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Novel catalysts with high activity for the selective catalytic reduction of NO with NH; (NH;-SCR) at low temperatures are highly
demanded. In this study, mixed-node metal-organic frameworks (MOFs), e.g. Mn@CuBTC with controlled Mn composition in
Cu;(BTC),, were fabricated using postsynthetic exchange method and their structural characteristics and catalytic performances
for NH;-SCR reaction were assessed. A series of analyses in terms of structure, surface morphology, texture, and chemical state
determined that Mn ions were successfully incorporated into the Cu;(BTC), crystal lattice as well as adsorbed on the walls of
nanopores in the framework. The pore sizes can be finely tuned in the presence of Mn ions in the cages, which significantly
suppressed water adsorption. The NH;-SCR activity of Mn@CuBTC exhibited nearly 100% NO, conversion rate in the tem-
perature range (230-260°C). The superior NH;-SCR performance is attributed to the proper pore sizes, reduced water content,
and the synergistic effect between manganese and copper ions in the MOF structure, which enhanced NH; bound to the active

Lewis sites.

1. Introduction

In the efforts of removing air-polluting nitric oxide (NO,)
gases, selective catalytic reduction (SCR) with NHj is a cost-
effective and efficient approach. At present, most industries
rely on catalysts such as V,05-WO;/TiO, operable in a
narrow temperature window of 300-400°C, which results in
inevitable technical challenges and low N, selectivity [1-4].
Novel catalysts with high SCR activity at temperatures lower
than 300°C are highly demanded. Transition metal oxide-
based catalysts present enormous potentials and their low-
temperature NH;-SCR activities are exhibited in the fol-
lowing order Mn > Cu>Cr>>Co>Fe>>V>>Ni [5-13].
Manganese-based catalysts are superior, which can be at-
tributed to the versatile valence states and excellent redox
ability. Multiple catalytic oxides supported on stable high-
surface materials can further enhance the low-temperature
performances via modified active sites, synergistic effects
between the two metal ions, and metal-support interaction

[14, 15]. For instance, MnO,—CeO, hybrid nanocatalysts
supported on graphene aerogel exhibited 80% NO con-
version at 150°C and 98% at 250°C [15]. Recently, Boningari
et al. reported metal oxide confined in titania nanotube (M/
TNT) system and noticed that the surface texture and tu-
bular morphology greatly promote the NO, conversion in
the temperature regime of 100-300°C [16].

The emerging metal-organic frameworks (MOFs) have
attracted much attention in gas separation, absorption,
sensing, and catalytic reaction [17-19]. MOFs are com-
pounds made up of metal ions coordinated with organic
ligands into clusters arranged in a periodic pattern, resulting
in a crystalline structure with well-defined cavities. MOFs
are advantageous in terms of stable framework integrity,
large nanopore volume, highly dispersed active sites, and
tunable chemical structure, rendering its great candidacy as
either an active catalyst or catalyst supporter. Copper
benzene—1, 3, 5—tricarboxylate, i.e. Cuz(BTC), (abbrevi-
ated as CuBTC in this paper), has a three-dimensional


mailto:qudianli@126.com
mailto:hong.huang@wright.edu
https://orcid.org/0000-0002-1114-5075
https://orcid.org/0000-0002-0312-1671
https://orcid.org/0000-0003-4997-1089
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/2935942

channel structure connecting a system of cages in the size of
0.3-1.2 nm with high specific surface area (up to 1400 m*/g)
and open metal active sites. According to Sun et al. [20],
CuBTC performed best in adsorption of NO, from a mixing
hazardous gas. CuBTC modulated with acetic acid resulted
in 95.5% NO conversion in NH3-SCR reaction at 280°C,
which is better than untreated CuBTC (60% conversion) and
derived copper oxide (83.9% conversion) [21]. CuBTC ac-
tivated in vacuum [22] demonstrated nearly 100% conver-
sion of NO at temperatures from 220°C to 280°C. Qin
investigated performances of the mixed-node MOFs, e.g.,
A-Cu-BTC series (A =Fe, Ni, Co, Mn, Sr, La, Ce, Al) and
their derived oxides in the SCR of NO with CO [23]. Al-
though the A-Cu-BTC did not perform better than Cu-BTC,
the doping elements present in the CuO,/C enhanced re-
active activity and reduced the operating temperature.
This research is directed to fabricate Mn@CuBTC with
controlled Mn composition in CuBTC and to assess the
impacts of addition of Mn on the SCR of NO with NH;,
which has not been reported in public reports. In oxide-
based catalysts, the synergistic effect between Mn and Cu
ions effectively enhanced NO conversion at low tempera-
tures [24-26]. In this study, the Mn@CuBTC series were
fabricated via a postsynthetic exchange (PSE) method. Their
structural, morphological, and compositional properties
were systematically analyzed. The deNO, capability and
thermal stability of the novel catalysts Mn@CuBTC were
assessed. The states of NH; adsorbed on the catalyst as
exposed or in the presence of NO were discussed.

2. Experimental Aspects

2.1. Catalyst Synthesis. Copper nitrate trihydrate (Cu(NO3),-3H,0)
and manganese chloride tetrahydrate (MnCl,-4H,0) were
purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). 1, 3, 5—benzene tricarboxylic acid
(H3BTC) and N, N-dimethyl formamide (DMF 99%) were
purchased from Aladdin Bio-Chem Technology Co., Ltd
(Shanghai, China). All chemicals were used without further
purification.

CuBTC was synthesized using the hydrothermal
method. Typically, Cu(NO3),-3H,0 (4.5 mmol) and H;BTC
(4.5 mmol) were dissolved in a mixed solution of deionized
(DI) water (15 ml), absolute ethyl alcohol (15 ml), and DMF
(15ml). The solution was placed in a 100 ml Teflon-lined
autoclave and held at 120°C for 24 h. Afterwards, the ob-
tained blue crystals were collected with the help of centri-
fugation and washed using DI water repeatedly to remove
the unreacted chemicals. Finally, the CuBTC powders were
dried at 100°C under vacuum overnight.

The as-synthesized CuBTC (0.5 g) was dispersed in 20 ml
ethanol under ultrasonication for 20min. Meanwhile,
MnCl,-4H,O was dissolved in 50 ml ethanol to obtain so-
lutions with different Mn** concentrations (0.01 mol/L,
0.02 mol/L, 0.05mol/L, 0.08 mol/L, and 0.1 mol/L). Each
Mn?* solution was then added dropwise into one CuBTC
suspension solution under vigorous stirring at room tem-
perature for 2h. The sample was kept in a stainless steel
autoclave with a polytetrafluoroethylene liner at 90°C for
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24h. After cooling down to room temperature, the sample
was filtered and washed with ethanol and DI water. Same as
CuBTC, the series Mn-doped products were dried in a
vacuum oven at 100°C overnight. The resulting catalysts are
denoted as Mn@CuBTC-X (X is the nominal concentration
of Mn** solution).

2.2. Catalyst Characterizations. The crystal structures,
morphologies, composition, and bonding state and valency
of the elements in the catalysts were analyzed by using X-ray
diffraction (XRD, PANalytical X’pert with Cu Ka
A=0.154178 nm), field emission scanning electron micros-
copy (FESEM, ZEISS-XIGMA HD), and X-ray photoelec-
tron spectroscopic (XPS, Thermo-Fischer ESCALAB250Xi,
Thermo-Fischer, U.S), respectively. For better SEM images, a
few nanometer-thick gold was coated on the powder samples
to reduce the charging effect.

The textural properties of the catalysts were determined
using N, adsorption at —196°C with JW-BK 112 phys-
isorption apparatus (JWGB Sci & Tech, China).
Brunauer-Emmett-Teller (BET) and Barrett-Joyner—
Halenda (BJH) methods were applied to calculate the spe-
cific surface area and pores size distribution, respectively.

Table 1 lists the texture properties and atomic percentage
of each element (based on XPS analysis) in the CuBTC and
Mn@CuBTC-X catalysts.

2.3. Catalyst Thermal Stability, SCR Activity, and In Situ
Reaction Analyses. The thermal stability of the catalysts was
determined by thermogravimetry (TG, Netzsch STA449F3)
in the temperature range of 30°C to 550°C at a rate of 10°C/
min under nitrogen atmosphere.

Prior to the SCR activity test, CuBTC and Mn@CuBTC-
X samples were all heated at 230°C for 60 min in a flow of He
to remove moisture and to activate the catalyst. The SCR
activities were assessed by placing 2mL of the activated
catalyst on a fixed-bed reactor. Tests were performed in the
temperature range of 150°C to 300°C using a simulating gas
consisting of 500 ppm NO, 500 ppm NH3, 5 vol.% O,, and
balanced with nitrogen at a gas space velocity of 30,000h™".
The concentration of NO, and N,O in the effluent gas was
determined by a Nicolet iS50 FT-IR spectrometer. Details
have been described elsewhere [15]. The NO conversion and
N, selectivity were calculated as follows:
[No]in - [NO]

NO conversion (%) = (NOJ out 100,
in

NOJ;, + [NH;];, - [NO -2[N,0
N, selectivity (%):<[ Oliy +[NH; ], = [NO, o — 2[N, ]0ut>

[NOJ;, +[NH;];,

x 100.
(1)

In situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) was performed on Nicolet Nexus
spectrometer equipped with a MCT detector. Prior to the
experiment, the Mn@CuBTC-0.05 sample was heated at
230°C for 60 min in a flow of He to remove moisture and to
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TaBLE 1: Texture properties and relative elemental composition of CuBTC and Mn@CuBTC-X.

Atomic ratio

Texture properties

Atomic concentration

Samples (%)

Mn/Cu Surface area (mz/g) Average pore size (nm) Pore volume (cm3/g) C (@) Cu Mn
CuBTC 0 1440 0.57 2.41 589 339 73 —
Mn@CuBTC-0.01 0.39 993 0.50 2.38 56.7 336 7.1 2.8
Mn@CuBTC-0.02 0.39 876 0.51 2.39 558 343 72 28
Mn@CuBTC-0.05 0.43 767 0.48 2.42 564 339 6.8 29
Mn@CuBTC-0.08 0.43 661 0.42 2.18 55.8 341 71 3.0
Mn@CuBTC-0.1 0.51 434 0.35 2.26 558 336 72 34

activate the catalyst. The sample was then exposed to
500 ppm NH;3/N, at 230°C for 30min followed by N,
purging for 30 min. Afterwards, 500 ppm NO* 5% O,/N,
was introduced to the NH;-adsobred catalyst. The spectra
were collected prior to any exposure, exposed to NHj; after
10min and 30 min, and exposed to NO at 2 min, 10 min,
30 min, and 60 min.

3. Results and Discussion

Figures 1(a) and 1(b) show the typical SEM images of the as-
synthesized CuBTC and Mn@CuBTC-0.05. Most particu-
lates exhibit well-defined octahedral crystallite with edge
length in the range of 2-12 microns. Thermal activation at
230°C generates more rough and porous surface on each
crystal plane (see Figures 1(c) and 1(d)). Both the bulk and
surface of Mn@CuBTC-0.05 sample were further examined
with the help of EDX and XPS, and both confirmed the
existence of manganese in the octahedral crystal, as seen in
Figures 1(e) and 1(f).

Figure 2(a) presents the experimental XRD results of
Mn@CuBTC-X and CuBTC and compared the simulated
CuBTC XRD profiles (Figure 2(b)). The sharp and strong
diffraction peaks indicate good crystallization of the prod-
ucts. The peaks positioned at 6.7°, 9.5°,11.6°, 13.4°, 19.1°, and
26.0° are in good agreement with the simulated and other
published results [27], which are diffracted from planes
(220), (222), (400), (440), and (040), respectively. The
patterns of Mn@CuBTC-X samples exhibit similar features
to CuBTC, confirming the fact that the CuBTC framework
was not altered with the manganese ion exchange/addition.
No reflection peaks from manganese oxides were detected in
the XRD profiles. It is noteworthy that one small peak at 5.9
shows up in the Mn@CuBTC-X XRD spectra and becomes
more significant at higher Mn content. This peak is known to
be related with the degree of hydration. When more water
presented in the CuBTC framework, the intensity of the peak
reduced significantly, which can be invisible. Figure 2(b)
plots the simulated XRD based on the dehydrated and
hydrated CuBTC structures proposed by Wong-Ng et al.
[27]. The present results suggest that Mn addition will re-
duce the water absorption/retaining in the MOF framework.

Figure 3(a) shows the NO conversion efficiency obtained
at different temperatures in the presence of CuBTC or Mn@
CuBTC catalysts. All the catalysts exhibit similar trend as a
function of temperature. The NO conversion efficiency is
low at 150°C and increases exponentially upon increasing the
temperature from 150°C to 220°C. The NO conversion

efficiency reaches maximum within the temperature window
between 230°C and 260°C. When the temperature is further
increased, the NO conversion efficiency starts to decrease
sharply due to the decomposition of the frameworks. As seen
in Figure 3(a), adding manganese in the CuBTC framework
significantly increased the SCR performance. Below 200°C,
the conversion efficiency using Mn@CuBTC is over 35%
higher than using CuBTC manifesting the benefits of the
presence of manganese. In the optimal temperature window
of 230°C-260°C, the Mn@CuBTC catalysts result NO con-
version over 90% with Mn@CuBTC-0.05 and Mn@CuBTC-
0.08 and having the highest conversion efficiency close to
100%. Furthermore, as seen in Figure 3(b), the high N,
selectivity (nearly 100%) over all the prepared catalyst
samples can be obtained in the whole temperature range.
The CuBTC and Mn@CuBTC-0.1 displayed relative lower
N, selectivity, which proceeds to decline at about 260°C.
To gain insight of the significant performance im-
provement in the presence of Mn in the MOF catalysts, Mn@
CuBTC-0.05 catalyst is subjected to further analysis in
chemical states of Cu and Mn, phase transition upon in-
creasing temperature, as well as the gas-absorption states on
the catalysts upon exposure at the operating temperature.
Figure 4(a) shows the XPS spectrum in the Cu 2p region.
The two main peaks located at 933.4eV and 953.5eV are
characteristic of Cu 2p3/, and Cu 2p;, of Cu**, respectively.
The satellite peaks in the vicinity, located at 939 eV, 943 eV,
and 961.6 eV, are attributed to shake up satellite peaks of
Cu**. According to Yong et al., the strong copper shake up
satellite peaks contributes greatly to the NH;-SCR reaction
[28]. As seen in Figure 4(b), Mn 2p spectrum exhibits two
peaks ascribed to Mn 2p3,, and Mn 2py,, respectively. The
Mn 2p;/, peak can be deconvoluted into two peaks centered
at 641.0eV and 644.2 eV, which indicate the presence of
Mn** and Mn*" ions [29-31]. Xin et al [32] has suggested
that Mn®" could activate NH; into NH, intermediate that
will readily react with NO to produce N,. Previous studies
also confirmed that ample amount of Mn** ions is one of the
key factors enhancing NHj oxidation in the NH;-SCR
process due to the strong oxidizing state of Mn (IV) [15, 16].
Figure 5 presents the mass change of Mn@CuBTC-0.05,
compared with CuBTC, upon increasing temperature. In
general, two characteristic stages transitioned around 300°C
are observed in both samples. At low-temperature region
(below 270°C), the weight loss is due to the volatilization of
adsorbed water in the framework cages. For Mn@CuBTC-
0.05, the weight loss is 7.3% at 150°C, which is equivalent to
x=2.64 of hydrated water. In contrast, the weight loss is 12%
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FIGURE 1: Representative SEM images of (a) as-prepared CuBTC, (b) as-prepared Mn@CuBTC-0.05, (c) activated CuBTC, and (d) activated
Mn@CuBTC-0.05; representative survey of (e) EDS spectrum and (f) XPS spectrum obtained from as-prepared Mn@CuBTC-0.05.

equivalent to x=4.58 hydrated water. This observation in-
dicates that the as-prepared Mn@BTC has much less water
content in the framework, consisting XRD results discussed
in the previous session.

In the temperature range of 200°C to 270°C, the mass
remains approximately unchanged, suggesting that all the
hydrated water molecules are removed from the crystal

while the framework is still stable. This temperature region
corroborates well with the high NO conversion observed in
Figure 3. In the CuBTC framework, the binuclear Cu,-
clusters are coordinated with four carboxylate groups per
copper to form a paddle-wheel unit. The Cu*" ions are
connected through a weak bond and the residual axial co-
ordination site can readily attract water molecule [33, 34].
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FIGURE 2: XRD profiles of (a) experimental results obtained from CuBTC and Mn@CuBTC-X in this study; (b) simulated CuBTC with
different amount of water presented in three sites in the framework (based on the structural parameters reported in [27]).
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Wong-Ng et al. [27] proposed three different sites for water
molecule occupancy (see Figure 6). In addition to weakly
bounded to the coordination sites, extra water can be
adsorbed on the main cage wall as well as the center of the
main cage. Since both copper active site and nanopores are
filled with water, the hydrated CuBTC has poor catalytic
activity. From the TG results, it is seen that the water
molecules in the pore center and wall can readily desorb
around 100°C in CuBTC. In Mn@CuBTC-0.05, Mn addition
significantly suppressed the water adsorption in the
framework, which may to be attributed to a portion of Mn
ions occupying water adsorption/coordination sites in ad-
dition to substitution of the copper. Water molecules oc-
cupying the coordination sites will require more energy to

remove up to 200°C. Upon complete removal of water
molecules from the framework while the MOF framework
remains integrity, a large number of Lewis acid coordination
sites on the catalytic ions are exposed when the catalytic
activity becomes maximum as observed in CuBTC and Mn@
CuBTC in the temperature window of 230-260°C. It is
submitted that the suppression of water adsorption as well as
the presence of Mn in both the active and surface sites may
synergistically improve the catalytic activity at low
temperatures.

The dramatic weight loss at 270°C and 330°C corre-
sponds to the decomposition of the BTC organic linkers. In
the same temperature range, the catalytic activity also
rapidly decreased, which can be ascribed to the collapse and
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prepared CuBTC and Mn@CuBTC-0.05 samples.

decomposition of framework in CuBTC as well as in Mn@
CuBTC. As the temperature increased to 350°C, only 47.7%
of the mass remains in CuBTC. The weight loss value
suggests that the decomposition product at this stage is the
copper carbonates. The carbonates will gradually decompose
into CuO, manifesting with the gradual weight loss between
370°C and 550°C. The slightly higher mass in the decom-
posed products in Mn@CuBTC is due to the extra amount of
manganese. It is reported that CuBTC has completely
decomposed into CuO,, which showed good SCR catalytic
activities [23]. The catalytic activities of the calcined BTC
compounds are beyond the scope of this research.

Furthermore, appropriate pore size may be another key
factor facilitating the adsorption of NO and accelerating the
reaction rate. As seen in Table 1, with the continuously
increase of Mn dopant amount, the pore size gradually
reduced from 0.57 nm to 0.35 nm. It needs to be noted that
both the specific surface area the samples gradually de-
creased with the increasing Mn ions concentration. How-
ever, the catalytic activity of Mn@CuBTC-X is highest when
X =0.05-0.08. These results suggested that the cage pore size,
compared with the BET specific surface area, is a more
crucial factor affecting the NH;-SCR catalytic activity. It is
interesting to see from this study that cage pore size can be
finely tuned via Mn doping.

In situ DRIFTS experiments were used to detect the
species absorbed on the surface of catalysts and to gain
insight of the SCR reaction mechanism. Figures 7(a) and
7(b) show the DRIFT spectra of Mn@CuBTC-0.05 at dif-
ferent situations. Prior to any gas exposure, the majority of
vibrational bands (see Figure 7(a)) are concentrated in the
range of 1300-1700 cm ™" from symmetric and asymmetric
stretching modes in the carboxylate groups. The peak in the
vicinity of 1650 cm™" reflects the carboxylate linking with
metal ions in the form of chelation or bidentate ligand. A few
peaks in 700-800 cm ™' reflect C-H stretching modes. The
series peaks in the fingerprint area are the benzene ring
characteristics [35]. The duplet peaks may reflect the co-
existence of Mn and Cu in the framework causing different
extent shift of the peaks. No water-related peaks are ob-
served, which confirmed the complete dehydration of Mn@
CuBTC-0.05 after activation treatment at 230°C.

Upon exposure to NHj, as seen in Figure 7(a), several
peaks emerge at 1101 cm’l, 1252 cm’l, 1385 cm’l, 1670 cm’l,
2930 cm ™}, and 3500cm !, These peaks reflect a series of
vibrational modes of different states of NH; [36-38]. For
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FIGURE 6: Schematics of the structure of (a) dehydrated CuBTC; (b) hydrated CuBTC with OW1; (c) hydrated CuBTC with OW1 and OW2;
(c) hydrated CuBTC with OW1, OW2, and OW3. Symbols: Cu (blue), O (red), C (brown), H (yellow), OW1 (pink), OW2 (purple), and
OWS3 (light pink).

E) E)
& &
= =
2 8
2 2
: 2y
w w
=) =
S & N
= =)
T T T T T T T T T T T T T T T T
800 1200 1600 2000 2400 2800 3200 3600 800 1200 1600 2000 2400 2800 3200 3600
Wavelength (cm™) Wavelength (cm™)
—— Mn@CuBTC-0.05 —— NH; 30min —— NO 30min
—— NH; 10min — NO 2min —— NO 60min
— NH; 30min —— NO 10min

(a) (b)

FIGURE 7: In situ DRIFT spectra of activated Mn@CuBTC-0.05 (a) exposed to NH; at 230°C for 10 min and 30 min in comparison with no
exposure. Reaction condition: [NH3] =500 ppm, and N, balance; (b) exposed to NO + O, at 230°C for various times after NH3 adsorption
and purged with N,. Reaction condition: [NO] =500 ppm, [O,] =5% and N, balance.



instance, the broad bands centered at 3500 cm ™" and the small
peak at 1252 cm™" can be attributed to the stretching vibra-
tions of NH; adsorbed on the Lewis acid sites in the catalysts.
The broad peak centered at 2930 cm™' may be related to
vibration of second layer NH; atop of NHj strongly bound to
the catalyst. No peaks at 1610cm™' and 1450cm™" were
observed, indicating the significant difference between Mn@
CuBTC from MnO,-based catalysts. By contrast, the strong
peaks that appear at 1670 cm™" and 1385 cm ™ related to the
stretching and bending of NH; bound to the carboxylate
ligand, i.e. the Bronsted acid sites. The 1101 cm™" peak cor-
responds to the N-H wagging on the catalysts. In brief, it can
be submitted that the NH; species absorbed on the surface of
catalysts exists in versatile forms. As the NH; exposure time
increased from 10 to 30 minutes, the intensity of all these
peaks increased, indicating that more NHj species were
adsorbed on the catalyst.

When NO + O, gases are supplied to the Mn@CuBTC-
0.05 preadsorbed with NHj, it is interesting to note that all the
above peaks remained (see Figure 7(b)). However, the relative
intensity is different. Normalized to the strongest peak at
1670 cm™’, the intensities of the 3500cm™" and 1252cm™
peaks reduced gradually while the catalytic reactions proceed.
This result suggests that N-H groups bound to the Lewis sites
in the catalyst, instead of NH; bound to Bronsted sites and
weakly adsorbed on the catalyst surface, play the dominant
role in the SCR reaction. No peaks corresponding to NO were
observed in the DRIFT spectra. This phenomenon may
suggest that either the NO species that participate in the
reaction in the gaseous phase or the peaks of the intermediate
phases overlap with the main NH; peaks, which is in-
distinguishable [37, 38]. Furthermore, there are no charac-
teristic peaks of N,O observed, suggesting a relatively high N,
selectivity at the operating temperatures.

4. Conclusion

A series of novel catalysts Mn@CuBTC are successfully
synthesized via postsynthetic exchange approach. Mn ions
were homogeneously incorporated in CuBTC crystals and
adsorbed on the surface of the walls of nanopores. The
average pore size can be finely tuned by controlling the Mn
composition. The presence of Mn ions reduces the water
occupancy in the MOF nanopores. Compared with CuBTC,
the SCR performance of Mn@CuBTC significantly in-
creased, e.g., about 40% at 180°C. In the optimal temperature
window of 230°C-260°C, the novel Mn@CuBTC catalyst has
a highest conversion rate close to 100%. The superior NH;-
SCR performance is attributed to the proper pore sizes,
enhancement of redox activity from strong oxidizing Mn**
ions, as well as a synergistic effect between Mn and Cu ions
in the MOF structure. In the process of NH;3-SCR reaction,
ammonia reduces NO via absorbing on the Lewis sites on
surface of Mn@CuBTC catalysts.
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