (2)
€0

Zin = Zo\/gtan [jon,/,ursrfd]. (3)

Zin and Z, stand for the input impedance of the
material and the impedance of free space, respec-
tively, f is the microwave frequency, and c¢ denotes
the speed of light. The calculations were carried out
for four different thicknesses, as indicated in the
figure. The horizontal dashed line in the figure indi-
cates a RL of — 10 dB. This RL corresponds to a sit-
uation in which 90% of the microwave is attenuated
in or absorbed by the material. Note that 90%
absorption is expected for a material to be used as an
absorber for practical applications [40]. One can see
from Fig. 7 that the microwave absorbing perfor-
mance of sample MIL-A has reached the standard of
practical applications for a certain frequency range.
For the thinnest case (d = 1.2 mm), the minimum RL
at 15.7 GHz is -20 dB, and the effective absorption
bandwidth (at — 10 dB) reaches 4.1 GHz. These data
clearly show the potential of MOF crystals in this
work for electromagnetic ~wave absorption
applications.

4 Conclusions

By taking advantage of the synergistic effects of water
and PVP surfactants, this work demonstrated the fea-
sibility of a method for preparing NH,-MIL-88B(Fe)
crystals with both adjustable crystal size and aspect
ratios and high uniformity. During the synthesis pro-
cess, the amide unit of the PVP can be periodically
coordinated with metal ions, which can stabilize the
nucleation of MOFs during the crystal formation pro-
cess and also promote a more uniform morphology.
Water can significantly affect the deprotonation of
ligand molecules during the synthesis process and
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Fig. 6 a Relative permittivity and b relative permeability of sample MIL-A over a frequency range of 2—18 GHz. In each diagram, the
black and red points show the real and imaginary parts, respectively (Color figure online)

2 4 6 8 10 12 14 16 18
Frequency (GHz)

Fig. 7 RL of sample MIL-A with different thicknesses (1.5 mm,
1.4 mm, 1.3 mm and 1.2 mm). The horizontal dashed line
indicates a RL of — 10 dB

thereby control the nucleation rate and the size of the
crystals. Further, the PVP and water molecules play
different roles in promoting the growth of certain
crystal facets. Under their synergistic effects, the width
of the crystals can be significantly reduced, promoting
the formation of nanorods with high aspect ratios. In
addition, the obtained sample with the highest aspect
ratio was calcined at 800 °C, and this lightweight
composite exhibits high potential for electromagnetic
wave absorption applications; when the composite has
a thickness of only 1.2 mm, the minimum reflection
loss (RL) reachesis — 20.0 dB and the effective — 10 dB
absorption bandwidth reaches 4.1 GHz. NH,-MIL-
88B(Fe) crystals with highly customizable size and

aspect ratios and high uniformity have potential
applications in gas storage and separation, drug
delivery, and electromagnetic wave absorptions.
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