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Hierarchical N-Doped CuO/Cu Composites Derived from Dual-
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Low-Temperature CO Oxidation
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ABSTRACT: Development of multi-ligand metal—organic frameworks (MOFs) and
derived heteroatom-doped composites as efficient non-noble metal-based catalysts is
highly desirable. However, rational design of these materials with controllable
composition and structure remains a challenge. In this study, novel hierarchical N-
doped CuO/Cu composites were synthesized by assembling dual-ligand MOFs via a Solvent induced
solvent-induced coordination modulation/low-temperature pyrolysis method. Different 6 o coordination modulation
from a homogeneous system, our heterogeneous nucleation strategy provided more % .
flexible and cost-effective MOF production and offered efficient direction/shape- %@
Pyrolysis 3 %
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controlled synthesis, resulting in a faster reaction and more complete conversion. After
pyrolysis, they further transformed to a unique metal/carbon matrix with regular
morphology and, as a hot template, guided the orderly generation of metal oxides,
eliminating sintering and agglomeration of metal oxides and initiating a synergistic effect
between the N-doped metal oxide/metal and carbon matrix. The prepared N-doped CuO/Cu catalysts held unique water resistance
and superior catalytic activity (100% CO conversion at 140 °C).

1. INTRODUCTION

Carbon monoxide (CO) oxidation is not only a model reaction
commonly used in catalytic research but also an important
process with practical significance.”” Noble metal-based
materials are excellent catalysts with very high performance
for CO oxidation, but the difficult recovery and high cost
prevent them from universal applications.” It is essential to
improve the utilization rate of precious metals or develop other
non-noble metal materials with high performance. In the field
of noble metal catalysts, gold (Au) has a large amount of
mining, a lower price, and a more mature recovery technology,
which is suitable as a substitute for noble metals such as Pd
and Pt° Furthermore, Au-based catalysts show significant
humidity enhancement in CO oxidation reactions, and single
Au atoms, Au clusters (1-2 nm), and Au NPs (2—5 nm)
dispersed on solid supports have caused extensive research
because they can achieve high and stable catalytic efficiency
with less precious metal loading.”” Recently, the alternatives
like non-noble metal-based catalysts, especially transition metal
oxides (Co;0,, CuO, MnO,, etc.), are attracting much interest
due to the availability of raw materials, simple preparation, and
low price.*”'° However, the reaction performance of most
non-noble metal catalysts is currently not comparable to that
of noble metals, especially under a moisture-rich condi-
tion."' ™" It is worth mentioning that the cerium oxide
(Ce0,)-supported CuO or Cu catalyst has been considered as
an economical and efficient material since the CeO, support
can effectively activate oxygen to accelerate the rate of CO
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conversion. In addition, thermally or hydrothermally treated
Cu/CeO, catalysts have been reported to exhibit excellent
activity and stability for low-temperature CO oxidation,'*™'°
Although there are some reports on improving copper-based
catalysts by supporting or combining other metal materials, few
studies are focused on the development of the structure of
CuO itself, especially the exploration of novel CuO materials
with multiple non-metallic components.

Metal—organic frameworks (MOFs) as a new class of
organic—inorganic hybrid materials possess ultra-high specific
surface areas, adg’ustable pore structures, and surface multi-
functionalities.'”"® These characteristics make MOFs promis-
ing templates for preparation of nanostructured metal oxides
with complex compositions and diversified structures.'”*°
Since most MOFs take transition metals (Cu, Co, Ni, Fe, Mn,
etc.) as the central metal, which are usually essential elements
in CO oxidation, the derivatives with the same basic
compositions as parent MOFs have great potential in CO
oxidation.”' ~** In addition, due to the wide variety of MOFs
and their diversified structures, a suitable MOF matrix can be
transformed into porous specific functionalized composites
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such as heteroatom doping (N, S, P, etc.) or polymetallic
(bimetallic, trimetallic, etc.) hybrid materials, which are
significant for enhancing the activity of catalytic sites.”>” "
Therefore, the rational design on the structure and
composition of MOF precursors is very essential for develop-
ment of high-performance derivatives.

Over the past decades, most derived catalysts were obtained
by pyrolysis of classical MOFs with a single structure. The lack
of available heteroatom-rich MOFs as single-source precursors
for carbonization seems to be a big deficiency in the progress
of catalytic oxidation. To impart new functionalities and
structures, the introduction of extra heteroatom-rich ligands
into the MOF host (ie, dualligand MOFs) has attracted
attention recently.””>" So far, two main ways are explored to
construct multi-ligand MOFs including modifying ligands
before and after synthesis. The first strategy is carried out by
mixing different ligands with soluble metal salts and then
prepared by a hydrothermal method.””** The second route is
performed via ligand exchange after the synthesis of
MOFs.>*>> However, no matter how the one-pot hydro-
thermal method or post-synthetic modification method
behaves, the formation of multi-ligand MOFs by ionic metal
precursors in a homogeneous system often needs a high extra-
energy consumption (>80 °C) and long reaction time
(between 1 and 2 days). Moreover, the introduction of a
second ligand into the original MOFs may cause severe
collapse of the intrinsic morphology. Comparatively, the
heterogeneous nucleation strategy with insoluble metal
precursors such as metal oxides and metal hydroxides would
provide a more flexible and cost-effective route for MOF
production and offer an efficient route for direction- and
shape-controlled synthesis.”* >’ Superior to traditional meth-
ods, development of a heterogeneous assembly strategy
exhibits greater potential to fabricate multi-ligand MOFs for
rapid transformation of derivatives with complex compositions
and unique structures.

In the present work, we proposed a facial approach to the
design and synthesis of hierarchical N-doped CuO/Cu
composites (N-CuO/Cu) derived from dual-ligand MOFs by
a solvent-induced coordination modulation/low-temperature
pyrolysis method (Scheme 1). Different from metal ions in a
homogeneous system, insoluble metal complexes had higher

Scheme 1. Schematic Illustration of the Synthesis of
CuBDC-MeIM(rt) Nanoflowers and the Derived N-CuO/
Cu Catalysts
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lattice enthalpies and high-density nucleation sites, which
generated strong directional binding energy between double
ligands, resulting in a faster reaction time and more complete
conversion. After pyrolysis, the insoluble metal complex further
transformed into a unique metal/carbon matrix with regular
morphology and, as a hot template, guided the orderly
generation of metal oxides, thereby overcoming the difficulties
of sintering and agglomeration of metal oxides caused by weak
metal ion binding points and creating a synergistic catalytic
surface between the oriented N-doped metal oxide/metal and
carbon matrix. Our method has the following features: (1) the
incorporation of a heteroatom-rich ligand into MOF channels
and cavities can be used to adjust the surface and internal
properties of derivatives easily and provide spatial and surface
active sites for various catalysts; (2) formation of an MOF sol
can effectively avoid coordination competition between double
ligands, which should be more conducive to produce dual-
ligand MOFs with high crystallinity and purity; and (3) multi-
component hybrid materials can be synthesized by carbonizing
dual-ligand MOFs without additional sources for efficient
catalytic oxidation. This strategy is applicable for the rapid
introduction of a broad range of heteroatom-rich ligands into
metal-based MOFs and rapid transformation of derivatives
with complex compositions and unique structures. The derived
heteroatom-doped metal oxides showed excellent catalytic
activity and maintained unique stability even under a water
vapor atmosphere.

2. RESULTS AND DISCUSSION
2.1. Formation Mechanism of CuBDC-MelM(Rt). In the

beginning, insoluble basic copper nitrate and soluble copper
nitrate were used as metal sources to compare and study the
mechanism of the formation of dual-ligand MOFs (Figure 1).
We first employed copper nitrate to react with DMF to
generate insoluble basic copper nitrate (Figure 1c). Then,
H,BDC was added to the Cu,(OH);(NO;) and Cu(NO;),
3H,0 solutions, and a blue sol was immediately formed in the
Cu,(OH);(NO,)/BDC solution, but no substance was found
in the Cu(NO;),-3H,0/BDC solution (Figure 1d). This is
because DMF had stronger coordination ability with metal
ions than methanol. After a period of reaction, DMF molecules
and Cu** formed a copper-based complex with a regular
morphology, and the complex was used as an insoluble copper-
based precursor. The insoluble precursor was rapidly trans-
formed in a solution containing H,BDC to form a sol
containing dispersed Cu-based metal organic nanopar-
ticles.*”*" Additionally, the Tyndall effect that was observed
in the blue sol further indicated the formation of colloids
(Figure S1). The XRD spectrum showed that the blue colloids
belonged to CuBDC, confirming the coordination between
Cu,(OH);(NO;) and H,BDC (Figure 2a,b). Obviously, the
solvent-induced heterogeneous nucleation overcame the high
energy barrier of homogeneous nucleation and accelerated the
smooth transformation of the precursor into CuBDC.*>*
After adding 2-MeIM to the CuBDC sol, the solution changed
from blue to purple (Figure le). Comparing the XRD patterns
of CuBDC-MeIM prepared by post-synthesis exchange and the
one-pot method, it was verified that the purple product
belonged to CuBDC-MelM, proving that the dual-ligand MOF
was successfully obtained by this method (Figure 2c). For 2-
MelM, the strength of the N-transition metal bond is greater
than that of the O-transition metal bond, and the unshared
electron pair of the N atom can easily compete with O
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Figure 1. Kinetic step of (a) preparing CuBDC-MeIM(rt) with basic copper nitrate as a metal source and (b) preparing CuBDC(MeIM) with
soluble copper nitrate as a metal source. (c) Phenomenon of Cu,(OH);(NO;) and Cu(NO;),-3H,0. (d) Phenomenon of the CuBDC sol and
Cu(NO;),-3H,0/H,BDC mixture. (¢) Phenomenon of CuBDC-MeIM(rt) and CuBDC(MeIM).
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Figure 2. (a) Powder XRD patterns of Cu(NO;),-3H,0, Cu(NO;),-3H,0-DMF, and standard Cu,(OH);(NO;). (b) Powder XRD patterns of
CuBDC(MeIM), CuBDC sol, and standard CuBDC. (c) Powder XRD patterns of CuBDC-MeIM(rt), CuBDC-MeIM(ex), and CuBDC-
MeIM(op). (d) FTIR spectra of CuBDC, CuBDC-MeIM(ex), and CuBDC-MeIM(rt).

electrons on the ligand BDC or the O electrons at the of the CuBDC framework, and the co-promotion of solvents
uncoordinated Cu—O bond.** Therefore, in the and competing ligands enabled rapid nucleation of dual-ligand
Cu,(OH);(NO,;)/BDC system, besides accelerating the MOFs at room temperature. While in the Cu(NO;),-3H,0/
deprotonation of the uncoordinated H,BDC, 2-MeIM under- BDC system, 2-MeIM only acted as a competitive ligand to
went a coordination or substitution reaction on the formation accelerate the deprotonation of H,BDC and promote the

29598 https://doi.org/10.1021/acsomega.1c03877

ACS Omega 2021, 6, 29596—29608


https://pubs.acs.org/doi/10.1021/acsomega.1c03877?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03877?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03877?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03877?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03877?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03877?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03877?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03877?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

Figure 3. SEM and TEM images of (a, d) Cu,(OH);(NO;) nanosheet, (b, e) CuBDC sol, and (c, f) flower-like CuBDC-MeIM(rt) and (g) EDX
mappings of the different elements O, N, and Cu recorded from an individual CuBDC-MeIM(xt).
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Figure 4. (a) TG curves of CuBDC-MeIM(rt). (b) XRD patterns of CuBDC-MeIM(rt), CuBDC-MeIM(ex), and CuBDC-MeIM(op) after
pyrolysis at 300 °C. (c) Adsorption/desorption isotherms for N-CuO/Cu, N-CuO(ex), and N-CuO(op). (d) BJH patterns of N-CuO/Cu, N-
CuO(ex), and N-CuO(op).

formation of CuBDC." The generation of the CuBDC sol was CuBDC sol and 2-MeIM was equivalent to the post-synthetic
the key to obtain dual-ligand MOFs. The reaction system of modification system. The difference was that CuBDC powder
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Figure S. (a, b) SEM images of N-CuO/Cu. (¢, d) TEM image of N-CuO/Cu. (e) Higher magnification and (f, g) EDX mappings of N-CuO/Cu.

did not need to be prepared in advance, and the processes of
MOF synthesis and ligand exchange were performed almost
simultaneously.”* Comparisons on FTIR results of CuBDC,
CuBDC-MeIM(ex), and CuBDC-MeIM(rt) (Figure 2d)
clearly showed that the characteristic peak of —COOH at
1690 cm™' was only observed on CuBDC.** The uncoordi-
nated H,BDC molecules remained in the framework of
CuBDC, but the incorporation of 2-MeIM promoted the
deprotonation of H,BDC and coordination between Cu** and
H,BDC. In the CuBDC-MeIM spectrum, the small character-
istic peaks appearing at 3200—2800 cm™' corresponded to the
—CH; and C—H vibrational peaks of 2-MeIM. The C—N peak
at 1350—1000 cm™' and C=C cis functional peak of the
imidazole ring at 675 cm™ well demonstrated that 2-MeIM
was coordinated with CuBDC."’

SEM and TEM images were used to observe the
morphological changes of the products. Basic copper nitrate
displayed a fusiform structure (Figure 3a,d), which was used as
the direction and shape guide agent in the formation of the
CuBDC sol. The prepared CuBDC sol was composed of many
particles with a particle size of about 10 nm (Figure 3b,e).
Compared with CuBDC prepared by traditional methods
(Figure S2), the obtained CuBDC sol had a more regular
nanosheet structure and uniform size (200 nm X SO nm).
Subsequently, the introduction of 2-MeIM changed the
original two-dimensional layered structure of CuBDC.

Comparing the morphology of CuBDC-MeIM prepared by
the post-synthesis exchange and one-pot method, introducing a
second ligand, 2-MeIM, into the CuBDC sol precursor led to
the self-assembly of a flower-like 3D superstructure inter-
connected by nanosheets with uniform size (Figure 3cf).
CuBDC-MeIM(ex) presented a chaotic and disordered
nanosheet structure, without forming a regular shape, and
the nanosheets were partially agglomerated (Figure S3a).
CuBDC-MeIM(op) had a similar flower-like structure, but the
morphology was imperfect and the size was uneven, and due to
the hydrothermal condition, the obtained CuBDC-MeIM (op)
had a certain degree of agglomeration (Figure S3b). In short,
CuBDC-MeIM(rt) prepared by this method had the best
morphology and structure. The surface elements of three dual-
ligand MOF materials were analyzed by an XPS test (Figure
S4). Different from the case of CuBDC, the introduction of 2-
MeIM into all of three dual-ligand MOF materials successfully
led to the production of heteroatomic nitrogen. Among them,
the nitrogen content in CuBDC-MeIM(rt), CuBDC-MeIM-
(ex), and CuBDC-MeIM(op) accounted for 14, 4.53, and
12.25%, respectively. Importantly, EDS elemental mapping of
CuBDC-MeIM(rt) well displayed that Cu, N, and O elements
were uniformly distributed within the porous composites
(Figure 3g).

2.2. Characterization of N-CuO/Cu. TGA was further
performed to determine the pyrolysis temperature of CuBDC-
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Figure 6. (a) Survey XPS spectra of N-CuO/Cu, N-CuO(ex), and N-CuO(op). (b) N 1s XPS spectra of N-CuO/Cu. (c) Cu 2p XPS spectra of N-
CuO/Cu, N-CuO(ex), and N-CuO(op). (d) Kinetic energy spectra of the Auger L3VV electron of N-CuO/Cu, N-CuO(ex), and N-CuO(op). (e)

O 1s XPS spectra of N-CuO/Cu, N-CuO(ex), and N-CuO(op).

MeIM(rt) (Figure 4a). The pyrolysis process can be divided
into four stages. When the pyrolysis temperature was below
278 °C, the weight of the sample was almost unaffected by the
increase in temperature, and a small amount of weight loss was
attributed to moisture in the air bound to the sample.”® The
MOF framework rapidly decomposed at 278 °C and was
completely converted to CuO at 313 °C. The organic ligands
H,BDC and 2-MeIM quickly decomposed into a carbon
framework and doped N atoms. There was about 10% weight
loss in the third stage, which may be attributed to the existence
of hierarchical structures.” After raising the temperature to
800 °C, the residual amount of CuBDC-MeIM(rt) was 18.8 wt
%, slightly higher than the copper content (13.72%). Based on
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the above TGA results, the samples were calcined at 300 °C in
air to obtain the metal-based composites.

By comparing the XRD spectra of the products derived from
the three dual-ligand MOFs, it was found that the main
component of the derivative catalyst was CuO (Figure 4b).
The difference was that in the N-CuO/Cu spectrum, the new
diffraction peak appearing at 43.3° belonged to the simulated
Cu(111) (JCPDS no. 85-1326). The apparent dispersion peaks
on the left side (in the range 20 = 10—30°) pointed to the
amorphous carbon matrix, " indicating the formation of a
Cu(111)/C matrix, and the final state of the derivative of
CuBDC-MeIM(rt) was a N-doped CuO/Cu catalyst. The
porous texture of N-CuO/Cu, N-CuO(ex), and N-CuO(op)
were characterized by N, sorption at 77 K (Figure 4c). The
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Figure 7. (a) CO conversion as a function of reaction temperature under different added 2-MeIM concentrations. (b) CO conversion as a function
of reaction temperature under different synthesis reaction times. (c¢) CO conversion as a function of reaction temperature under different
preparation methods. (d) Comparison of CO catalysis of MOF derivatives (traditional CuBDC/BTC, CuBDC/BTC sol, and CuBDC/BTC-
MeIM). (e) Corresponding Arrhenius plots for the reaction kinetics. (f) Catalytic activities of N-CuO/Cu for CO oxidation under moisture-rich

conditions (~2% H,O).

isotherms of the three samples could be categorized as type IV
with the H; hysteresis loop, in accordance with mesoporous
materials.>>?7*% As comparison, N-CuO/Cu exhibited higher
Brunauer—Emmett—Teller surface areas (Sgpr, 66.099 m*/g)
than samples N-CuO(ex) (9.882 m*/g) and N-CuO(op)
(34.421 m?/g). The increase in Sgpr can be attributed to the
inherited hierarchical flower-like framework groviding more
complex spatial components for N-CuO/Cu.”” Confirmed by
the pore diameter distribution curves (Figure 4d), N-CuO/Cu
exhibited rich micropores and mesopores and showed a
distinct peak centered at 1.9 and 12.7 nm, whereas N-CuO(ex)
and N-CuO(op) consisted of only mesopores and micropores.
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Furthermore, the total pore volume of N-CuO/Cu (0.316731
cm’/g) was significantly larger than those of N-CuO(ex)
(0.031763 cm?/g) and N-CuO(op) (0.141293 cm?/g). The
large surface area, pore volume, and hierarchical pore structure
were very beneficial to the exposure of active sites and rapid
transportation of gas molecules to catalytic sites.”°

As shown in the SEM images of the N-doped CuO/Cu
sample, the self-assembly of nanoparticles was directed from
CuBDC-MeIM(rt) to construct N-CuO/Cu hierarchical
structures, which had an inherited flower-like structure
consisting of nanosheets (Figure Sa—d). It was observed that
the derivatives of CuBDC-MeIM(ex) and CuBDC-MeIM(op)
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presented a sheet-like structure, with a size of approximately
100 pm X S um (Figure SS), there was no obvious hierarchical
structure, this was attributed to the fact that CuBDC-
MeIM(rt) had the complete and well-shaped flower-like
structure, and using fusiform basic copper nitrate as the
metal node, the strong bond between the metal and the ligand
prevented the collapse of the structure after pyrolysis.”' The
morphological properties of CuBDC-MeIM(rt) pyrolyzed at
573 K significantly affected the physicochemical properties of
MOF-derived composites. Through the heat treatment,
CuBDC-MeIM(rt) were converted to CuO/amorphous
carbon with clear lattice fringes of 0.23 and 0.25 nm
corresponding to the (111) and (002) crystal facets of CuO
(JCPDS no. 45—0937) (Figure Se), respectively. Importantly,
EDS mappings of N-CuO/Cu well displayed that Cu, N, and
O active sites were uniformly distributed within composites
(Figure Sfg).

More details on the chemical structure and surface oxidation
state of N-doped CuO/Cu were carried out by XPS
measurement. The presence of N was clearly observed in the
XPS survey spectra of the three samples (Figure 6a). The fine
N 1s survey spectra were deconvoluted into four peaks
centered at 399.1, 400.4, 401.4, and 403.2 eV, corresponding
to pyridinic-N, pyrrolic-N, graphitic-N, and N-oxide, respec-
tively (Figure 6b).”> The existence of pyridinic-N, pyrrolic-N,
and graphitic-N indicates the successful doping of N atoms
into the carbon layers. Benefiting from the doping of N atoms
into the carbon layers, the CO catalytic performance of CuO
could be further improved.”” In order to further verify the
effective doping of N element in three samples, the organic
element analysis test (CHNS) was carried out. The results
showed that the samples contained a certain amount of N
element, and N-CuO/Cu contained the most N element, the
doping amount was 2.5 wt %, while N-CuO(ex) and N-
CuO(op) only contained 0.56 and 1.3 wt % of N element
content. The results show that by using CuBDC-MeIM(rt) as
the sacrificial template, more N-doped derivative catalysts can
be obtained. For all three samples, the Cu 2p spectra can be
divided into four peaks (Figure 6¢). The main peak around
935 eV was assigned to lattice Cu®* cations, and the presence
of shake-up satellite peaks at 941 eV confirmed the existence of
Cu’". As the binding energy of Cu’* ranges from 934 to 935
eV, the lower binding energy suggested the presence of Cu* or
Cu”.* In general, the relative intensity of the satellite relative
to the main line in the standard Cu 2p spectrum was 0.55, and
it was found that the relative intensities of N-CuO/Cu, N-
CuO(ex), and N-CuO(op) were 0.43, 0.51, and 0.51,
respectively.'* The results indicated that N-CuO/Cu con-
tained more Cu" species. Generally, the Cu 2p spectra cannot
be used to distinguish Cu’ and Cu' species as they are
essentially identical. However, their Auger parameters were
different. Figure 6d shows the Cu L3VV spectrum of the three
catalysts. The double peaks in the Cu L3VV spectra indicated
the presence of two Cu species. The main peak in KE = 917.8
was assigned to Cu**. However, the shape of the peak was not
symmetrical. A broadening toward lower energies was
observed in all samples, indicating the presence of Cu"? The
existence of Cu’ species may be the result of the strong
interaction between copper species and porous carbon caused
by nitrogen doping. Generally, in metal oxides, Cu® had better
CO catalytic activity than Cu*, and the activity of the catalysts
was evaluated by the fraction of Cu* (Cu*/(Cu* + Cu*")). The
larger the fraction of Cu*, the better the catalytic effect was.>®

The ratio of Cu” was calculated from the ratio of the area of
the Cu" peak to the main Cu 2p;,, peak, the fractions of Cu”
(Cu*/(Cu* + Cu*)) in the three catalysts were 0.54, 0.49, and
0.49, respectively, indicating that N-doped CuO/Cu had a
better CO catalytic effect. Oxygen properties were analyzed in
detail through the O 1s spectra. As displayed in Figure Ge, the
spectra of O 1s for three samples were resolved into three
peaks and contributed to O, (lattice oxygen), O,y (surface
oxygen), and Ogy (absorbed water).'”** Furthermore, in situ
DRIFTS measurement (Figure S6) was carried out to prove
the composition of oxygen-containing substances on the
surface. From the area percentages of different O elements
calculated from XPS spectra, N-CuO/Cu contained the largest
amount of lattice oxygen and lowest absorbed water species of
all, which significantly improved the surface redox reaction,
thus enhancing the catalytic performance and surface water
resistance.

2.3. Catalytic Performance of CO Oxidation. The
catalytic oxidation of CO was used as a model reaction. As
depicted in Figure 7a, by adjusting the concentration of added
2-MelM, a series of derived catalysts were obtained. ICP
analysis showed that with the addition of 10 mmol of 2-MeIM,
the MOF precursors contained the highest Cu content,
indicating that under the operating conditions, Cu?" achieved
the maximum coordination. The CO catalytic test verified that
N-CuO/Cu-10M exhibited superior catalytic performance with
100% CO conversion at 140 °C. The effects of reaction time
on the catalytic performance of the derivatives were tested. As
shown in Figure 7b, there was no difference in the catalytic
effects of the catalysts obtained by reacting for 10 min and 24
h, both of which completely oxidized CO at 140 °C, indicating
that 2-MeIM was completely coordinated in a short time.
Furthermore, compared with N-CuO(ex) and N-CuO(op), N-
CuO/Cu showed the best catalytic effect (Figure 7c). This is
mainly due to the fact that N-CuO/Cu had the highest N
doping content and higher lattice oxygen, providing more
catalytically active sites. It was confirmed from Table S1 that
the N-CuO/Cu catalyst had the highest Cu species dispersion
(14.57%) and the highest active area (98.56 m*/g). The order
of the degree of dispersion of Cu species in different catalysts
was as follows: CuO < N-CuO(ex) < N-CuO(op) < N-CuO/
Cu, indicating that N doping led to better CuO dispersion.
From the activity test results of the catalysts, we found that this
sequence was almost the same as the selective sequence for the
complete conversion of CO to CO,, confirming the enhance-
ment of catalytic activity caused by N doping. On the other
hand, the Cu(111) crystal plane appearing in the N-CuO/Cu
composite material was more conducive to the interaction
between CuO and O, and greatly promoted the CO catalytic
reaction.’>*® In order to better clarify the superiority of using
insoluble metal complexes as metal nodes, the catalytic
performance of CuO derived from CuBDC and CuO(sol)
derived from CuBDC sol was compared. As shown in Figure
7d, CuO exhibited the lowest catalytic performance for CO
oxidation (total conversion at 240 °C), while CuO(sol) can
completely oxidize CO at 155 °C. Based on the dispersion of
Cu species and the content of CuO, the turnover frequency
(TOF) values of CuO and N-CuO/Cu were calculated. N-
CuO/Cu composites possessed a competitively high TOF
value of 1.17 X 107° s™! at 393 K, which was 1—2 orders of
magnitude higher than CuO (6.99 X 107 s™!) and superior to
most reported MOF-based catalysts (Table S2). In sharp
contrast, the lowest apparent activation energy (36 kJ/mol)
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Figure 8. (a) H,-TPR profiles of N-CuO/Cu, N-CuO(ex), and N-CuO(op) catalysts. (b) In situ DRIFT spectra of N-CuO/Cu after exposure to

CO + 0O, at 100 °C for 10 min.

toward CO oxidation was observed for N-CuO/Cu (Figure
7e). A catalyst derived from CuBTC-MeIM(rt) was also
fabricated for CO oxidation, and N-CuOT/Cu also exhibited
high performance. All these results confirm that the solvent-
induced coordination modulation method is a promising
alternative for fabricating high-performance MOF-derived
catalysts.

H,-TPR was employed to examine the oxidation—reduction
performance of three catalysts. As can be seen from Figure 8a,
all catalysts showed a reduction peak before 300 °C, which was
attributed to the reduction of Cu species. Among them, N-
CuO/Cu presented a strong reduction peak at 206 °C, and N-
CuO(ex) and N-CuO(op) showed reduction peaks at 223 and
296 °C, respectively, indicating that N-CuO/Cu has the best
redox characteristics. Combined with the previous dispersion
test results, the reduction temperature of CuO species had a
certain correlation with the dispersion. The higher the
dispersion, the lower the reduction peak temperature of CuO
was. This is because higher dispersed CuO species
strengthened the interaction between the carrier and the
active component, thereby reducing the reduction temperature
of CuO. In situ DRIFTS was performed to study the active
sites and identify the reaction pathway. Taking the N-CuO/Cu
catalyst with the best catalytic performance as an example,
Figure 8b shows the CO/O, co-adsorption on the N-CuO/Cu
sample at 100 °C for 20 min after the infrared spectrum.
During the CO flow, the in situ DRIFTS showed two peaks at
2106 and 2174 cm™!, corresponding to the vibration and
adsorption peaks of gas-phase CO.>” In addition, the infrared
vibration peaks at the wavenumbers of 2342 and 2359 cm™'
were attributed to gas-phase CO,. Obviously, CO and O, react
on the surface to form CO, under heating operation conditions
of 100 °C.

Stability is an important indicator for examining the
behavior of catalysts. In the experiment, the hydrothermal
stability and cycle stability of the prepared catalysts were
tested. Under dry feed gas conditions, the as-prepared N-
doped CuO/Cu maintained approximately 85% CO con-
version at 130 °C for more than 72 h (Figure S7). The
repeatability of the catalyst was tested, and the catalytic effect
was almost unchanged after four cycles (Figure S8), displaying
excellent stability in catalysis. Although transition metal oxides
can replace traditional noble metals for catalytic reactions,
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H,O dissociative adsorption usually occurs on the surface of
metal oxides and the adsorbed H,O interacts with CO to form
carbonates, resulting in the poisoning and inactivation of
surface active sites, which greatly limits their practical
application for low-temperature CO oxidation.">"® In  this
work, about 2% water vapor was used to test the water
resistance of heteroatom-doped transition metal oxides derived
from dual-ligand MOFs. As illustrated in Figure 7f, even
though the presence of H,O in the feed gas reduced the
conversion rate of CO, N-CuO/Cu still achieved a total
conversion at 170 °C under humid conditions. By making use
of basic copper nitrate as the metal node, Cu(111) produced
after pyrolysis showed low oxidation activity on the surface.
This inert surface reduced the dissociative adsorption of H,O
and improved the water resistance of CuO.>® On the other
hand, N doping reduced the formation of surface OH, thereby
mitigating water poisoning on the surface of N-CuO/Cu.”® As
mentioned above, N-CuO/Cu catalysts reached a total CO
conversion at 140 °C under dry conditions, and the difference
between the reaction temperature of complete oxidation in dry
and moist environments (AT) was as small as 30 °C.
Comparatively, in previously reported studies, the AT of
most transition metal oxides were higher than 100 °C (Table
S3). As expected, the unique structure and properties of CuO/
Cu and the heteroatom doping can effectively overcome the
problem that the transition metal oxides are easily poisoned
under moist conditions.

3. CONCLUDING REMARKS

In this study, based on the high density of heterogeneous
nucleation sites of insoluble metal complex, we have achieved
the transformation of dual-ligand MOFs into hierarchical N-
doped metal-based composites by solvent-induced coordina-
tion modulation combined with low-temperature pyrolysis.
The combination of MOF sol self-assembly with simultaneous
ligand exchange can not only effectively avoid the problem of
dual ligand competition in one-pot synthesis but also prevent
the structural collapse caused by ligand exchange, which
realized the self-assembly of dual-ligand MOFs with good
crystallinity. After pyrolysis, a fusiform insoluble copper
complex produced a unique Cu(111)/C matrix with enhanced
oxygen binding capacity, and the strong directional binding
energy with double ligands promotes the hierarchical
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generation of CuO. The optimized N-CuO/Cu catalyst
afforded remarkable catalytic performance (100% CO
conversion at 140 °C) for more than 72 h with the lowest
apparent activation energy (36 kJ mol™"). Importantly, since N
doping generated more surface active oxygen sites and reduced
the formation of surface OH, the prepared N-CuO/Cu
exhibited attractive water-resisting property (total conversion
at 170 °C) and superior catalytic activity (TOF of 1.17 X 1073
s at 120 °C) for CO oxidation. This strategy can be extended
to produce other metal-based multi-ligand MOFs and may
open a new venue in preparing high-performance multi-
heteroatom-doped materials for versatile applications.

4. THEORETICAL CONSIDERATIONS

The formula of turnover frequencies for all samples can be
calculated as follows:

PV M 1

TOF = —— X CO vol% X conversion% X ——=%— x —
RT m X D¢, t

(1)

where P is the pressure (Pa), V/t is the volume of reactant
gases through the reactor every second (m?®/s), R is the gas
constant, T is the room temperature (K), m is the mass of Cu
species (g), M is the relative atomic mass (g/mol), and D, is
the dispersion of Cu on catalysts.

The specific reaction rate K can be calculated assuming the
ideal gas behavior as follows:

K (molg™'s™") = GHSV (mLh'g™") x 1/3600 (hs™")
X 1/1000 (L mL™") x CO vol%

X conversion% X 1/22.4 (mol L")
2)

Calculation of activation energy according to the Arrhenius
equation:

K = Aexp(—E,/RT) 3)

where K is the reaction rate of CO (mol CO g™ s7"), A is the
pre-exponential factor (s7'), E, is the apparent activation
energy (k] mol™"), R is the gas constant, and T is the absolute
temperature (K). Taking the natural log of both sides of eq 2,
we get

InK=-E/T+hA (4)

By plotting In K versus 1000/T, the apparent activation
energy E, can be calculated from the slope as shown in the

figure.

5. EXPERIMENTAL SECTION

5.1. Materials. All reagents were purchased commercially
and used without further purification. Cu(NO;),-3H,0 (99%)
in AR grade was purchased from Sinopharm Chemical
Reagent Co., Ltd., China. 2-Methylimidazole (2-MeIM, 98%),
terephthalic acid (H,BDC, 99%), and trimesic acid (H;BTC,
98%) were purchased from Aladdin Industrial Co. N,N-
Dimethylformamide (DMF) and methanol (MeOH) in A.R.
grade were purchased from Lingfeng Chemical Reagent Co.,
Ltd., China.

5.2. Synthesis of Cu,(OH);(NOs). Cu(NO,),-3H,0 (2
mmol) was dissolved into DMF; after ultrasonic dissolution,
the solution was allowed to stand at room temperature, and the

color of the solution changes from blue to green, indicating the
formation of basic copper nitrate solution.

5.3. Synthesis of CuBDC Sol. H,BDC solution (2 mmol
of H,BDC in DMF) was added into basic copper nitrate
solution and mixed well. The blue sol was centrifuged, washed
several times with MeOH, and dried.

5.4. Synthesis of CuBDC by a Conventional Method.
CuBDC was synthesized by a conventional solution method.
The solutions of Cu(NO;),-3H,0 (2 mmol) in DMF and
H,BDC (2 mmol) in DMF were mixed and placed in a water
bath at 323 K. After cooling, the resulting blue powders were
isolated under centrifugation, washed with MeOH several
times, and dried.

5.5. Synthesis of CuBDC-MelM(rt). 2-MeIM solution (10
mmol 2-MeIM in MeOH) was added into the above CuBDC
sol solution. The color of the solution quickly changed from
blue to purple. The purple solution was washed several times
with MeOH and dried to obtain a purple powder.

5.6. Synthesis of CuBDC(MelM). Cu(NO;),-3H,0 (2
mmol) and H,BDC (2 mmol) were dissolved in MeOH and
DMEF, respectively, and 2-MeIM were dissolved in MeOH.
After the three solutions were ultrasonically homogenized, the
solutions of Cu**/MeOH and H,BDC/DMF were mixed, then
mixed with 2-MeIM solution, and stirred. Finally, the resulting
blue powders were isolated under centrifugation, washed with
MeOH several times, and dried.

5.7. Synthesis of CuBDC-MelM(ex) by a Post-
synthetic Exchange Strategy. A certain amount of prepared
CuBDC was weighed, dissolved in DMF solution, and added
with a methanol solution of 2-MeIM. After ultrasonication, the
mixture was transferred to a Teflon-lined autoclave and reacted
at 120 °C for 24—48 h. The final product was washed several
times with MeOH and dried at 80 °C.

5.8. Synthesis of CuBDC-MelM(op) by a One-Pot
Method. Cu(NO;),-3H,0 (2 mmol), H,BDC (2 mmol), and
2-MeIM (10 mmol) were dissolved in MeOH, DMF, and
MeOH, respectively. The three solutions were mixed and then
transferred to a Teflon-lined autoclave at 120 °C for 24—48 h.
The final product was washed several times with MeOH and
dried at 80 °C.

5.9. Fabrication of N-Doped CuO/Cu. CuBDC-MelIM-
(rt) was heated to 300 °C at a rate of 5 °C/min under an air
atmosphere. Other derivatives were obtained through the same
pyrolysis procedure.

5.10. Characterization. The surface morphology of the
prepared samples was evaluated by scanning electron
microscopy (SEM, TM-1000, Hitachi, Japan) and transmission
electron microscopy (TEM, JEM-1200EX, Hitachi, Japan).
The change of the chemical structure was analyzed by FTIR
spectroscopy (Nicolet 6700, Thermo Scientific Co., USA).
Powder X-ray diffraction (XRD) data were recorded on a
PANalytical X'Pert PRO X-ray diffractometer using Cu Ko X-
rays. Energy-dispersive spectroscopy (EDS, S-3700 N, Hitachi,
Japan) was taken for the composition detection of different
samples. The specific surface areas and pore size distribution of
the samples were determined using Brunauer—Emmett—Teller
(BET) and Barrett—Joyner—Halenda (BJH) analysis at a
Micromeritics instrument (ASAP 2020). The X-ray photo-
electron spectroscopy (XPS) experiments were carried out on
an RBD upgraded PHI-S000C ESCA system (Perkin Elmer)
with Mg K radiation (h = 1253.6 eV), and binding energies
were calibrated by using the containment carbon (C 1s = 284.5
eV). The compositional analysis of catalysts was performed by
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ICP-AES in an Optima 2000 instrument (PerkinElmer, USA).
TG measurements were carried out by a thermal gravimetric
analyzer (PERKIN ELMER, Model TGA 7). H, temperature-
programmed reduction (H,-TPR) experiments were carried
out in an AutoChem II 2920 V3.05 equipped with a thermal
conductivity detector by using the 10% H,/Ar gas flow.

The dispersion of surface copper atoms was estimated via
N,O oxidation and followed by H, titration according to the
literature.>” In brief, the sample was first pretreated at 300 °C
for 1 h in Ar flow and cooled to 50 °C. Second, it was exposed
to a reduction gas (5% H,/N, mixture, 30 mL/min) and the
reactor was heated to 300 °C in 10 °C/min, and the amount of
hydrogen consumption in the first TPR was denoted as X.
Third, the catalyst was cooled down to 50 °C, and the surface
Cu atoms were oxidized to Cu,O by N,O (30 mL/min) at 50
°C for 1 h. The reactor was purged with Ar for 2 h in order to
remove the excess N,O. Finally, another TPR experiment was
performed in 5% H,/N, at a flow rate of 30 mL/min, and the
amount of hydrogen consumption in later TPR was denoted as
Y. The dispersion of surface Cu (D) and the area of surface Cu
(S) were calculated according to the following equations:

Reduction of all Cu atoms:

CuO + H, = Cu + H,0, hydrogen consumption = X

Reduction of surface Cu atoms only:

Cu,0 + H, = 2Cu + H,O0, hydrogen consumption = Y
The dispersion of surface Cu was calculated as
D=2XY/X X 100% (5)
The area of surface Cu was calculated as

N,
S=2XYX & 5
X X Mg, X 1.4 X 10

Y,
= 1353 X — -C -C
x ('~ Culg = Cu) ()

In these equations, N,, is Avogadro’s constant, M, is the
relative atomic mass of copper (63.46 g/mol), and 1.4 X 10" is
the number of copper atoms of per square meter.

In situ DRIFTS was performed on a Nicolet iS-50
spectrometer equipped with an MCT detector cooled by
liquid nitrogen. Before measurement, the sample powder (30
mg) was purged by a N, stream at 200 °C with a flow rate of
30 mL min~' to eliminate impurities and the physically
absorbed water. After cooling to room temperature, a
background spectrum was collected for spectral correction.
Then, 1% CO, 1% O,, and balanced N, at a total flow rate of
30 mL min~! were introduced into the in situ chamber, and the
spectra were recorded at 100 °C.

5.11. Catalytic Experiments. In the experiment, the
catalytic oxidation performance of the catalysts was measured
on a self-made atmospheric fixed bed microreactor. Then, 100
mg of MOF-based catalyst was placed in a @8 X 1 mm quartz
reactor, and a mixed gas (1 vol % CO, 1 vol % O,, and 98 vol
% N,) was introduced at a flow rate of 60 mL/min. The
temperature is programmed by a tubular resistance furnace,
and the outlet tail gas flow is connected to a gas
chromatograph (GC 1690) for online analysis via a six-way
sampling valve.
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