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Zn, Co, Cu, Cd) with Large and Regenerable Ammonia Capacity
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Two environmentally-friendly and efficient synthesis methods, NHs-assisted synthesis and solvent-evaporated conversion,
have been developed for the synthesis of a series of M(NA), (M = Zn, Co, Cu, Cd; NA = nicotinate) flexible MOFs. The two-
dimensional M(NA), (M = Zn, Co) and three-dimensional M(NA), (M = Cu, Cd) materials exhibit peculiar structure
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transformation. These frameworks can be obtained from dehydration of M(NA),(H,0)4 (M = Zn, Co, Cu, Cd) which are zero-
dimensional supramolecular structures. Interestingly, the structural transformation of M(NA), (M = Zn, Co, Cd) is reversible
after liquid water adsorption. Due to the flexible structure of those MOFs, they exhibit abnormal NH; adsorption
properties. The two-dimensional Zn(NA), shows a gate-opening behavior for NH; adsorption. Its layers opened at the
pressure of 0.22 bar in the first cycle, resulting in a two-step NH; uptake with a capacity of 10.2 mmol/g at 1 bar. The gate-
opening pressure shifted to a lower value with cycles. Co(NA), has a huge NH; uptake of 17.5 mmol/g, which is top-ranking
among the reported values. For the NH; adsorption over Cu(NA), and Cd(NA), the adsorption rates increase and
adsorption equilibrium is achieved faster after three cycles. Their maximum capacity at 1 bar is 13.4 and 6 mmol/g,
respectively. More importantly, all MOFs can be regenerated under vacuum and heating conditions of 150 °C for 70 min,
and they all retained the capacity. The advantages of environmentally-friendly synthesis, large adsorption capacity, and
regenerable properties indicate that M(NA), (M = Zn, Co, Cu) are promising candidates for NH; adsorption.

surface areas, abundant pore structures, adjustable functional
groups and flexible structures.’®™® Those features make these
materials prime candidates for applications in gas adsorption,
gas purification, or heterogeneous catalysis.”"16 In recent
years, MOFs serving as ammonia adsorbent in the field of

. 17-19 .
environment and energy have gradually evolved. Yaghi,
Long, and Bandosz groups have investigated many MOFs or

1. Introduction

The world pays great attention to air pollution, especially in
developing counties that are suffering serious PM,s (fine
particulate matter, with aerodynamic diameters of <2.5 m)
and haze."? Air purification becomes a long-term challenge
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with constantly reinforced standards addressing air pollution
(greenhouse and toxic gases).3 Ammonia (NH3) is the most
important gaseous alkaline pollutant, which can give severe
impact on animal and human health. Furthermore, NH;
emissions will react with NO,, SO,, etc. to form PM, s, which
seriously endanger public health.*® The world releases a large
amount of ammonia every year, among which, China
contributes the largest 10.2 million tons of emission.”
Meanwhile, ammonia is not only an important resource raw
material for agriculture and industry, but is also a significant
energy storage intermediate and the only carbon-free
chemical energy carrier.®? Therefore, recycling ammonia for
utilization has dual significance in environment and energy.
Metal-organic frameworks (MOFs), a new type of porous
materials, possess many advantages such as huge specific
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COFs (COF-10, BPP-7, Cu-BTC, etc.) possessing good
performance in ammonia adsorption.zo"22 Our team also found
some other MOFs (Cu(INA),, ZSA-1 and NH,-MIL-53) used in
ammonia adsorption reflecting some specific properties.zg'25
However, some defects like high synthetic cost, low adsorption
capacity, irreversible adsorption process, difficult
regeneration, and structural collapse factors limit their actual
applications. Therefore, it has been a significant challenge to
efficiently synthesize MOFs with low cost, high uptake and
recyclable performance for ammonia adsorption.

A series of M(NA), (M = Zn, Co, Cu, Cd) MOFs are two- or
three- dimensional MOFs (Zn(NA), and Co(NA), are 2D;
Cu(NA), and Cd(NA), are 3D) which are assembled by metal
and nicotinate (Fig. 1). Their synthesis methods and structural
properties had been investigated by Lin and Xu.2?° Their
flexible properties are found by us that they can be obtained
by the dehydration of M(NA),(H,0), (M = Zn, Co, Cu, Cd)go'33
which are zero-dimensional (0OD) supramolecular analogue.
M(NA),(H,0); (M = Zn, Co, Cu, Cd) can transform to 2D
Zn(NA),, Co(NA), frameworks and 3D Cu(NA),, Cd(NA),
frameworks, and the structural transformation are reversible

J. Name., 2013, 00,1-3 | 1
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for M(NA), (M = Zn, Co, Cd) after water adsorption. Due to the
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flexible and multi-dimensional structural transforming
properties of these MOFs,
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Fig. 1 The structures of M(NA),(H,0)4 (M = Zn, Co, Cu, Cd) and M(NA), (M = Zn, Co, Cu, Cd). The element: grey, C; white, H; red, O; blue, N; navy blue, Zn;

royal blue, Co; pink, Cu; khaki, Cd. The yellow is

one-layer structure in Zn(NA), and Co(NA),.

they exhibit special advantages in the application of ammonia
adsorption. Currently, the conventional synthetic methods of
M(NA),(H,0), and M(NA), (M = Zn, Co, Cu, Cd) require high
synthesis temperature, long reaction time and volatile organic
solvents. Therefore, it is necessary to push these materials
towards practical applications by more green, economic and
efficient synthesis methods.

In this work, we report a NHs-assisted synthesis method to
obtain M(NA),(H,0), (M = Zn, Co, Cu, Cd), which can further
transform to M(NA), (M = Zn, Co, Cu, Cd) after dehydration.
Meanwhile, M(NA), can be synthesized by solvent-evaporated
conversion (SEC) method as well and both synthetic methods
are environmentally-friendly and efficient. The synthesis
procedures, structural, flexibility and NH; adsorption
capabilities of these MOFs are investigated by XRD, TGA, SEM,
EDS, IR and H,0/NHj; adsorption studies. Combining the merits
of the improved synthesis methods, high NH; uptake, and
reversible adsorption process, these materials are promising
candidates for NH; adsorption.

2. Experimental

M(NA),(H,0),

L}

\‘
%\ NH,+H,0 (25%)
AN

Activated Carbon!
S
‘Zeolite.

Solvent-evaporated
conversion

NH,-assisted
synthesis
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Fig. 2 Schematic diagrams of NHs-assisted synthesis for M(NA),(H,0)4 (M = Zn,
Co, Cu, Cd) and solvent-evaporated conversion (SEC) syntheses for M(NA), (M =
Zn, Co, Cu, Cd).

Materials

All reagents were used without further purification. Zinc
nitrate hexahydrate (Zn(NOj3),6H,0, 99%) and cadmium
nitrate tetrahydrate (Cd(NOs),-4H,0, 99%) were purchased
from Aladdin Reagent Co. Ltd.; Cobalt nitrate hexahydrate
(Co(NO3),-6H,0, 98%) was obtained from Alfa Aesar; Copper
nitrate trihydrate (Cu(NOs),:3H,0, 98 %) was obtained from
Sigma-Aldrich; Nicotinic acid (HNA, AR) was purchased from
Tianjin Guangfu Fine Chemical Research Institute; Activated
carbon (HA-40/50) was purchased from Ningxia Huahui
Activated Carbon Co. Ltd.; N,N-dimethylformamide (DMF, 99.7
%), ammonia solution (NH5-H,0, 25%) and zeolite Na-4A were
obtained from Sinopharm Group Chemical Reagent Co., Ltd.
Distilled water (H,0) was prepared in our laboratory.

NH;-assisted synthesis of M(NA),(H,0), (M = Zn, Co, Cu, Cd)

0.615 g HNA (5 mmol) and 12 mL distilled water were mixed in
a 20 mL sealed vial. Then 0.27 ml of NH3-H,0 (25%) was slowly
added into each vial dropwise until HNA completely dissolved.
Zn(NO3),-6H,0 (0.743 g, 2.5 mmol), Co(NOs),-6H,0 (0.728 g,
2.5 mmol), Cu(NOs3),-:3H,0 (0.603 g, 2.5 mmol), or
Cd(NO3),-4H,0 (0.77 g, 2.5 mmol) was added into the
corresponding vial. The vials were sealed and shocked quickly.
The M(NA),(H,0), (M=2Zn, Co, Cd) crystals formed immediately,
but the large crystals of Cu(NA),(H,0), formed after 36 hours.
The samples were washed with distilled water and dried in air.
Yield:  Zn(NA),(H,0),, 88.6%; Co(NA),(H,0);, 88.1%;
Cu(NA),(H,0),, 90.4%; Cd(NA),(H,0),4, 85.7%.

Solvent-evaporated conversion (SEC) of M(NA), (M = Zn, Co, Cu,
Cd)

Preparation of M(NA), (M = Zn, Cu, Cd): Zn(NOs),-6H,0 (0.074
g, 0.25 mmol), Cu(NOs),:3H,0 (0.06 g, 0.25 mmol), or

This journal is © The Royal Society of Chemistry 20xx
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Cd(NO3),-4H,0 (0.077 g, 0.25 mmol) was evenly mixed with
HNA (0.062 g, 0.5 mmol). The mixed powder was placed in a
small beaker containing 2 mL of DMF. Each beaker was
supported by 20 g of dehydrated activated carbon in 100 mL
Teflon-lined autoclave. Crystallization was carried out at 180 °C
for 4 hours. Then the autoclaves are cooled to room
temperature. The crystals were washed with DMF and dried in
air. Preparation of Co(NA),: An evenly mixed powder of
Co(NOs),-6H,0 (0.073 g, 0.25 mmol) and HNA (0.062 g, 0.5
mmol) was placed in a small beaker, containing 2 mL of
distilled water and NH;-H,O (25%) (50 pL). The beaker was
supported by 40 g of dehydrated zeolite Na-4A in 100 mL
Teflon-lined autoclave. The autoclave was maintained at 80 °C
for 4 hours and then heated at 180 °C for 1 hour. The crystals
were obtained after cooling. Yield: Zn(NA),, 91.7%; Co(NA),,
92.4%; Cu(NA),, 89.5%; Cd(NA),, 90.9%.

Characterization of the samples

The crystallinity and phase purity of the materials were
measured by powder X-ray diffraction (PXRD) on a Rigaku Mini
Flex Il X-ray diffractometer with Cu-K, radiation operated at
30 kV and 15 mA. Scanning was performed over the 26 range
of 5-40° at 4°/min. Scanning electron microscopy (SEM)
images and EDS spectra were obtained using a Hitachi SEM
(SU8010, Hitachi, Japan) equipped with a Horiba X-Max 50 EDX
system. The TGA of the samples was collected on a thermal
analyzer (NETZSCH, STA 449 F5) at a heating rate of 10 °C/min
under an air atmosphere. CO, adsorption/desorption
isotherms were obtained using an ASAP 2460 Surface Area and
Porosity Analyzer at 0 °C. The infrared (IR) spectra were
recorded on an FT—-IR8400S spectrometer. Water vapor
adsorption on the samples was determined by vapor sorption
measurements on an Autosorb-iQ Quantachrome (volumetric
technique) with a vapor generator at 25 °C.

NH; adsorption and desorption measurements

In the NH;3 adsorption measurements, the purity of NH; was
99.999%. The samples were activated at 150 °C for
M(NA),(H,0), (M=2Zn, Cu, Cd) and 200 °C for Co(NA),(H,0),
overnight under vacuum or until no further weight loss was
observed. The adsorption isotherms for NH; were collected on
an Intelligent Gravimetric Analyzer (IGA 001, Hiden, UK).
Adsorption equilibrium data was collected once a stable
pressure (more than 8 adsorption points were recorded from 0
to 1 bar) and weight was maintained for 30 min to reach an
adsorption equilibrium at each point along the isotherm. All
the NH; adsorption isotherms were collected at 25 °C, and
samples were activated under vacuum and 150 °C for 70 min in
each cycle.

3. Results and discussion

In reported Iiteratures,30'33 high reaction temperature (at least

150 °C) or long reaction time (more than 3 days) are usually
necessary in the synthetic process of M(NA),(H,0), (M=2Zn, Co,
Cu, Cd). However, through the method of NHj;-assisted

This journal is © The Royal Society of Chemistry 20xx
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synthesis, we can bring this requirement down to room
temperature. The reaction time for synthesizing M(NA),(H,0),
(M=Zn, Co, Cd) is reduced to less than in 5 min and for
Cu(NA),(H,0),, this number is brought down to 36 h, while
having the yields over 85%. As shown in Fig. 3, the PXRD
patterns of synthesized M(NA),(H,0), (M=Zn, Co, Cu, Cd) are
matched well with their simulated patterns, indicating the

(a) Zn(NA),(H,0), (b)
Synthesized Zn(NA),
L l‘ 1 Simulated Zn(l‘lA)2

A )l A Activated

I | ) |Simlﬂated Zn(NA),(H0), N .
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\ A, A A Activated
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Fig. 3 The synthesized and activated PXRD patterns of M(NA),(H,0), (M =
Zn, Co, Cu, Cd) and compared with M(NA), (M = Zn, Co, Cu, Cd). PXRD
patterns of Cu(NA); insert partial enlargement.

syntheses. Amine |'egu|ators34"36 (ammonia,
dimethylamine, trimethylamine, etc.) are usually used in the
synthesis of MOFs to adjust the pH of solution, dissolution of
ligands, coordination environment, reaction speed or crystal
size. In our synthesis system, due to the addition of NH;-H,0
which can induce rapid crystallization of the precursors37, HNA
can be completely dissolved in water resulting in a large
number existence of NA™ in alkaline environment. When the
metal salts were added into the solution, dissolved metal ions
coordinated with the NA and H,0 rapidly in ammonia
collaborative  coordination environment and formed
M(NA),(H,0),4 (M=Zn, Co, Cu, Cd) at last. As shown in Fig. 3c
and Fig. S1, a different phenomenon was observed in the
synthesis of Cu(NA),(H,0),. Precursor was formed in the first 4
h of crystallization process. Then the precursor gradually
transformed to dark blue crystals of Cu(NA),(H,0), in the next
32 h of reaction. M(NA),(H,0), (M=2Zn, Co, Cu, Cd) has a 0D
supramolecular analogue structure which can coordinate with
four H,O molecules. After activation, these materials
transformed to M(NA), (M=Zn, Co, Cu, Cd) with a huge
structural change. As a result, 0D M(NA),(H,0), (M=Zn, Co, Cu,
Cd) were changed to M(NA), (M=Zn, Co) with 2D layer
structures and M(NA), (M= Cu, Cd) with 3D frameworks. The
transformation from M(NA),(H,0), to M(NA), is confirmed by
the PXRD patterns in Fig. 3. In addition, M(NA), (M=Zn, Co, Cu,
Cd) can be directly synthesized by another environmentally-
friendly synthesis method (SEC)38 in 4 h. In the SEC method,
activated carbon or zeolite served as a medium to load
evaporated solvent, which can increase the concentration of

successful

J. Name., 2013, 00, 1-3 | 3
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reactants resulting in fast reaction rates. In the meantime, the
volatile organic solvents could be adsorbed in activated carbon
for reuse and avoiding poIIution.39 The synthesis results are
shown in Fig. 3 that M(NA), (M=Zn, Co, Cu, Cd) were
synthesized successfully. In order to research the flexible
transformation properties of this materials in the following, we
mainly used the M(NA), (M=Zn, Co, Cu, Cd) samples obtained
from dehydrated M(NA),(H,0), (M=Zn, Co, Cu, Cd).

100 —D
80k —— N\
S
60} Zn(NA),(H,0),
o)
S Co(NA),(H,0),
= 0} Cu(NA),(H,0),
—— Cd(NA),(H,0),
20
A Il A Il A Il A Il A Il A
100 200 300 400 500 600

Temperature (°C)
Fig. 4 TGA data for M(NA)»(H20)4 (M =Zn, Co, Cu, Cd).

TGA data of M(NA),(H,0), (M=2Zn, Co, Cu, Cd) were recorded
to investigate their thermal stability and activation
temperature of flexible transformation. As seen in Fig. 4, the
four materials all exhibited two weight loss stages. The first
weight loss of M(NA),(H,0), (M=Zn, Cu, Cd) occurred at
temperature about 80-120 °C. The one of Co(NA),(H,0),
happened at 120-180 °C. In the first stage, the weight loss of
Cd(NA),(H,0), is 18% and all the others have about 20%. This
can be attributed to the higher mass fraction of Cd. The
amounts of the first weight loss are consistent with their
coordinated H,0 contents. Therefore, this stage is the
dehydration process of M(NA),(H,0),; (M=Zn, Co, Cu, Cd),
indicating M(NA), (M=Zn, Co, Cu, Cd) can be obtained from
M(NA),(H,0)s (M=2Zn, Cu, Cd) being activated at 150 °C and
Co(NA),(H,0), being activated at 200 °C. After a long plateau,
M(NA),(H,0); (M=Zn, Co, Cd) and Cu(NA),(H,0), have the
second weight loss at temperatures of 400-500 °C and 300-400
°C, respectively, which are attributed to the framework
collapse. Thus, M(NA), have great thermal stability that can
retain their structural integrity till at least 300 °C, and M(NA),
(M=2Zn, Co, Cd) can even withstand up to 400 °C.

Because M(NA),(H,0), (M=2Zn, Co, Cu, Cd) can transform to
M(NA), (M=2Zn, Co, Cu, Cd), their water adsorption isotherms
were collected to study the reversible transform process.
Water vapor adsorption isotherms of these four MOFs are
shown in Fig. 5. The isotherms of Zn(NA), is almost flat, which
indicates Zn(NA), almost does not adsorb H,O. Cu(NA), and
Cd(NA), have small H,O adsorption capacity at low relative
pressure, and these values slightly increase to 35 and 56 cc/g,
respectively. Co(NA), also has small H,O adsorption amount
under the relative pressure of 0.8. When the relative pressure

4| J. Name., 2012, 00, 1-3
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increases to 0.9, the adsorption amount has a huge increase to
237 cc/g. As can be seen from the desorption isotherms, the
adsorbed H,0 in M(NA), (M=Zn, Cu, Cd) can be desorbed with
the pressure drop. However, the desorption branch of H,0 on
Co(NA), is almost unchanged indicating that H,O is strongly
bound to Co(NA),. The PXRD patterns in Fig. S2 also
demonstrated the strong effects of H,O on the crystal
structural of Co(NA),. After water vapor adsorption, the PXRD
patterns of M(NA), (M=Zn, Cu, Cd) show no change, but that of
Co(NA), has a new pattern, which is consistent with the PXRD

o f
250 |

—_ b o——o—° —
Sl —=— Zn(NA)2 adsorption

g —o— Zn(NA)2 desorption

o | —e— Co(NA)z adsorption

= 150 —o— Co(NA)2 desorption

a [ Cu(NA)2 adsorption

100} Cu(NA)2 desorption

% L —e— Cd(NA)2 adsorption

= 50 —o— Cd(NA)2 desorption |

0 Iy

00 01 02 03 04_05 06 0.7 08 09
0
Fig. 5 Water vapor adsorption—-desorption of M(NA), (M = Zn, Co, Cu, Cd) at

25 °C. Solid points represent adsorption data; hollow points represent
desorption data.

Co(NA),(H,0),. Therefore, in the water vapor adsorption,
M(NA), (M=Zn, Cu, Cd) were physical adsorption in pores, but
Co(NA), transformed to Co(NA),(H,0), through chemical
adsorption of H,O. Furthermore, Fig. S2 also reflects their
transform properties in liquid water, M(NA), (M=Zn, Co, Cd) all
can transform to M(NA),(H,0), (M=Zn, Co, Cd), but the PXRD
pattern of Cu(NA), still has no change. Since this series of MOF
materials has the same ligand and similar topology, the
different macroscopic properties are due to the different
microstructures. We can see form Fig. S3 that Cu(NA), has
shortest M-O and M-N bonds. So, it’s hard for H,0 to attack Cu
sites. In contrast, Co(NA), have relatively long bonds, so its
structure is easy influenced by both gaseous or liquid water. In
brief, M(NA), (M=Zn, Cd) can transform to M(NA),(H,0),
(M=Zn, Cd) in liquid water, Co(NA), can transform to
Co(NA),(H,0), both in liquid water and water vapor, Cu(NA),
has a very stable structure and is not influenced by water.

In order to investigate the specific surface area and pore-
size distribution of M(NA), (M = Zn, Co, Cu, Cd), their CO,
adsorption were conducted at 0 °C. As shown in Fig. 6, Zn(NA),
has the largest CO, adsorption capacity of 13.4 cm3/g at 1 bar;
Cu(NA), has the capacity of 6.9 cm3/g; Co(NA), and Cd(NA),
h a v e t h e

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 CO; adsorption at 0 °C and pore-size distribution of M(NA), (M = Zn, Co, Cu,
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0

lower capacity of about 5 cm3/g. The CO, adsorption amounts
correspond to the BET surface area of M(NA), (M = Zn, Co, Cu,
Cd), which are 104, 55, 74 and 41 mz/g, respectively. Pore-size
distributions of M(NA), (M = Zn, Co, Cu, Cd) are shown in the
inset-graph of Fig. 6. The four MOFs all have small pore size
around 3.8 A, and Cd(NA), also has pores around 4.4 A. Due to
the small BET surface area and pore size of M(NA), (M = Zn,
Co, Cu, Cd), these MOFs show a limited potential for
adsorption of larger molecules. However, NH; is a strong polar
gas with a small kinetic diameter (2.9 A).m Special adsorption
configurations and adsorption sites are usually more important
than big surface area and pore factors in NH; adsorption.“'42
Thus, flexible structure, small pore and adsorption sites are the
major factors to consider in NH3 adsorption on M(NA), (M =
Zn, Co, Cu, Cd).

The SEM images of as-synthesized, activated, and NH;
adsorbed samples are shown in Fig. S4. The as-synthesized
M(NA),(H,0),; (M = Zn, Co, Cu, Cd) are crystals with smooth
surface. Zn(NA), is a rod-shaped structure with a length about
15 pum. Co(NA), is an irregular rod-like structure with about 10
pm length. Cu(NA), has a big monoclinic structure with length
xwidth about 150 x 200 um. The shape of Cd(NA), is a layered
structure with ~1um thickness. After the dehydration process
of M(NA),(H,0), transforming to M(NA),, their internal
structures have a regular rearrangement. These MOFs
maintained their original shapes, and the only variation is their
surfaces become rough due to H,O removing from their
structures. However, their surfaces have significant changes
after NH; adsorption, Zn(NA), becomes rougher, Co(NA),
crystals become rounded and coalesce together. The surfaces
of Cu(NA), and Cd(NA), are cracked. In order to get more
information about these changes, EDS and IR spectra analyses
were conducted and results are shown in Fig. 7, Fig. S5 and Fig.
S6. The EDS spectrums show the changes of nitrogen element
ratio (N/O) in their structural transformation. In the process of
M(NA),(H,0), transforming to M(NA),, nitrogen element has a
slight increase due to the decrease of water ratio in structures.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Evolution of the macroscopic color and N/O ratio of M(NA),(H,0)4 (M = Zn,
Co, Cu, Cd) that as-synthesized, activated and adsorbed NHs.

After NH; adsorption, the ratio of nitrogen element in Zn(NA),
and Cd(NA), also have slightly increased, but that of Co(NA),
and Cu(NA), have increased the most indicating that they have
a large NH; adsorption capacity. In the transform process, the
colour of Zn(NA), and Cd(NA), gradually grayed out. Co(NA),
changed from pink to purple, and Cu(NA), became dark blue
eventually (Fig. 7). These MOFs share the same functional
group so that the different properties are owing to metal
nodes and microstructures. In the IR spectra of these MOFs
(Fig. S6), the peaks appeared between 500 and 2000 cm™ are
due to the nicotinate ligands and remained the same, but the
changed peaks between 3000 and 3800 cm™" can reflect the
removal of H,O and NH; adsorption process. M(NA),(H,0), (M
= Zn, Co, Cu, Cd) showed a wide IR peak for H,O adsorption at
3200-3600 cm_l, but this peak disappeared after H,O
molecules were removed. Moreover, M(NA), (M = Zn, Co, Cu,
Cd) have shown many strong vibration peaks of coordinated
NH; molecules at ~3300 em™" after the adsorption of NH3,43
which indicates those MOFs can indeed uptake a lot of NH;
molecules.

In order to investigate the NH; reversible uptake over
M(NA), (M = Zn, Co, Cu, Cd), three cycles of NH3 adsorption-
desorption tests were conducted and the results are shown in
Fig. 8. The adsorption—-desorption isotherm of Zn(NA), (Fig. 8a)
shows that, when below 0.22 bar, the NH; adsorption capacity
in the first cycle only has slight increase with increasing
pressure. However, when the pressure increases to 0.4 bar,
the adsorption amount has a huge jump to 10.2 mmol/g. This
type of adsorption isotherm represents a typical gate-opening
behavior, which can be explained by its particular layer
structures.*** Zn(NA), has a 2D layered structure with small
pores and interplanar spacing. When the pressure was below
0.22 bar, it had little space to adsorb NHj;, resulting in a small
adsorption amount (< 1mmol/g). When the pressure is further
increased, its layers were opened and filled with a large
amount of NH;. As a result, the isotherm reached to

J. Name., 2013, 00, 1-3 | §
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adsorption equilibrium (10.2 mmol/g) quickly. After NH;
adsorption, the PXRD pattern (Fig. S7a) of Zn(NA), showed

0.4 0.6 0.4 0.6
Pressure (bar) Pressure (bar)

Fig. 8 Three cycle curves for NH; adsorption onto M(NA), (M = Zn, Co, Cu, Cd) at
25 °C. Materials were regenerated at 150 °C and vacuum for 70 min in each cycle.
The solid point is the adsorption point, the hollow point is the desorption point.

that some main peaks were changed or shifted, and some
extra speaks appeared at low 20, which indicate the layer
space had opened and pores were enlarged, resulting in a
large NH; uptake. As can be found in the second and third
adsorption isotherms of Zn(NA),, the open pressure shifted to
lower values, indicating that the MOF layers can be more
easily expanded than the original one. After three cycles, the
structures became more flexible and could reach adsorption
equilibrium more quickly, while the maximum adsorption
amount has not changed. The three adsorption cycles of
Co(NA), are shown in Fig. 8b, the adsorption amount increases
with the increasing pressure, and the maximum uptake is up to
17.5 mmol/g, which is among the highest reported values. As
can be seen from PXRD pattern in Fig. S7b, Co(NA), shows no
peaks after NH; adsorption, indicating that NH; has a strong
impact on the long-range order of Co(NA), crystal. Its structure
experienced an order-disorder transition from crystalline to
amorphous, which is similar to the transformation of
crystalline structures to amorphous MOF.*** In the water
vapor adsorption of Co(NA),, its structure is sensitive to H,O,
and its structure has long M-O and M-N bonds (Fig. S3), so the
structure of Co(NA), can be easy transformed, which implies
NH; as another strong polar molecular can easily enter and
influence its structure as well. Just like Co(NA),, amorphous
transition also occurs in the ammonia adsorption of other
MOFs (Co,Cl,BBTA). Though ammonia cause its structure
collapses, it does not predict a decline in the ammonia uptake;
rather, the interaction strength between bonding sites and
ammonia is a more important predictor of ammonia uptake.42
In ammonia adsorption of Co(NA),, its changed layers became
amorphous cobalt and nicotinate fragments which exposes
many open sites of metal.® As a result, it reflected a large and
equivalent adsorption capacity in three cycles. In the NH;
adsorption of Cu(NA), and Cd(NA), (Fig. 8c and Fig. 8d), the
first isotherms are lower than that of the second and third
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mainly due to their small surface area and pore size. After
regeneration, the adsorbed NH; are removed from pores. The
first adsorption-desorption cycle leads to smooth channels and
memory effect.”®*® Therefore, the adsorption rates increase,
and adsorption equilibrium is achieved faster in the second
and third cycles. From their PXRD patterns after NH;
adsorption (Fig. S7), same changes of peaks also occurred,
which is a common phenomenon in NH; adsorption for many
MOFs.* Among them, Cu(NA), shows slight change of peaks
indicating its stable structure. However, Cd(NA), has
changeable structure with long M-O and M-N bonds, its PXRD
peaks have large offset after NH; adsorption. The structure of
Cd(NA), may undergo some degree of structural distortion and
transformation.>® The final adsorption amount of Cu(NA), and
Cd(NA), are about 13.4 mmol/g and 6 mmol/g, respectively.
The adsorption capacities of this materials did not decrease
after three cycles.

The regeneration properties of porous materials are
significant for the adsorption application. As shown in the plot
of the adsorption-desorption isotherms, most adsorbed NH;
did not desorb with the pressure decrease except in the case
of Co(NA),, indicating most NH; molecules are chemisorbed to
the frameworks. Therefore, high temperature regeneration

P r o C e S S
18
616 [ 150
=14t ™
O
212 L 125Q_
S g
10 —e+—Temperature ] 1oo 5
gg [ —=— Zn(NA), E
Sl CoNA), H 5 @
5 —— Cu(NA), g—
%;4 r CdNA), |H 50 ©
<2t .
o F ;____‘ 25

0 10 20 30 40 50 60 70 80
Time (min)

Fig. 9 NHs removal curves of M(NA), (M = Zn, Co, Cu, Cd) against time and
temperature.

was carried out in each cycle and the NH; desorption curves
were showed in Fig. 9. As the temperature gradually increases
to 150 °C under vacuum, NHj3 can be almost completely
removed from the examined MOFs. Comparing with the
adsorption and desorption amount, NH; removal rate of
M(NA), (M = Zn, Co, Cu, Cd) are 98.9%, 99.4%, 98.8%, 98.6%,
separately. Zn(NA), and Co(NA), started NH; desorption after
20 min at 30 °C. The NH; removal speed of Co(NA), and
Cu(NA), are increased after 50 °C. Zn(NA), and Cd(NA), exhibit
a considerable extent of NH; removal above 80 °C, and the
adsorbed NH; are completely removed after 70 min at about
150 °C. Thus, efficient regeneration of the four MOFs can be
achieved by heating to 150 °C in vacuum for at least 70 min. A
summary and comparison of NH; uptake at different
conditions, regeneration and adsorption loss of reported

This journal is © The Royal Society of Chemistry 20xx
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porous materials are listed in Table S1. It can be seen from the
comparison that Zn(NA),, Co(NA), and Cu(NA), have large NH;
uptake of more than 10 mmol/g (1 bar, 25 °C), especially the
adsorption capacity of Co(NA), is top-ranking at the similar
pressure and temperature conditions, though many reported
materials were tested at 20 °C. More importantly, the four
MOFs have reusable advantages over many other non-

regenerable MOFs (Cu-BTC, MOF-5, MOF-177 etc.).

51,52

4. Conclusions

With the continuous concerns of ammonia treatment from the
air pollution and clean energy perspectives, the employment

of porous materials in ammonia adsorption

is of great

significance. We have used NH;-assisted synthesis and solvent-
evaporated conversion to synthesize a series of MOFs, M(NA),
(M = Zn, Co, Cu, Cd), they exhibit the structural flexibility,
allowing the interconversion to M(NA),(H,0); (M = Zn, Co, Cu,

Cd).
structure

These flexible MOFs with similarity in synthetic and
transformation, however, have demonstrated

differences in microstructure and adsorption performance.
Zn(NA), and Co(NA), with layered structures have particular

NH; adsorption performance. Zn(NA),

has two-step NH;

adsorption and Co(NA), has a continually increased and huge
NH; uptake. The adsorption of Cu(NA), and Cd(NA), become
fast and tend to be stable after three cycles. Due to their
flexible properties, M(NA), (M = Zn, Co, Cu, Cd) have large NH;
uptakes of 10.2, 17.5, 13.4 and 6 mmol/g, respectively. More
importantly, under the conditions of vacuum and heating at

150

°C for 70 min, these materials could be efficient

regenerated without loss of performance. Therefore, due to
the advantages of flexible structures, high ammonia uptake
and reusable performance, M(NA), (M = Zn, Co, Cu) have
potential application in ammonia adsorption.
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